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SUMMARY 

Water kefir is a slightly alcoholic and traditionally fermented beverage, which is 

generally fermented by lactic acid bacteria (LAB), acetic acid bacteria and yeasts. 

Homemade water kefir is usually prepared from sucrose, water, kefir grains, and dried or 

fresh fruits (e.g. figs) after 2-3 d of fermentation. Lactobacillus (L.) hordei, L. nagelii and 

Saccharomyces (S.) cerevisiae are respectively predominant and stable species of LAB 

and yeasts, which have been typically isolated from water kefir consortia. In contrast to 

sucrose, which is abundant in water kefir, amino- and fatty acids are lacking in this 

environment. Therefore, the lifestyles of L. hordei and L. nagelii were predicted and 

constructed via label-free quantitative proteomic analysis combined with genomic 

analysis and physiological characterization. Analysis of the genomic sequence of L. 

hordei TMW 1.1822 and L. nagelii TMW 1.1827 demonstrated that each strain contained 

three plasmids in addition to the chromosomal DNA. The sizes of the bacterial 

chromosomes were 2.42 Mbp and 2.41 Mbp, respectively, which lay in the typical range 

of LAB. Although the genome size was similar, L. nagelii TMW 1.1827 exhibited a total 

number of 2391 coding sequences (CDS), while L. hordei TMW 1.1822 featured 70 CDS 

more. Further, 1243 proteins of L. nagelii and 1474 proteins of L. hordei were 

respectively identified and quantified by proteomic analysis upon growth in water kefir 

medium. Thus, it provided the possibility of tracing metabolic activity of L. hordei and L. 

nagelii. Prediction of metabolic pathways of L. hordei and L. nagelii revealed the 

presence of all enzymes, which were required for the glycolytic Embden-Meyerhof 

(EMP) and phosphoketolase (PK) pathways. The genes encoding enzymes, which were 

involved in the metabolism of citrate, pyruvate and mannitol, were expressed as well. The 
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genomic analysis of L. nagelii revealed the prototrophy for 13 amino acids and 

auxotrophy for 7 amino acids. The same results were obtained for L. hordei, except for 3-

deoxy-7-phosphoheptulonate synthase, which was additionally missing in this organism. 

Therefore, only L. nagelii was capable of producing tyrosine. Peptide transport system, 

arginine deiminase (ADI) pathway, and fatty acid synthesis were further predicted to 

enable the lifestyle of L. hordei and L. nagelii. Like L. hordei, L. nagelii also encoded the 

complete oligopeptide transport system OppABCDF. In the lack of FabB, unsaturated 

fatty acids may be therefore synthesized by predicted alternative enzymes of L. hordei 

TMW 1.1822. Also L. nagelii TMW 1.1827 appeared to be lacking in FabB and, 

additionally in FabA.  

 

Since the growth of L. hordei and L. nagelii was improved in co-cultivation with S. 

cerevisiae, quantitative comparative proteomics was performed to investigate the 

interaction between LAB and yeast, and reveal real-time metabolic exchange in water 

kefir. In the presence of S. cerevisiae, 73 proteins were significantly differentially 

expressed (DE) in L. nagelii TMW 1.1827 as compared to 233 DE proteins in L. hordei 

TMW 1.1822. The down-regulated 3-phosphoglycerate mutase in L. nagelii indicates, 

that intermediates of early glycolytic steps may be used for other metabolic reactions or 

hexoses may rather enter PKP or PPP than EMP. However, the expression of glucose-6-

phosphate dehydrogenase, which is part of the PKP and PPP, was significantly up-

regulated in L. hordei. Thus, both microorganisms appeared to favor PKP over EMP. The 

changes in the carbohydrate metabolism revealed that L. hordei and L. nagelii displayed 

antidromic strategies to maintain NAD+/NADH homeostasis after the metabolic switch 
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induced by S. cerevisiae. Furthermore, nine up-regulated enzymes involved in amino acid 

metabolism suggested that S. cerevisiae released glutamine, histidine, methionine and 

arginine, which were subsequently used by L. nagelii to ensure its survival in the water 

kefir consortia. However, up-regulation of the OppABCDF peptide transport system and 

sixteen enzymes involved in amino acid metabolism in L. hordei indicated enhanced 

peptide uptake, as well as the feeding of glutamate, glutamine, histidine, methionine, 

arginine, tryptophan and proline from S. cerevisiae. In addition, only the ADI pathway in 

L. hordei was significantly up-regulated, which alleviated acid stress and concomitantly 

protected S. cerevisiae against an acidic environment, which L. hordei generated in single 

culture. While L. hordei reacted with an enhanced utilization of citrate in co-culture with 

S. cerevisiae, L. nagelii profited from riboflavin, most likely secreted by the yeast.  

 

Abundant sucrose in water kefir was consumed directly via parallel EMP and PK 

pathways, and was also extracellularly converted to glucan and fructose by a 

glucansucrase, leaving fructose as additional carbon source in L. hordei and L. nagelii. So 

far, factors, which promoted aggregation, i.e. formation of a specific glucan or 

bifunctional enzymes, were only detected in L. hordei. It induced the aggregation of S. 

cerevisiae, as well as the network formation on hydrophilic surfaces and was thus crucial 

for the stepwise growth of the water kefir granule. In summary, our study suggested L. 

hordei appeared to react more distinct to the presence of S. cerevisiae than L. nagelii. 
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ZUSAMMENFASSUNG 

Wasserkefir ist ein leicht alkoholisches und traditionell fermentiertes Getränk, das 

üblicherweise durch Milchsäurebakterien, Essigsäurebakterien und Hefen fermentiert 

wird. Selbst gemachter Wasserkefir wird gewöhnlich aus Saccharose, Wasser, 

Kefirkörnern und getrockneten oder frischen Früchten (z. B. Feigen) nach 2-3 Tagen 

Fermentation hergestellt. Lactobacillus (L.) hordei, L. nagelii und Saccheromyces (S.) 

cerevisiae sind jeweils vorherrschende Spezies von Milchsäurebakterien und Hefen, die 

typischerweise aus Wasserkefir-Konsortien isoliert werden. Im Gegensatz zu Saccharose, 

die im Überfluss vorhanden ist, enthält Wasserkefir jedoch kaum Amino- und Fettsäuren. 

Deshalb wurden die Lebensstile von L. hordei und L. nagelii durch markierungsfreie, 

quantitative Proteom-Analyse in Kombination mit einer Genomanalyse sowie 

physiologischer Charakterisierung vorhergesagt und konstruiert. Die Analyse der 

Genomsequenz von L. hordei TMW 1.1822 und L. nagelii TMW 1.1827 zeigte, dass 

jeder Stamm neben der chromosomalen DNA drei Plasmide enthielt. Die Größen der 

bakteriellen Chromosome lag mit 2,42 Mbp bzw. 2,41 Mbp in einem für 

Milchsäurebakterien typischen Bereich. Obwohl die Genomgrößen ähnlich waren, wies L. 

nagelii TMW 1.1827 eine Gesamtzahl von 2391 kodierenden Sequenzen auf, während L. 

hordei TMW 1.1822 70 weitere kodierende Sequenzen enthielt. Ferner wurden 1243 

Proteine von L. nagelii und 1474 Proteine von L. hordei identifiziert und durch 

Proteomanalyse nach Wachstum in Wasserkefir Medium quantifiziert. Somit bot sich die 

Möglichkeit, die metabolische Aktivität von L. hordei und L. nagelii zu rekonstruieren. 

Die Vorhersage der metabolischen Stoffwechselwege von L. hordei und L. nagelii 

belegte die Anwesenheit aller Enzyme, die für den (glykolytischen) Embden-Meyerhof 
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(EMP)- und Phosphoketolase (PK)-Weg erforderlich sind. Darüber hinaus wurden auch 

diejenigen Gene exprimiert, die für Enzyme kodieren, die am Metabolismus von Citrat, 

Pyruvat und Mannit beteiligt sind. Die Genomanalyse von L. nagelii belegte außerdem 

die Prototrophie für 13 Aminosäuren, während für 7 Aminosäuren eine Auxotrophie 

bestand. Dies zeigte sich auch für L. hordei, wobei in diesem Organismus zusätzlich das 

Enzym 3-Desoxy-7-phosphoheptulonatsynthase fehlte. Daher war nur L. nagelii in der 

Lage, Tyrosin zu synthetisieren. Es wurde weiterhin vorhergesagt, dass das Peptid 

Transportsystem, der Arginin-Deiminase-Weg (ADI) und die Fettsäuresynthese den 

Lebensstil von L. hordei und L. nagelii ermöglichen. Wie L. hordei kodierte auch L. 

nagelii für das vollständige Oligopeptidtransportsystem OppABCDF. Ohne FabB können 

ungesättigte Fettsäuren daher durch vorhergesagte alternative Enzyme von L. hordei 

TMW 1.1822 synthetisiert werden. Auch L. nagelii TMW 1.1827 fehlten anscheinend die 

Enzyme FabB und zusätzlich FabA. 

 

Da das Wachstum von L. hordei und L. nagelii bei der Co-Kultivierung mit S. cerevisiae 

verbessert wurde, wurden quantitative vergleichende Proteomik durchgeführt, um die 

Wechselwirkung zwischen Milchsäurebakterien und Hefe zu untersuchen und den 

Stoffwechselaustausch in Wasserkefir in Echtzeit aufzuzeigen. In Gegenwart von S. 

cerevisiae wurden in L. nagelii TMW 1.1827 73 Proteine signifikant unterschiedlich 

exprimiert, während in L. hordei TMW 1.1822 233 unterschiedlich exprimierter Proteine 

identifiziert wurden. In Gegenwart von S. cerevisiae wechselte L. hordei TMW 1.1822 

vom EMP zum PK-Weg, wodurch Gluconat gebildet wurde, da die Expression von 

Glucose-6-phosphat-Dehydrogenase hochreguliert wurde. Die herunterregulierte 3-
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Phosphoglycerat-Mutase in L. nagelii deutet darauf hin, dass Intermediate früher 

glykolytischer Schritte für andere Stoffwechselreaktionen verwendet werden können oder 

Hexosen eher in PKP oder PPP als EMP eintreten. Die Expression von Glucose-6-

phosphat-Dehydrogenase, die Teil von PKP und PPP ist, wurde jedoch in L. hordei 

signifikant hochreguliert. Daher schienen beide Mikroorganismen PKP gegenüber EMP 

zu bevorzugen. Die Veränderungen im Kohlenhydratstoffwechsel, dass L. hordei und L. 

nagelii antidrome Strategien zeigten, um die NAD + / NADH Homöostase nach dem 

durch S. cerevisiae induzierten metabolischen Wechsel aufrechtzuerhalten. Darüber 

hinaus deuteten neun am Aminosäuremetabolismus beteiligte hochregulierte Enzyme an, 

dass S. cerevisiae Glutamin, Histidin, Methionin und Arginin freisetzt, die anschließend 

von L. nagelii verwendet wurden, um das Überleben in den Wasserkefir-Konsortien 

sicherzustellen. Die Hochregulierung des OppABCDF-Peptidtransport-Systems und von 

sechzehn Enzymen, die am Aminosäuremetabolismus von L. hordei beteiligt sind, 

zeigten jedoch eine erhöhte Peptidaufnahme sowie den Bezug von Glutamat, Glutamin, 

Histidin, Methionin, Arginin, Tryptophan und Prolin von S. cerevisiae. Darüber hinaus 

war nur der ADI-Weg in L. hordei signifikant hochreguliert, was den Säurestress 

abschwächte und gleichzeitig S. cerevisiae vor einer sauren Umgebung schützte, die L. 

hordei in einer Einzelkultur erzeugte. Während L. hordei in Co-Kultur mit S. cerevisiae 

Citrat verstärkt verstoffwechselte, profitierte L. nagelii von Riboflavin, das 

höchstwahrscheinlich von der Hefe abgegeben wurde. 

 
Die reichlich vorhandene Saccharose in Wasser-Kefir wurde parallel mittels EMP- und 

PK-Weg verstoffwechselt und zudem extrazellulär durch eine Glucansucrase zu Glucan 

und Fruktose umgewandelt, wobei Fruktose als zusätzliche Kohlenstoffquelle für L. 
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hordei und L. nagelii diente. Bisher wurden Faktoren, die eine Aggregation fördern, d.h. 

die Bildung eines spezifischen Glucans und bifunktionelle Enzyme, nur in L. hordei 

nachgewiesen. Dies induzierte die Aggregation von S. cerevisiae, sowie die 

Netzwerkbildung auf hydrophilen Oberflächen und war somit entscheidend für das 

schrittweise Wachsen der Kefir-Granulen. Zusammenfassend verdeutlichte unsere Studie, 

dass L. hordei auf die Anwesenheit von S. cerevisiae unterschiedlicher zu reagieren 

schien als L. nagelii. 
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1. INTRODUCTION 

1.1 Water kefir  

1.1.1 The origin of water kefir 

Water kefir is a traditional fermented beverage, which is mostly made from sucrose, 

water, kefir grains, and dried or fresh fruits (e.g. figs). Traditionally, homemade water 

kefir is fermented for two or three days at room temperature, afterwards the kefir grains 

are removed by sieving. The supernatant results in slightly acidic, sweet and alcoholic 

drink with yellowish color and fruity aroma. However, the exact origin of water kefir 

grains remains unknown. First description of grains based beverage fermented with yeast 

and bacteria was called “Ginger-beer Plant”. It was brought to Europe by British soldiers 

from the Crimean war in 1855 (Ward, 1891). Another original description on the grains 

(called Tibi) was formed from the material called “Opuntia” which is a type of Mexican 

cacti (Lutz, 1899). Subsequently various grain beverages are emerged and known as 

“California bees”, “African bees”, “Tibi grains”, or “Sugary kefir grains” (Horisberger, 

1969; Kebler, 1921; Pidoux, 1989). In the present study, the sugary kefir grains are called 

water kefir in order to differentiate them from milk kefir grains. 

 

1.1.2 The diversity of water kefir  

Until now, most studies on water kefir focus on the microbial diversity of water kefir 

consortia. Different sources of water kefir display different species diversities, but the 

microbiota isolated from water kefir grains comprise a stable multispecies consortium, 

which generally consists of lactic acid bacteria (LAB), acetic acid bacteria (AAB) and 

yeasts (Gulitz et al., 2013; Gulitz et al., 2011; Laureys and De Vuyst, 2014; Marsh et al., 
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2013; Martínez‐Torres et al., 2017; Neve and Heller, 2002; Ward, 1891). In earlier 

studies, the bacterial population of sugary kefir grains were identified as lactobacilli, 

leuconostocs and sometimes pediococci, while yeast isolated from the sugary grains were 

mainly Saccharomyces (S.) cerevisiae, S. florentinus, S. pretoriensis, Hanseniaspora 

valbyensis (Galli et al., 1995; Leroi and Pidoux, 1993; Neve and Heller, 2002).  

 

Recently, the microbial species diversity and community dynamics of water kefir 

fermentation have been well identified. The majority ecosystem present in homemade 

water kefir, in which grains were obtained from a private person, who cultivated water 

kefir at home in Ghent, Belgium, was found to be Lactobacillus (L.) casei/paracasei, L. 

hilgardii, L. harbinensis, L. nagelii, L. hordei/mali (in decreasing order), of which the 

first 3 species were most dominant LAB, besides Bifidobacterium 

psychraerophilum/crudilactis, S. cerevisiae, and Dekkera bruxellensis during 192 h 

fermentation (Laureys and De Vuyst, 2014). Meanwhile, a novel Bifidobacterium 

aquikefiri sp. was also isolated from a household water kefir in Belgium (Laureys et al., 

2016). While a traditional Mexican water kefir grain indicated the presence of seven 

bacterial species, including L. ghanensis, L. casei/paracasei, L. hilgardii, 

Pseudoarthrobacter chlorophenolicus, Acetobacter (A.) orientalis, A. tropicalis and A. 

okinawensis as well as three yeasts, namely S. cerevisiae, Candida (C.) californica and 

Pichia (P.) membranifacien. S. cerevisiae was detected both in the supernatant with the 

populations of approximately 105-106 CFU mL-1 and in grains with approximately 107-

108 CFU g-1 , while L. hilgardii was only isolated from water kefir grains (Martínez‐

Torres et al., 2017). In another study, the bacterial profile of water kefir was dominated 

by Zymomonas with a minor presence of Acetobacter and Gluconacetobacter, while the 
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yeast composition was constituted by Dekkera, Hanseniaspora, Saccharomyces, 

Zygosaccharomyces, Torulaspora and Lachancea based on 16S rRNA sequencing 

analysis from four water kefirs sourced from UK, Canada and the United States (Marsh et 

al., 2013).  

 

Gulitz et al (Gulitz et al., 2011) also analyzed the microbial consortia of three water kefir 

granules from different long-term traditional household preparations in Germany by 16S 

rRNA gene amplicon sequencing. The predominant bacterial genus in water kefir I and II 

was Lactobacillus, which accounted for 82.1 % in water kefir I and 72.1 % in water kefir 

II. More specifically, the most abundant species of Lactobacillus were L. hordei and L. 

nagelii followed by L. casei, Leuconostoc (Lc.) mesenteroides, Lc. citreum and L. 

hilgardii. In water kefir III, however, Lc. mesenteroides, Lc. citreum and Acetobacter 

species were more prevalent. While the predominant yeast in all three water kefir was S. 

cerevisiae and Zygotorulaspora (Z.) florentina. Further, the genus Bifidobacterium was 

found in all four water kefirs obtained from home-made in Germany (Gulitz et al., 2013). 

According to the yeast diversity results from all different water kefir isolates, strains of S. 

cerevisiae were predominant in all studies. Strains of L. hordei and L. nagelii were 

among the most commonly isolated LAB from water kefir (Gulitz et al., 2011; Laureys 

and De Vuyst, 2014) which are further studied in this thesis. 

 

1.2 Metabolism of water kefir consortium 

In contrast to milk kefir, which has been studied widely, the metabolism of LAB and 

other microorganisms in the water kefir consortium is restricted to a few recent studies. 
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As sucrose was the main nutrient of the water kefir medium, it turned out that it was 

completely converted after 24 h fermentation, which coincided with the production of 

polysaccharide. The major metabolites produced by the microbial dynamics during 192 h 

fermentation were lactic acid and ethanol. Glycerol, acetic acid, and mannitol were 

detected in low concentrations after 72 h of fermentation. Mannitol formation suggested 

the use of fructose not only as carbon source but also as electron acceptor by other 

members of the consortium. In addition, the most prevailing volatile aroma compounds 

were found to be ethyl acetate, isoamyl acetate, ethyl hexanoate, ethyl octanoate, and 

ethyl decanoate (Laureys and De Vuyst, 2014). Further, Laureys et al explored the water 

kefir fermentation respectively with dried figs, apricots and raisins as different nutrient 

source at different concentration and in the presence/absence of oxygen (Laureys et al., 

2018).  

 

Water kefir fermentation with raisins resembled fermentation in low nutrient 

concentration, which facilitated the growth of L. hilgardii and Dekkera bruxellensis. 

Whereas water kefir fermentation with fresh figs resembled fermentation in high nutrient 

concentration, which favored the growth of L. nagelii and S. cerevisiae. It is in 

accordance with the result showing that L. nagelii and S. cerevisiae dominate in water 

kefir with figs added as nutrient (Gulitz et al., 2011). Water kefir fermentation with dried 

apricots resembled fermentation under normal nutrient concentration. The presence of 

oxygen allowed the proliferation of AAB, resulting in high concentration of acetic acid.  

 

Martínez-Torres et al reported on carbon utilization performed with ten bacteria (six 

Acetobacter spp., three Lactobacillus spp. and Pseudoarthrobacter chlorophenolicus) 
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and twenty-two yeasts (nineteen S. cerevisiae, two C. californica and one P. 

membraneafaciens) during Mexican water kefir fermentation (Martínez‐Torres et al., 

2017). Three main metabolic products, namely lactic acid, acetic acid and ethanol were 

evaluated during a traditional 192 h fermentation. After 24 h, lactic and acetic acid were 

postulated to be initially generated by L. hilgardii and subsequently accumulated by 

Acetobacter spp., mainly A. tropicalis, while ethanol was mainly produced by S. 

cerevisiae but not by C. californica and P. membraneafaciens. Ethanol had been 

gradually diminished from 144 h to 192 h in water kefir fermentation and it was assumed 

to be oxidized to acetic acid by Acetobacter spp. Those previous studies investigated 

either the total dynamic metabolites of water kefir fermentation of microbial groups or 

inferred the contribution of one specific strain to water kefir fermentation via single 

cultivation in water kefir supernatants. However, it is difficult to reproduce the immediate 

and dynamic metabolic exchanges between specific species in complex water kefir 

community since metabolites produced by an organism are immediately consumed by 

another organism living in close proximity. 

 

Stadie et al (Stadie et al., 2013) explored the metabolic interaction between LAB (L. 

nagelii and L. hordei) and yeasts (S. cerevisiae and Z. florentina), which were 

predominant in water kefir (Gulitz et al., 2011). The cell yield of each co-cultivated LAB 

and co-cultivated yeast was significantly increased compared with single-cultivation of 

each respective organism through a Transwell co-culture model system. Particularly, Z. 

florentina appreciated the pH decrease caused by the production of lactic acid, but not S. 

cerevisiae. This study suggested that the growth of L. hordei TMW 1.1822 should be 

improved by nutrients produced by yeast, such as amino acids for which L. hordei was 
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auxotrophic (isoleucine, leucine, methionine, phenylalanine, tryptophan, tyrosine and 

valine) as well as vitamin B6. Whereas the growth increase of L. nagelii TMW 1.1825 

was referred to the release of amino acids which L. nagelii is auxothrophic for by the 

yeast, as well as additional arginine, which is released by Z. florentina. To elucidate the 

specific contributions of water kefir species at a molecular level, further investigations 

are still necessary due to the complexity of their communities and intrinsically dynamic 

nature. 

 

1.3 Polysaccharides of water kefir 

Polysaccharides that are excreted extracellularly by many bacteria are called 

exopolysaccharide (EPS) usually with high molecular weight. The first description of 

microbial polysaccharides, which formed slimy structures grown on sucrose-containing 

medium, was made in 1839 (Jay, 1992). The kefir grains matrix is mainly constructed 

from EPS, which is produced by embedded microorganisms in water kefir fermentation. 

The backbone of this granule matrix has been suggested to be primarily made from 

dextran produced by L. hilgardii cells (Davidović et al., 2015; Fels et al., 2018; 

Horisberger, 1969; Neve and Heller, 2002; Pidoux et al., 1990; Waldherr et al., 2010). 

This dextran was a complex branched glucan generated by dextransucrases from sucrose. 

It contained consecutive α-1,6-linkages between glucose molecules in its straight chains, 

which generally made up more than 50 % of the total linkages (Naessens et al., 2005; 

Neve and Heller, 2002; Tingirikari et al., 2014). Besides, it consisted of different portions 

of side chains, namely α-1,3-, α-1,4- and α-1,2-branched linkages.  
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The EPS fraction of water kefir supernatant is predominantly composed of O3- and O2-

branched dextrans as well as lower amounts of levans (Fels et al., 2018). In addition, 

some LAB species, such as L. hordei, L. nagelii, Lc. mesenteroides/citreum isolated from 

water kefir were able to produce EPS (Davidović et al., 2015; Gulitz et al., 2011). 

However, the structural composition of these EPS-producing LAB have not been 

analyzed yet. Still, it remains unknown how other bacteria (besides L. hilgardii) and 

yeasts become embedded into the kefir granule and formed this polysaccharide network.  

 

2. MOTIVATION AND APPROACH 

In thesis the contribution of exopolysaccharide formation and metabolic interaction 

between lactobacilli and yeasts should be evaluated for the formation of the water kefir 

consortium and granule. Specifically the following working hypotheses should be tested: 

 

- Exopolysaccharide formation played a major role in the physical interaction and 

establishment of space proximity of lactobacilli and yeasts. 

 

- Specific exopolysaccharides can be found, which promote the network formation 

of S. cerevisiae. 

 

- Lifestyle of L. hordei and L. nagelii can be predicted and constructed mainly in 

sugar transport, carbohydrate metabolism, peptidase transport system, amino-, and 

fatty acid metabolism. 

 



 

8 

 

- Symbiotic relationships and metabolic interaction (mutualism) between 

lactobacilli and yeasts can be predicted from quantitative proteomics. 

 

- L. hordei and L. nagelii display different strategies to cope with the restrictions of 

the water kefir environment and the presence of S. cerevisiae. 

 

The following methodical approach was taken to test these hypotheses: 

 

- A simplified model system containing hydrophilic object slides was set up to 

mimic physical contact in kefir granules. 

 

- Glycosidic linkages of these glucans were determined by methylation analysis, 

and their size distributions were investigated via asymmetric flow field-flow 

fractionation coupled to multi-angle laser light scattering and UV detector. 

   

- Lifestyle of L. hordei and L. nagelii were predicted based on genomic, proteomic 

and chromatographic analysis.  

   

- Metabolic traits of lactobacilli in the presence of yeast were predicted from label-

free quantitative proteomic analysis combined with physiological characterization. 



 

9 

 

3. MATERIAL AND METHODS 

3.1 Strains, medium and pre-culture condition 

Six strains of LAB (namely L. hordei TMW 1.1822, TMW 1.1821, TMW 1.1817, TMW 

1.1907, L. nagelii TMW 1.1827, and Lc. citreum TMW 2.1194) and S. cerevisiae TMW 

3.221 isolated from water kefir by Gulitz et al (Gulitz et al., 2011) from the Technische 

Mikrobiologie Weihenstephan (TMW) strain collection were used in this study. The LAB 

from a -80 C stock were spread directly on modified MRS (mMRS) agar plates 

described by Stolz et al (Stolz et al., 1995) as shown in table 1 and incubated 

anaerobically at 30 C for 2 d. A single colony was transferred into 10 ml liquid mMRS 

medium and cultivated anaerobically for 24 h at 30 C. While S. cerevisiae TMW 3.221 

from a -80C stock was spread on YPG agar plates made of peptone from casein (10 g/L), 

yeast extract (5 g/l), glucose (20 g/l) and 1.5 % agar and cultivated aerobically for 24 h at 

30 C. A single colony was transferred into 10ml YPG medium and cultured 

anaerobically at 30 C for 24 h.  

 

Table 1. Composition of mMRS medium 

Medium component Concentration (g/l) 

Yeast extract 5 
Meat extract 5 

Peptone from casein 10 
Cysteine hydrochloride 0.5 

NH4Cl 3 

Tween 80 1 
Maltose 10 
Glucose 5 
Fructose 5 
KH2PO4 4 

K2HPO4 · 3 H2O 2.6 
MgSO4 · 7 H2O 0.2 
MnSO4 · H2O 0.038 

Biotin 0.2 
Folic acid 0.2 

Nicotinic acid 0.2 
Pyridoxal-5-phosphate 0.2 

Thiamine 0.2 
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Riboflavin 0.2 
Cobalamin 0.2 

Pantothenic acid 0.2 

 

3.1.1 Water kefir medium (WKM) 

WKM was prepared as described by Stadie et al. (Stadie et al., 2013). 48 g dried figs 

(Seeberger, Ulm, Germany) were extracted in 100 ml still mineral water (Residenz 

Quelle naturell, Bad Winzheim, Germany) by shaking for 20 min. Big solids were 

removed by sieving and the smaller parts by centrifugation (15,000 g, 3 h) and sterile 

filtration by NalgeneTM Rapid-FlowTM sterile disposable bottle cap filter with PES 

membrane (0.2 μm, Thermo Scientific, New York, USA). 80 g sucrose was dissolved in 

900 ml still mineral water and mixed with the prepared fig extract. Then WKM was 

adjusted to pH 6.5 and filtered by NalgeneTM Rapid-FlowTM sterile disposable bottle cap 

filter with PES membrane (0.2 μm). 

3.1.2 Sucrose-MRS medium  

Sucrose-MRS medium was made of 80 g/l sucrose, 10 g/l peptone, 2 g/l meat extract, 4 

g/l yeast extract, 1 g/l tween 80, 2.5 g/l K2HPO4·3H2O, 2 g/l (NH4)2-citrate, 5 g/l Na-

Acetate·3H2O, 0.2 g/l MgSO4·7H2O, 0.038 g/l MnSO4·H2O for the EPS production. 

 

3.1.3 Chemical defined medium (CDM) 

L. hordei TMW 1.1822, L. nagelii TMW 1.1827 and S. cerevisiae TMW 3.221 were 

respectively grown in CDM to obtain samples for chromatographic analysis of sugar, 

organic acids and amino acids. CDM was prepared as shown in table 2. 

 

Table 2. Composition of CDM 
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Medium component Concentration (g/l) Medium component Concentration (g/l) 

sodium acetate 5 Xanthine 0.01 
KH2PO4 3 p-aminobenzoic acid 0.01 

K2HPO4 · 3 H2O 3 Thiamin 0.001 
MgSO4 · 7 H2O 0.2 Riboflavin 0.001 

MnSO4 · H2O 0.04 Niacin 0.001 
FeSO4 · 7 H2O 0.02 Pantothenic acid 0.001 

Tween 80 1 Pyridoxal 0.002 
uracil 0.01 D-Biotin 0.01 

adenine 0.01 Folic acid 0.001 
thymine 0.01 Cobalamin 0.001 
guanine 0.01 Orotic acid 0.01 
inosine 0.01 Maltose 10 

L-alanine 0.1 L-histidine 0.1 

L-arginine 0.1 L-isoleucine 0.1 
L-asparagine 0.2 L-leucine 0.1 

L-aspartic acid 0.2 L-lysine 0.1 
L-cysteine 0.2 L-methionine 0.1 

glycine 0.1 L-phenylalanine 0.1 
L-glutamine 0.2 L-proline 0.1 

L- glutamic acid 0.2 L-serine 0.1 
L-threonine 0.1 L-tyrosine 0.1 

L-tryptophan 0.1 L-valine 0.1 

 

3.2 Determination of cell growth and metabolites 

3.2.1 Viable cell counts 

L. hordei TMW 1.1822 and L. nagelii TMW 1.1827 were pre-cultivated anaerobically at 

30 C for 24 h in mMRS medium, while S. cerevisiae was pre-cultivated anaerobically at 

30 C for 24 h in YPG medium. Then 1% (v/v) pre-cultured L. hordei, L. nagelii and S. 

cerevisiae were separately inoculated into 40 ml WKM in replicate as single-culture, 

while 1% pre-cultured L. hordei plus 1% S. cerevisiae, and 1% pre-cultured L. nagelii 

plus 1% S. cerevisiae were simultaneously inoculated into 40 ml WKM in replicate as co-

cultivation. 100 ul aliquots were respectively taken out from each samples for plate 

counting at the fermentation time point of 0, 2, 4, 5, 6, 7, 8, 12, 24, and 48 h. Single-

cultivated LAB samples were plated in mMRS agar, whereas single-cultivated S. 

cerevisiae samples were plated in YPG agar. Meanwhile co-cultivated LAB and S. 

cerevisiae samples were not only plated in mMRS agar with added cycloheximide (final 
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concertation at 0.1 g/l) to inhibit the growth of yeast for counting LAB cells in co-

cultivation but also plated in YPG agar with added chloromycetin (final concertation at 

0.1 g/l) to inhibit the growth of bacteria for counting S. cerevisiae cells in co-cultivation 

at the same time point of 0, 2, 4, 5, 6, 7, 8, 12, 24, and 48 h.  

 

3.2.2 Chromatographic analysis of sugars and organic acids 

Sugar consumption and production of organic acids by L. hordei TMW 1.1822, L. nagelii 

TMW 1.1827 and S. cerevisiae TMW 3.221 grown in CDM after 24 h were quantified by 

a Dionex UltiMate 3000 HPLC system (Dionex, Idstein, Germany) with Rezex ROA-

Organic Acid H+ column (Phenomenex, Aschaffenburg, Germany) and RI-101 detector 

(Shodex, München, Germany) as described by Geißler et al (Geißler, 2016). 1% pre-

cultured L. hordei, L. nagelii and S. cerevisiae were respectively inoculated into 10 ml 

CDM in triplicate and incubated anaerobically at 30 °C for 24 h. 2 ml aliquots of each 

sample were respectively taken out for centrifugation to obtain the supernatant. The 

supernatant of each sample and CDM were treated with protein precipitation as follows. 1 

ml of each sample in triplicate were added with 50 μl 70 % perchloric acid (v/v) (Sigma-

Aldrich, St. Louis, USA) and vortexed for mixing. After 24 h, standing at 4 °C, the 

mixture was centrifuged (15,000 g, 10 min) to collect the supernatant. The supernatant 

was filtered by 0.2 μm PhenexTM Regenerated Cellulose Membrane (Phenomenex, 

Aschaffenburg, Germany) and ready for the analysis of organic acids and amino acids as 

below. For sugar analysis, 500 μl of each sample were mixed with 250 μl of a 10 % (w/v) 

ZnSO4·7H2O solution and afterwards added with 250 μl 0.5 M NaOH. After incubation 

for 20 min at 25° C, the supernatant was obtained by centrifugation and filtered as 

described above. Analytes were separated at a constant flow rate of 0.7 ml/min with 
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column temperature of 85 °C for 30 min. Sulfuric acid (Rotipuran, Roth, Karlsruhe, 

Germany) solution at a concentration of 5 mM was served as mobile phase.  

 

3.2.3 Chromatographic analysis of amino acids 

1 % pre-cultured L. hordei, L. nagelii and S. cerevisiae were separately inoculated into 10 

ml CDM in triplicate and incubated anaerobically at 30 °C. After 24 h, 2 ml aliquots of 

each sample were taken out for centrifugation (13,000 g, 10 min). Likewise, 1mL 

supernatants of L. hordei, L. nagelii, S. cerevisiae cultures and CDM were respectively 

mixed with 50 ul of 70 % (v/v) perchloric acid (Sigma-Aldrich, St. Louis, USA) and 

standing overnight at 4 C for protein precipitation. After centrifugation (15,000 rpm, 10 

min), the supernatant was diluted 1:5 in 0.1M HCl. Samples were filtered as described 

above. Amino acids were analyzed on a Dionex Ultimate 3000 HPLC system (Dionex, 

Idstein, Germany) using a Gemini C18 column (Phenomenex, Aschaffenburg, Germany) 

with UV detection at 338 or 269 nm. Before separation, samples were performed to pre-

column derivatisation with ο-phthalaldehyde-3-mercaptopropionic acid (OPA) and 9-

fluorenylmethyl chloroformate (FMOC) following Bartóak et al (Bartóak et al., 1994). 

The eluent A was comprised of 20 mM Na2HPO4, 20 mM NaH2PO4 (Merck Millipore, 

Billerica, USA) and 0.8 % tetrahydrofuran (Roth, Karlsruhe, Germany) at pH 7.8; and 

eluent B was comprised of 30 % acetonitrile, 50 % methanol (Roth, Karlsruhe, Germany) 

and 20 % water (Macron, Avantor, Center Valley, USA). The gradient setting was 0 min 

0 % B, 16 min  64 % B, 19 min 100 % B, 22 min 100 % B and 22.25 min 0 % B as 

described by Schurr et al (Schurr et al., 2013) with a flow rate of 0.8 mL/min and column 

temperature at 40 °C.  
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Quantification was executed employing calibration adjustment by external HPLC grade 

standards of at least three different concentrations in five repeating measurements and the 

Chromeleon software version 6.80 (Dionex, Idstein, Germany).  

 

3.2.4 pH measurements 

After 72 h fermentation in WKM, samples of single-cultivated L. hordei TMW 1.1822, 

single-cultivated L. nagelii TMW 1.1827, single-cultivated S. cerevisiae TMW 3.221, co-

cultivated L. hordei and S. cerevisiae and co-cultivated L. nagelii and S. cerevisiae in 

triplicate were respectively performed on the pH measurement (761 pH-meter Calimatic, 

Knick, Germany).  

 

3.3 Structural analysis of EPS 

3.3.1 EPS production activity test and isolation 

Each LAB strain was spread onto sucrose-MRS agar plates and incubated anaerobically 

at 30 C for 48 h to macroscopically observe EPS production activity. For isolation of 

EPS, 1 % (v/v) of the respective pre-cultured LAB strain was inoculated into 40 ml 

sucrose-MRS liquid medium and incubated at 30 C for 24 h. The fermentation broth was 

centrifuged (8,000 g, 15 min) to collect the supernatant. The supernatant was precipitated 

with two sample volumes of ethanol for 24 h at 4 C. Afterwards, the precipitate was 

recovered by centrifugation (10,000 g, 15 min) and the supernatant was discarded. 

Remaining ethanol was vaporized for 1 h at 60 ℃. Subsequently, precipitated EPS were 

redissolved in water and dialyzed in dialysis tubings (3,500 Da MWCO; MEMBRA-CEL, 

Serva Electrophoresis GmbH, Germany) against 2 l water for 48 h at 4 ℃ with smooth 
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stirring. Deionized water was changed at least five times. The dialyzed EPS solution was 

finally vaccum freeze dried (FreezeZone 2.5 Plus, Labconco, USA) at -80 C.  

 

3.3.2 Structural analysis of EPS via methylation analysis 

The monosaccharide composition of the EPS was determined after a combination of 

methanolysis and TFA hydrolysis (De Ruiter et al., 1992; Wefers and Bunzel, 2015). 

Briefly, the polysaccharides were methanolyzed with 1.25 M methanolic HCl for 16 h at 

80 °C. After evaporation, the methyl-glycosides were hydrolyzed with 2 M TFA for 1 h 

at 121 °C. After removal of the acid, the monosaccharides were analyzed by high 

performance anion exchange chromatography with pulsed amperometric detection 

(HPAEC-PAD) as described previously (Wefers and Bunzel, 2015).  

 

Glycosidic linkages were determined by methylation analysis as described previously 

(Nunes et al., 2008; Wefers and Bunzel, 2015). In brief, the polysaccharides were 

permethylated by using finely ground sodium hydroxide and methyl iodide. The 

methylated EPS were extracted from the reaction mix by using dichloromethane. After 

drying, methylation was repeated once to ensure complete methylation. Subsequently, 

they were hydrolyzed with 2 M TFA for 90 min at 121°C. After evaporation of the acid, 

the partially methylated monosaccharides were reduced by using sodium borodeuteride. 

Following acetylation with acetanhydride, the partially methylated alditol acetates 

(PMAAs) were identified by GC-MS (GC-2010 Plus, GCMS-QP2010) (Shimadzu, 

Kyoto, Japan) equipped with a DB5-MS column (30 m × 0.25 mm i.d., 0.25 μm film 

thickness, Agilent Technologies, CA). The following conditions were used: initial 

column temperature, 140 °C, held for 2 min; ramped at 1 °C/min to 180 °C, held for 5 
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min; ramped at 10 °C/min to 300 °C, held for 5 min. The injection temperature was 

250 °C and split injection with a split ratio of 30:1 was used. Helium was used as carrier 

gas at 40 cm/sec. The transfer line temperature was 275 °C and electron impact spectra 

were recorded at 70 eV. The portions of the PMAAs were determined by using a GC-FID 

system (GC-2010 Plus, Shimadzu) equipped with a DB5-MS column (30 m × 0.25 mm 

i.d., 0.25 μm film thickness, Agilent Technologies, CA) under the same conditions as 

described for the GC-MS analyses. A reduced split ratio of 10:1 was used, the FID 

temperature was 240 °C, and nitrogen was used as a makeup gas. Molar response factors 

were used for semiquantitative determination of the PMAAs (Sweet et al., 1975). 

 

For chromatographic analysis of the enzymatically liberated oligosaccharides, the EPS 

were dissolved in bidistilled water (1 mg/ml) and endo-dextranase solution (from 

Chaetomium erraticum, EC 3.2.1.11, >100 KDU/g EPS) was added. Subsequently, the 

mixture was incubated at 30 °C for 24 h. The enzyme was inactivated by heating to 

100 °C for 10 min and the liberated oligosaccharides were analyzed by HPAEC-PAD on 

an ICS-5000 system (Thermo Scientific Dionex, Sunnyvale, CA) equipped with a 

CarboPac PA200 column (250 mm × 3 mm i.d., 5.5 μm) (Thermo Scientific Dionex). A 

flow rate of 0.4 ml/min and a gradient composed of the following eluents was used at 

25 °C: (A) bidistilled water, (B) 0.1 M sodium hydroxide, and (C) 0.1 M sodium 

hydroxide + 0.5 M sodium acetate. Before every run, the column was washed with 100 % 

C for 10 min and equilibrated with 90 % A and 10 % B for 20 min. 0-10 min, isocratic 

90 % A and 10 % B; 10-20 min, from 90 % A and 10 % B linear to 100 % B; 20-45 min, 

from 100 % B linear to 80 % B and 20 % C; 45-55 min, from 80 % B and 20 % C linear 

to 100 % C; 55-60 min, isocratic 100 % C. 
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3.3.3 Determination of molar mass and radius by AF4-MALS-UV 

To analyze the size distributions of isolated EPS, asymmetric flow field-flow 

fractionation (AF4) (Wyatt Technology, Germany) coupled to multi-angle laser light 

scattering (MALS) (Dawn Heleos II, Wyatt Technology, Germany) and UV detection 

(UV) as quantitative detector (Dionex) was used as previously described (Jakob et al., 

2013; Ua-Arak et al., 2017). Each lyophilized EPS was redissolved in ddH2O at the 

concentration of 0.2 mg/ml, and 75 µl sample was automatically injected to the channel 

equipped with a 10 kDa regenerated cellulose membrane (Superon GmbH, Germany) for 

the separation. 50 mM NaNO3 was used as eluent solution. Program settings were as 

follows: injection flow (0.2 ml/min), focus flow (1.5 ml/min) and cross flow (linear 

gradient from 3 ml/min to 0.1 ml/min within 10 min). The cross flow was kept at 0.1 

ml/min for 15 min and finally reduced to 0 ml/min within 4 min. Finally, our data 

resulting from AF4-MALS-UV were computationally evaluated using the berry model, 

which works well for large molecules (MW > 1×106 Da). A concentration series (0.5, 1, 2, 

2.5, 5, and 10 mg/ml) of the respective isolated EPS was prepared, from which the UV 

extinctions at 400 nm were respectively measured using a FLOUstar Omega microplate 

reader (BMG Labtech, Ortenberg, Germany). The obtained values were used to calculate 

the specific extinction coefficients [mL/(mgcm)] of the respective EPS samples. For final 

molar mass determinations using ASTRA 6.1 software (Wyatt Technology, Germany), a 

refractive index increment (dn/dc) value of 0.1423 mL/g (Yuryev et al., 2006) for dextran 

was applied.  
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3.4 Setting up a hydrophilic slide model mimicking physical contact in kefir 

granules 

The slides (Fisherbrand™ Superfrost™ Excell™ Microscope Slides, Fisher Scientific 

GmbH, Germany), which have excellent uniform hydrophilic surface to adhere to 

bacterial cells, had been validated to set up our model to mimic the physical contact in 

the kefir granule in the easiest way. Firstly, the slides were sterilized with 70 % ethanol 

and dried under the clean bench. 20 ml WKM were filled into the petri dish (92×16 mm 

without cams, Sarstedt, Germany), followed by inoculation with 1 % (v/v) pre-cultured S. 

cerevisiae and respective each LAB strain as co-cultivation partner in triplicate. 

Meanwhile, single cultures were inoculated with 1 % of pre-cultured strain, and served as 

controls. Sterilized hydrophilic slides were immersed into the petri dishes, which had 

been filled with WKM with the coated side of slides upwards. The hydrophilic slide 

models were incubated at 30 °C, 70 rpm for 2 d. Afterwards the slides were taken out 

with sterilized tweezers, and put into new petri dishes containing 20 mL fresh WKM 

without any inoculation. These petri dishes were incubated for another 2 d at 30 °C, 70 

rpm. After the second incubation, the slides were taken out, washed once gently with 

deionized water (ddH2O) and dried for 2 mins. Microscopic images were observed and 

taken under an Axiostar plus transmitted-light microscope with a coupled AxioCam 

digital camera (Zeiss, Germany) at the magnification of 400* in which the network 

formation of S. cerevisiae and LAB cells could be seen although LAB cells were 4-10 

times smaller in diameter than yeast cells (Kokkinosa et al., 1998; Yelin and Silberberg, 

1999). The microscopic imaging of S. cerevisiae in the presence of L. hordei TMW 

1.1822 were taken additionally under both 100× and 1000× magnification. For the 

isolated and added glucans of LAB strains upon cultivation with S. cerevisiae on the slide 
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model, the lyophilized EPS were added into WKM at a concentration of 1.67 mg/ml, 

respectively. This EPS concentration was determined when L. hordei TMW 1.1822 was 

cultivated in the slide model after 24 h. To check the possible role of sucrose and the 

concomitantly formed α-glucans for S. cerevisiae biofilm formation in the presence of L. 

hordei, the sucrose in WKM was replaced by equimolar amounts of glucose and fructose 

(42.1 g/l, respectively) as performed as above.  

 

3.5 Genomics 

3.5.1 Genome sequencing 

L. hordei TMW 1.1822 and L. nagelii TMW 1.1827 were anaerobically cultivated in 15 

ml liquid mMRS medium at 30 C for 20 h for DNA isolation. Isolation of high 

molecular weight DNA was performed using the Genomic-tip 100/G kit (Qiagen, Venlo, 

Netherlands) according to the manufacturer. The isolation protocol was modified for the 

lysis time of proteinase K to overnight. Quality and quantity of isolated DNA were 

checked by NanoDrop (Thermo Fisher Scientific) and agarose gel electrophoresis. About 

15 µg of the isolated genomic DNA of L. hordei TMW 1.1822 and L. nagelii TMW 

1.1827 at the respective concentration of 560 ng/µl and 372 ng/µl were sent to and 

sequenced by GATC Biotech (Konstanz, Germany) via PacBio Single Molecule Real 

Time (SMRT) sequencing (Eid et al., 2008; McCarthy, 2010). 

 

3.5.2 Genome assembly 

Genomic raw data were assembled according to SMRT Analysis (Version 2.2.0.p2, 

Pacific Biosciences, USA) and the hierarchical genome assembly process (HGAP) (Chin 
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et al., 2013). Manual curation of assembly was done as described by PacBio 

(https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/Finishing-Bacterial-

Genomes). Polished assemblies, obtained from assemblies using the 

RS_HGAP_Assembly_3 protocol, were split into contigs using BioPerl 

(http://www.bioperl.org) and tested for their redundancy using NCBI BLAST (Altschul et 

al., 1990; Camacho et al., 2009). Each contig was checked for overlapping ends by the 

dotplot tool Gepard (Krumsiek et al., 2007) and coverage behavior and mapping quality 

with SMRT-View 2.30 (Pacific Biosciences, Menlo Park, USA). The accuracy of the 

genome assembly was evaluated by BridgeMapper (RS_ BridgeMapper), which is part of 

SMRT-Analysis software. Redundant or non-sense contigs were discarded, and all other 

contigs of chromosome and all plasmids were circularized using minimus2 (AMOS, 

http://amos.sourceforge.net) to generate a final fasta file. Further it was applied into 

SMRT-Analysis resequencing and repeated until the consensus accordance reached a 

value of 100%.  

 

3.5.3 Genome annotation and submission 

The circularized genomes were annotated by the NCBI Prokaryotic Genome Annotation 

Pipeline (https://www.ncbi.nlm.nih.gov/genome/annotation_prok) and RAST, which is a 

SEED-based prokaryotic genome annotation service using default settings (Aziz et al., 

2008; Overbeek et al., 2013). For NCBI genome submission, a bioproject 

(PRJNA343197) was created including two single biosamples of L. hordei TMW 1.1822 

and L. nagelii TMW 1.1827. The submission procedure was done as described online 

(http://www.ncbi.nlm.nih.gov/genbank/genomesubmit). 

https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/Finishing-Bacterial-Genomes
https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/Finishing-Bacterial-Genomes
http://amos.sourceforge.net/
https://www.ncbi.nlm.nih.gov/genome/annotation_prok
http://www.ncbi.nlm.nih.gov/genbank/genomesubmit
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3.5.4 Genomic statistics and visualization 

A genomic atlas was generated using Artemis and DNA plotter 

(http://www.sanger.ac.uk/science/tools/artemis) (Carver et al., 2008) by importing the 

whole genome GenBank file. Subcellular localization of proteins was predicted utilizing 

the tool PSORTb (Version 3.0.2, http://www.psort.org/psortb/) (Gardy et al., 2004; Yu et 

al., 2010). Functional analysis was accomplished using SEED categorization and SEED 

subsystem analysis (Subsystem and FIGfams Technology) based on RAST annotation 

(Aziz et al., 2008; Overbeek et al., 2013). The SEED subsystem analysis enables the 

assignment of predicted genes to a category, subcategory and subsystem. All the 

annotated EC and KO numbers, which were extracted from RAST fasta files, could be 

directly imported into iPath 3.0 (https://pathways.embl.de/ipath3.cgi?map=metabolic) 

(Yamada et al., 2011) to obtain an overview of complete metabolic pathways and 

biosynthesis of other secondary metabolites customized in thin red color. While up-

regulated enzymes were customized in bold red color, down-regulated enzymes were 

customized in bold blue color in the respective figures. 

 

Based on the pathway of glycolysis, pentose phosphate and TCA cycle from the BioCyc 

Database Collection (https://biocyc.org), all enzymes involved in each reaction step were 

subjected to manual check if they were present in translated open reading frames (ORFs) 

files annotated from NCBI and RAST. In detail, if one enzyme involved in a pathway was 

manually checked to be present in both files, its corresponding ORF was further imported 

into NCBI Conserved Domain Search 

(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and Smart BLAST 

(https://blast.ncbi.nlm.nih.gov/smartblast/?LINK_LOC=BlastHomeLink) to manually 

http://www.sanger.ac.uk/science/tools/artemis
http://www.psort.org/psortb/)
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://blast.ncbi.nlm.nih.gov/smartblast/?LINK_LOC=BlastHomeLink
https://blast.ncbi.nlm.nih.gov/smartblast/?LINK_LOC=BlastHomeLink
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double check the functional analysis of this enzyme. In this way, the enzyme was 

eventually confirmed to be present based on the functional genome prediction. Also, the 

presence of enzymes involved in pyruvate metabolism, the arginine deiminase (ADI) 

pathway and biosynthesis pathway of amino acids were verified in the similar workflow 

except the source of reference schematic pathway was different. The pathway of pyruvate 

metabolism was according to Geißler (Geißler, 2016) and Quintans et al (García-

Quintáns et al., 2008), while ADI pathway was based on Rimaux et al and Tonon et al 

(Rimaux et al., 2011; Tonon and Lonvaud-Funel, 2002). The biosynthesis pathway of 

amino acids was generated from KEGG mapper 

(http://www.genome.jp/kegg/tool/map_pathway1.html) by importing EC numbers 

involved in amino acids biosynthesis.  

 

3.6 Proteomics 

3.6.1 Sample preparation for proteomic analysis 

1% (v/v) pre-cultured L. hordei, L. nagelii and S. cerevisiae were respectively inoculated 

into 40 ml WKM in triplicate as single-culture samples, while 1% (v/v) pre-cultured L. 

hordei and 1% S. cerevisiae, as well as 1% (v/v) pre-cultured L. nagelii and 1% S. 

cerevisiae were inoculated into 40 ml WKM in triplicate to prepare for co-cultivation 

samples. All samples were anaerobically cultured at 30 C for 10 h. Afterwards, 

trichloracetic acid (TCA; stock concentration of 100% w/v) was added to those samples 

to a final concentration of 6.25% w/v. Subsequently samples were stored on ice for 10 

min. The bacterial pellets were collected by centrifugation (5000 rpm, 5 min) at 4°C, 

washed twice with acetone, reconstituted in lysis buffer [8 M urea, 5 mM EDTA di-
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sodium salt, 100 mM NH4HCO3, and 1 mM dithiothreitol (DDT), pH 8.0] and 

mechanically disrupted with acid-washed glass beads (G8772, 425-600 µm, Sigma, 

Germany). Total protein concentration of the lysate was determined using the Bradford 

method (Bio-Rad Protein Assay, Bio-Rad Laboratories GmbH, Munich, Germany). 100 

µg protein extract was used per sample for in-solution digestion. Proteins were reduced 

with 10 mM DTT at 30 °C for 30 min, and subsequently carbamidomethylated with 55 

mM chloroacetamide in the dark at room temperature for 60 min. Subsequently proteins 

were digested by addition of 1 µg trypsin (1:100 trypsin:protein) for 3 h at 37°C and 

another 1 µg of trypsin overnight at 37 °C. Digested peptide samples were desalted 

according to the manufacturer’s instructions by C18 solid phase extraction using Sep-Pak 

columns (Waters, WAT054960). Purified peptide samples were dried in a SpeedVac 

concentrator (Acid-Resistant CentriVap Vacuum Concentrator, Labconco) and 

resuspended in 2 % acetonitrile, 98 % H2O, 0.1 % formic acid to a final concentration of 

0.25 µg/µl as determined by Nanodrop measurement. 

 

3.6.2 Liquid chromatography and mass spectrometry 

Generated peptides were analyzed on a Dionex Ultimate 3000 nano LC system coupled 

to a Q-Exactive HF mass spectrometer (Thermo Scientific, Bremen, Germany). Peptides 

were delivered to a trap column (75 µm × 2 cm, self-packed with Reprosil-Pur C18 ODS-

35 µm resin, Dr. Maisch, Ammerbuch, Germany) at a flow rate of 5 µl/min in solvent A0 

(0.1% formic acid in water). Peptides were separated on an analytical column (75 µm × 

40 cm, self-packed with Reprosil-Gold C18, 3 µm resin, Dr. Maisch, Ammerbuch, 

Germany) using a 120 min linear gradient from 4-32 % solvent B (0.1 % formic acid, 5 % 

DMSO in acetonitrile) and solvent A1 (0.1 % formic acid, 5 % DMSO in water) at a flow 
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rate of 300 ml/min. The mass spectrometer was operated in data dependent mode, 

automatically switching between MS1 and MS2 spectra. MS1 spectra were acquired over 

a mass-to-charge (m/z) range of 360-1300 m/z at a resolution of 60,000 (at m/z 200) 

using a maximum injection time of 50 ms and an AGC target value of 3e6. Up to 20 

peptide precursors were isolated (isolation window 1.7 m/z, maximum injection time 25 

ms, AGC value 1e5), fragmented by higher-energy collisional dissociation (HCD) using 

25 % normalized collision energy (Aziz et al.) and analyzed at a resolution of 15,000 

with a scan range from 200 to 2000 m/z. Precursor ions that were singly-charged, 

unassigned or with charge states > 6+ were excluded. The dynamic exclusion duration of 

fragmented precursor ions was 20 s. 

 

3.6.3 Identification and quantification of peptides and proteins 

Identification and quantification of peptides and proteins were performed with MaxQuant 

(version 1.5.7.4) (Cox and Mann, 2008) by searching the MS2 data against all protein 

sequences obtained from UniProt - Reference proteome S. cerevisiae S288c (6,724 

entries, downloaded 13.03.2017) and all protein sequences from L. hordei TMW 1.1822 

(GenBank CP018176-CP018179), L. nagelii TMW 1.1827 (GenBank CP018180-

CP018183) using the embedded search engine Andromeda (Cox et al., 2011). 

Carbamidomethylated cysteine was a fixed modification; oxidation of methionine, and N-

terminal protein acetylation were variable modifications. Trypsin/P was specified as the 

proteolytic enzyme and up to 2 missed cleavage sites were allowed. Precursor and 

fragment ion tolerances were 10 ppm and 20 ppm, respectively. Label-free quantification 

(Cox et al., 2014) and data matching between consecutive analyses were enabled within 

MaxQuant. Search results were filtered for a minimum peptide length of 7 amino acids, 1% 
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peptide and protein false discovery rate (FDR) plus common contaminants and reverse 

identifications. MaxQuant output files (proteinGroups.txt) were further performed using 

Perseus (version 1.5.6.0) (Tyanova et al., 2016). Protein groups were filtered for entries 

“only identified by site”, reverse identifications and contaminants. Protein groups from 

each investigated species were moved to different data matrices. iBAQ intensities were 

log2-transformed and used for further statistical analysis. NCBI annotation, Psortb 

subcellular localization, SEED category (subcategory and subsystem) as previously 

annotated (cf. section 2.5.3 and 2.5.4) were added to the matrix through identifier 

matching. For the comparison between two groups, t-tests were performed. Log2 fold 

change ≥ 2 or ≤ -2 and -Log10 P-value ≥ 2 (p value ≤ 0.05) were considered to be 

significantly differentially expressed proteins of L. hordei TMW 1.1822 and L. nagelii 

TMW 1.1827 in response to the presence of S. cerevisiae TMW 3.221. 

 

4. RESULTS (PUBLICATIONS BASED) 

This thesis contains four manuscripts. Their publication status, the abstracts and the 

contributions of the authors are given in the following. 

4.1 Manuscript 1: Lactobacillus hordei dextrans induce Saccharomyces cerevisiae 

aggregation and network formation on hydrophilic surfaces 

Di Xu, Lea Fels, Daniel Wefers, Jürgen Behr, Frank Jakob, Rudi F. Vogel., 2018. 

Published in International Journal of Biological Macromolecules. 115, 236–242. 

https://doi.org/10.1016/j.ijbiomac.2018.04.068. 

 

https://doi.org/10.1016/j.ijbiomac.2018.04.068
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Water kefir generally consists of a multispecies community, namely lactic acid bacteria 

(LAB), acetic acid bacteria, and yeasts. Some LAB isolated from water kefir granules has 

been reported to be able to produce EPS, and the granules are supposed to mainly consist 

of dextrans produced by Lactobacillus (L.) hilgardii. However, the contributions of other 

microorganisms to the formation of granules, such as L. hordei, L. nagelii, Leuconostoc 

(Lc.) citreum and Saccharomyces (S.) cerevisiae which are also commonly isolated from 

water kefir granules, remains unknown. We developed a simplified model system which 

was comprised of hydrophilic slide to mimic the hydrophilic surface of a growing kefir 

granule. It was found out that all tested predominant LAB (L. hordei, L. nagelii, Lc. 

citreum) isolated from water kefir grains produced glucans, but solely those glucans 

isolated from the four different L. hordei strains induced yeast aggregation on the 

hydrophilic model system. Therefore, structural analysis of these glucans was performed 

via methylation, chromatographic analysis and asymmetric flow field-flow fractionation 

with respect to their linkage types and size distributions. This study showed that all 

glucans were investigated as dextrans, and had major implications for the interpretation 

that those of the four L. hordei strains were highly similar among each other regarding 

portions of linkage types and size distributions. Thus, our study suggested that the 

specific size and structural organization of the dextran produced by L. hordei was the 

main cause for inducing S. cerevisiae aggregation and network formation on hydrophilic 

surfaces and acted as crucial initiation for forming a growing water kefir granule. 

 

Authors contributions: Di Xu designed the research project and experimental approach 

guided by Jürgen Behr and conducted the main experiments under the supervision of 

Frank Jakob and Rudi F. Vogel. Lea Fels carried out the experiments on the structural 
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analysis of EPS under the supervision of Daniel Wefers in a collaboration. Frank Jakob 

helped to establish the contact with Daniel Wefers from the Karlsruhe Institute of 

Technology, and assisted data analyses of asymmetric flow field-flow fractionation. Di 

Xu wrote the draft with the part from Lea Fels. Frank Jakob revised and submitted the 

manuscript. All authors reviewed and approved the final manuscript. 
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4.2 Manuscript 2: Lifestyle of Lactobacillus hordei isolated from water kefir based 

on genomic, proteomic and physiological characterization 

Di Xu#, Julia Bechtner#, Jürgen Behr, Lara Eisenbach, Andreas J. Geißler, Rudi F. Vogel., 

2019. Published in International Journal of Food Microbiology. 290, 141-149. 

https://doi.org/10.1016/j.ijfoodmicro.2018.10.004. 

#joint first authorship 

 

Water kefir is a traditional fermented beverage, which is generally fermented by lactic 

acid bacteria (LAB), acetic acid bacteria and yeasts. Homemade water kefir is usually 

fermented for 2-3 days and its materials for making water kefir are sucrose, water, kefir 

granules, dried or fresh fruits (e.g. figs). Lactobacillus (L.) hordei is one of the 

predominant LAB species isolated from water kefir granules. Since it faced abundant 

sucrose versus innutrition of amino- and fatty acids in water kefir, the lifestyle of L. 

hordei was indicated and constructed through label-free quantitative proteomic analysis 

combined with genomic analysis and physiological characterization. The whole-genome 

sequence of L. hordei TMW 1.1822 revealed one chromosome plus three plasmids with 

the length of 2.42 Mbp in the range of some other lactobacilli. The number of coding 

sequences was predicted to be 2461. Further, 1474 proteins were identified via proteomic 

analysis upon growth on water kefir medium. So, there are increasing concerns regarding 

metabolic activity traceability.  

 

Metabolic prediction of L. hordei TMW 1.1822 based on both annotated genes and 

quantified proteins revealed the presence of all enzymes, which were required for the 

glycolytic Embden-Meyerhof (EMP) and phosphoketolase (PK) pathways. Also, genes 

https://doi.org/10.1016/j.ijfoodmicro.2018.10.004
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encoding all enzymes involved in citrate, pyruvate and mannitol metabolism were present. 

Further, it was confirmed that L. hordei was prototrophic for 11 amino acids and 

auxotrophic for 6 amino acids according to the putative amino acids biosynthesis 

pathways and growth determination with amino acid deficiency. The peptide transport 

and arginine deiminase systems contributed to acid tolerance, and fatty acid synthesis 

were further predicted to enable the lifestyle of L. hordei in water kefir: abundant sucrose 

was consumed directly via parallel EMP and PK pathways and was also extracellularly 

converted to dextran and fructose by a glucansucrase, leaving fructose as additional 

carbon source. Essential amino acids (in the form of peptides) and citrate was acquired 

from fruits. In the lack of FabB, unsaturated fatty acids were likely synthesized by 

alternative enzymes. Formation of acetoin and diacetyl as well as arginine conversion 

reactions enabled acidification limitation. Thus, first insight was provided as a basis for 

understanding how other members of the water kefir consortium (yeasts, acetic acid 

bacteria) facilitate or support the growth of L. hordei. 

 

Authors contributions: Di Xu planned the research project guided by Jürgen Behr and 

Rudi F. Vogel. The genomic and proteomic sample preparations were accomplished by 

Di Xu. The genomic sequence data obtained from GATC were assembled with the help 

of Lara Eisenbach. The proteomic samples were analyzed with the aid of Jürgen Behr 

from the Bavarian Center for Biomolecular Mass Spectrometry. The proteomic data were 

evaluated by Di Xu with the suggestions from Andreas J. Geißler. Di Xu wrote the 

manuscript draft. Julia Bechtner optimized the schemes of sucrose and pyruvate 

metabolism, conducted BADGE analysis and introduced respective parts into the 

manuscript. All authors reviewed and approved the final manuscript. 
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4.3 Manuscript 3: Label-free quantitative proteomic analysis reveals the lifestyle of 

Lactobacillus hordei in presence of Sacchromyces cerevisiae 

Di Xu, Jürgen Behr, Andreas J. Geißler, Julia Bechtner, Christina Ludwig, Rudi F. 

Vogel., 2019. International Journal of Food Microbiology. Accepted. 

 

Lactobacillus (L.) hordei and Sacchromyces (S.) cerevisiae are as predominant and stable 

lactic acid bacteria and yeasts, respectively, isolated from water kefir consortia. In this 

study, we investigated the response of co-cultivated L. hordei TMW 1.1822 in the 

presence of S. cerevisiae TMW 3.221 as compared with single-cultivated L. hordei, by 

label-free proteomic analysis. In total, 233 proteins of L. hordei were significantly 

differentially expressed in the presence of S. cerevisiae. Those differentially expressed 

proteins were mainly distributed in sugar transport, carbohydrate metabolism, peptide 

transport systems, peptidases, and amino acid biosynthesis and metabolism. The data 

suggested that L. hordei responded to the presence of S. cerevisiae with adjustment of 

intracellular redox reactions controlled of proteins, which were part of Rex regulons 

proteins involved in the glycolytic pathway and energy fermentation. The concomitant 

high production of NADH, H+ should enable the preferential production of butanediol 

instead of acetate or lactate, which resulted in the limitation of acidification. Also, the 

arginine deiminase system in L. hordei was significantly up-regulated, which further 

alleviated acid stress and concomitantly protected S. cerevisiae against an acidic 

environment, which L. hordei generated in single culture. Moreover, it suggested that the 

presence of S. cerevisiae in the nitrogen and fatty acids limited environment of the water 

kefir facilitated and improved the growth of L. hordei by delivering gluconate, fructose, 

amino acids, fatty acids or substrates for their biosynthesis. Up-regulation of the 
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OppABCDF peptide transport and enzymes involved in amino acid metabolism in L. 

hordei indicated enhanced peptide uptake, as well as the feeding of glutamate, glutamine, 

histidine, methionine, arginine, tryptophan, and proline from S. cerevisiae. 

 

Authors contributions: Di Xu was responsible for planning the research project under the 

supervision of Jürgen Behr and Rudi F. Vogel. Di Xu prepared the proteomic samples 

and conducted the other experiments. The proteomic samples were analyzed with the aid 

of Christina Ludwig from the at Bavarian Center for Biomolecular Mass Spectrometry. 

Further, Di Xu analyzed the data with the help of Jürgen Behr and Andreas J. Geißler, 

and wrote the manuscript draft. Julia Bechtner and Rudi F. Vogel helped in finalizing and 

proofreading of the manuscript. All authors reviewed and approved the final manuscript. 
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Abstract 

 

Water kefir is a fermented beverage, which is traditionally prepared from sucrose, kefir 

grains, dried or fresh fruits, and water. L. hordei and S. cerevisiae are isolated as 

predominant and stable species of lactic acid bacteria and yeasts, respectively. In this 

study we demonstrate that label free quantitative proteomics is useful to study microbial 

interaction along the response of co-cultivated L. hordei TMW 1.1822 in the presence of 

S. cerevisiae TMW 3.221 as compared with their single cultures in a water kefir model. It 

is shown and L. hordei responds to S. cerevisiae in many respects revealing a mutualistic 

relationship. The data suggest that L. hordei responds to the presence of S. cerevisiae 

with adjustment of intracellular redox reactions controlled of proteins, which are part of 

Rex regulons and proteins involved in the glycolytic pathway and energy fermentation. 

An NADH, H+-driven metabolic switch to preferential production of butanediol instead 

of acetate or lactate, and up-regulation of arginine deiminase, alleviated acid stress and 

concomitantly protected S. cerevisiae against an acidic environment, which L. hordei 

generated in single culture. Moreover, the data suggest that the presence of S. cerevisiae 

in the nitrogen and fatty acids limited environment of the water kefir facilitated and 

improved the growth of L. hordei by delivering gluconate, fructose, amino acids, fatty 

acids or substrates for their biosynthesis. Up-regulation of the OppABCDF peptide 

transport and enzymes involved in amino acid metabolism indicates enhanced peptide 

uptake, as well as cross-feeding of L. hordei by glutamine, glutamate, histidine, 

tryptophan, methionine, proline, tryptophan delivered by S. cerevisiae.  
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Keywords: Lactobacillus hordei, Sacchromyces cerevisiae, label-free quantitative 

proteomic, lifestyle, water kefir 

 

1. Introduction 

 

Water kefir is a fermented beverage, which is traditionally prepared from sucrose, kefir 

grains, dried or fresh fruits, and water. After one or two days’ fermentation, it results in 

an acidic and lightly alcoholic drink. It is reported that the microbial consortium isolated 

from water kefir grains generally consists of lactic acid bacteria (LAB), yeast, acetic acid 

bacteria (AAB) and bifidobacteria (Gulitz et al., 2011; Laureys and De Vuyst, 2014; 

Marsh et al., 2013). The most predominant genus isolated by Gulitz et al (Gulitz et al., 

2011) in water kefir was Lactobacillus, with abundant Lactobacillus (L.) hordei followed 

by L. nagelii, Leuconostoc mesenteroides and L. casei while the predominant yeast were 

respectively Saccharomyces (S.) cerevisiae, Zygotorulaspora (Z.) florentina, Dekkera 

bruxellensis etc (Gulitz et al., 2011; Laureys and De Vuyst, 2014). 

 

To date, there are rare studies exploring microbial consortium and their interaction in 

water kefir, so the specific contribution of groups or species such as LAB, AAB, yeast 

remains speculative. Stadie et al  (Stadie et al., 2013) delineate the metabolic interaction 

between LAB (L. hordei and L. nagelii) and yeasts (S. cerevisiae and Z. florentina) 

isolated from water kefir as mutualism based on the significant increase of cell yield. It 

was inferred that the growth of L. hordei TMW 1.1822 may be improved by the disposed 

nutrients produced by both yeast, such as release of several auxotrophic amino acids 

(isoleucine, leucine, methionine, phenylalanine, tryptophan, tyrosine and valine) and 

vitamin B6 (Stadie et al., 2013). This study also suggests that Z. florentina appreciates the 
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pH decrease caused by lactobacilli, whereas S. cerevisiae did not. Furthermore, arginine 

is released by Z. florentina due to the co-cultivation of L. nagelii and Z. florentina, which 

may support the growth of L. nagelii. Lactic acid and ethanol were found to be the main 

metabolites of water kefir consortium of LAB, yeasts and AAB (Laureys and De Vuyst, 

2014). In addition, glycerol, acetic acid and mannitol formation has been observed in low 

concentrations (Laureys and De Vuyst, 2014). 

 

Although metabolic exchanges are ubiquitous in microbial communities, detecting 

metabolite cross-feedings constituting mutualism between species is difficult due to their 

intrinsically dynamic nature and the complexity of communities (Ponomarova and Patil, 

2015). Also, such metabolites provided by an organism are immediately consumed by 

another one living in close proximity. Functional genomics approaches enable 

identification of metabolic pathways involved in adaptation of an organism to its specific 

habitat and also the presence of possible competitive or supportive metabolite formation 

(Durham et al., 2015; Maligoy et al., 2008; Ponomarova et al., 2017). Still, proteomic 

studies based on functional genomics have not yet widely been applied to study the 

adaptation or interaction of LAB and yeasts in a food consortium. An example for a 

respective transcriptome analysis is provided for the comparison of single and mixed 

cultivation of Lactococcus lactis IL-1403 in the absence or presence of S. cerevisiae 

CEN-PK905, respectively. A total of 158 genes was identified along determination of 

mRNA levels, which were significantly modified in their expression (particularly 

pyrimidine metabolism) (Maligoy et al., 2008). Another finding about the specific 

contribution of yeast (S. cerevisiae S90) to symbiotic LAB (Lactococcus lactis subsp. 

lactis IL1403 and L. plantarum WCFS1) through nitrogen overflow in grape juice was 
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studied using mass spectrometry based on their genome-scale metabolic models 

(Ponomarova et al., 2017). It suggested that S. cerevisiae benefits Lactococcus lactis by 

secreting glutamine and threonine, and benefits L. plantarum by secreting glutamine, 

threonine, phenylalanine, tryptophan and serine. In addition, cross-feeding of 2-

oxoglutarate to L. plantarum was also observed as predicted by metabolic modeling 

(Ponomarova et al., 2017). Still the knowledge of metabolic exchange between groups or 

species especially cellular regulation is limited to few communities with small number of 

exchanged metabolites. We used label-free quantitative proteomic analysis, whole-

genome sequencing and reconstructed putative metabolic pathways to describe the 

lifestyle of L. hordei TMW 1.1822 in water kefir (Xu et al., 2019). It was demonstrated 

that abundant sucrose is consumed directly via parallel EMP and PK pathways and is also 

extracellularly converted to dextran and fructose by a glucansucrase, leaving fructose as 

additional carbon source. Essential amino acids (in the form of peptides) and citrate are 

acquired from fruits. In the lack of FabB unsaturated fatty acids are synthesized by 

predicted alternative enzymes. Formation of acetoin and diacetyl as well as arginine 

conversion reactions enable acidification limitation.pre We postulated that other members 

of the water kefir consortium (yeasts, acetic acid bacteria) likely facilitate or support 

growth of L. hordei by delivering gluconate, mannitol, amino- and fatty acids and 

vitamins. Based on these findings we explored the response of L. hordei to the presence 

of S. cerevisiae TMW 3.221 in this environment.  

 

2.  Material and methods 

 

2.1. Strain culture and growth determination 
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L. hordei TMW 1.1822 and S. cerevisiae TMW 3.221 isolated from water kefir by Gulitz 

et al  (Gulitz et al., 2011) were used to set up this co-cultivation experiment. Briefly, L. 

hordei TMW 1.1822 was pre-cultured anaerobically overnight at 30 C in modified MRS 

(mMRS) medium (Stolz et al., 1995) as described previously (Xu et al., 2019), while S. 

cerevisiae from a -80C stock was spread on YPG (Xu et al., 2018) agar plates and 

cultivated aerobically for 24 h at 30 C, and a single colony was transferred into 10 ml 

YPG medium and pre-cultured anaerobically at 30 C  under the same growth condition 

as L. hordei.  Then 1 % (v/v) pre-cultured L. hordei, S. cerevisiae were separately 

inoculated into 40 ml water kefir medium (WKM) (Stadie et al., 2013) in replicate as 

single-cultivated samples, while 1 % pre-cultured L. hordei and 1 % S. cerevisiae were 

simultaneously inoculated into 40 ml WKM as co-cultivated samples. 100 µl aliquots 

were respectively taken out from each samples for plate counting at the fermentation time 

point of 0 h, 2 h, 4 h, 5 h, 6 h, 7 h, 8 h, 12 h, 24 h, 48 h. Single-cultivated L. hordei 

samples were plated in mMRS agar plates, and single-cultivated S. cerevisiae samples 

were plated in YPG agar plates. Meanwhile co-cultivated L. hordei and S. cerevisiae 

samples were plated in mMRS agar plates with added cycloheximide (final concertation 

at 0.1 g/l) to inhibit the growth of yeast for counting L. hordei cells, and also plated in 

YPG agar plates with added chloromycetin (final concertation at 0.1 g/l) to inhibit the 

growth of bacteria for counting S. cerevisiae cells.  

 

2.2. Sample preparation for proteomic analysis, liquid chromatography and mass 

spectrometry 

1 % (v/v) pre-cultured L. hordei, S. cerevisiae were separately inoculated into 40 ml 

WKM in triplicate and cultured anaerobically at 30 C for 10 h to prepare single-culture 
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samples, while 1 % L. hordei and 1 % S. cerevisiae were simultaneously inoculated into 

40 ml WKM in triplicate and cultured in the same growth condition to prepare co-

cultivation samples. As previously described (Xu et al., 2019), trichloracetic (TCA) were 

added to those single-culture and co-cultivation samples to a final concentration of 6.25 % 

(w/v). Subsequently samples were stored on ice for 10 min. The bacterial pellets were 

collected by centrifugation (5000 rpm, 5 min) at 4 °C, washed twice with acetone, 

reconstituted in lysis buffer and mechanically disrupted with glass beads (G8772, 425-

600 um, Sigma, Germany). Total protein concentration of the lysate was determined 

using the Bradford method (Bio-Rad Protein Assay, Bio-Rad Laboratories GmbH, 

Munich, Germany). 100 µg protein extract was used per sample for in-solution digestion. 

Proteins were reduced with 10 mM DTT at 30 °C for 30 min, and subsequently 

carbamidomethylated with 55 mM chloroacetamide in the dark for 60 min. Subsequently 

proteins were digested by addition of trypsin overnight at 37 °C. Digested peptide 

samples were desalted according to the manufacturer’s instructions by C18 solid phase 

extraction using Sep-Pak columns (Waters, WAT054960). Purified peptide samples were 

dried in a SpeedVac and resuspended in 2 % acetonitrile, 98 % H2O, 0.1 % formic acid to 

a final concentration of 0.25 µg/µl. 

 

Generated peptides were analyzed on a Dionex Ultimate 3000 nano LC system coupled 

to an Q-Exactive HF mass spectrometer (Thermo Scientific, Bremen, Germany). Peptides 

were delivered to a trap column (75 µm × 2 cm, self-packed with Reprosil-Pur C18 ODS-

3 5 µm resin, Dr. Maisch, Ammerbuch) at a flow rate of 5 µl/min in solvent A0 (0.1% 

formic acid in water). Peptides were separated on an analytical column (75 µm × 40 cm, 

self-packed with Reprosil-Gold C18, 3 µm resin, Dr. Maisch, Ammerbuch) using a 120 
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min linear gradient from 4-32 % solvent B (0.1 % formic acid, 5 % DMSO in acetonitrile) 

and solvent A1 (0.1 % formic acid, 5 % DMSO in water) at a flow rate of 300 nl/min. The 

mass spectrometer was operated in data dependent mode, automatically switching 

between MS1 and MS2 spectra. MS1 spectra were acquired over a mass-to-charge (m/z) 

range of 360-1300 m/z using a maximum injection time of 50 ms and an AGC target 

value of 3e6. Up to 20 peptide precursors were isolated (isolation window 1.7 m/z, 

maximum injection time 25 ms, AGC value 1e5), fragmented by higher-energy 

collisional dissociation (HCD) using 25 % normalized collision energy (NCE) and 

analyzed at a resolution of 15,000 with a scan range from 200 to 2000 m/z. Precursor ions 

that were singly-charged, unassigned or with charge states > 6+ were excluded.  

 

2.3. Peptide and protein identification and quantification, statistical analysis 

Peptide and protein identification plus quantification were performed with MaxQuant 

(version 1.5.7.4)  by searching the MS2 data against all protein sequences obtained from 

UniProt - Reference proteome S. cerevisiae S288c (6,724 entries, downloaded 

13.03.2017) and all protein sequences from L. hordei using the embedded search engine 

Andromeda (Cox et al., 2011) as previously described (Xu et al., 2019). MaxQuant 

output files (proteinGroups.txt) were further analysed using Perseus (version 1.5.6.0) 

(Tyanova et al., 2016). Protein groups were filtered for entries “only identified by site”, 

reverse identifications and contaminants. Protein groups from each investigated species 

were moved to different data matrices. iBAQ intensities were log2-transformed and used 

for further statistical analysis. NCBI annotation, PSORTb subcellular localization, SEED 

category (subcategory and subsystem) as previously annotated (Xu et al., 2019) were 

added to the matrix through identifier matching. For the comparison between two 
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groups, t-tests were performed. Log2 fold change ≥ 2 or ≤ -2 and -Log10 P-value ≥ 2 

(p value ≤ 0.05) were considered to be significantly differentially expressed proteins of L. 

hordei TMW 1.1822 in response to co-cultivation with S. cerevisiae TMW 3.221.   

 

2.4. Chromatographic analysis of amino acids, pH measurement 

1 % pre-cultured L. hordei TMW 1.1822 and S. cerevisiae TMW 3.221 were separately 

inoculated into chemically defined medium (CDM, pH 6.5) (Xu et al., 2019) in triplicate. 

After 24 h cultivation at 30 C, 1 ml L. hordei, S. cerevisiae cultures and CDM were 

respectively mixed with 50 µl of 70 % (v/v) perchloric acid (Sigma-Aldrich, St. Louis, 

USA) standing overnight at 4 C for protein precipitation. After centrifugation (12000 

rpm, 10 min), the supernatant was collected and diluted 1:5 in 0.1 M HCl. Samples were 

filtered through PhenexTM Nylon Filter Membrane (0.2 µm, Phenomenex, Germany). 

Amino acids were analyzed on a Dionex Ultimate 3000 HPLC system (Dionex, Idstein, 

Germany) using a Gemini C18 column (Phenomenex, Aschaffenburg, Germany) with 

UV detection at 338 and 269 nm. Before separation, samples were performed to pre-

column derivatisation with ο-phthalaldehyde-3-mercaptopropionic acid (OPA) and 9-

fluorenylmethyl chloroformate (FMOC) following Bartóak et al (Bartóak et al., 1994). A 

gradient was as described by Schurr et al (Schurr et al., 2013) with a flow rate of 0.8 

ml/min. Quantification was executed employing calibration adjustment by external HPLC 

grade standards and the Chromeleon software version 6.80 (Dionex, Idstein, Germany). 

After 72 h fermentation, single-cultivated L. hordei TMW 1.1822, single-cultivated S. 

cerevisiae TMW 3.221, co-cultivated L. hordei and S. cerevisiae samples in triplicate 

were respectively performed pH measurement (761 pH-meter Calimatic, Knick, 

Germany).  
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2.5. Statistical analysis 

All the annotated EC and KO numbers, which were extracted from RAST fasta files were 

performed into iPath 3.0 (http://pathways.embl.de/index.html) (Yamada et al., 2011) to 

obtain an overview of complete metabolic pathways and biosynthesis of other secondary 

metabolites customized in thin red color as previously described (Xu et al., 2019). While 

up-regulated enzymes were customized in bold red color, down-regulated enzymes were 

customized in bold blue color. Other data visualization and analysis (cell counts, 

subcellular localization, SEED categories, amino acid consumption and pH values) were 

done with Microsoft Excel (Microsoft, Redmond, USA). 

 

3. Results and Discussion 

 

3.1. Growth characteristics of L. hordei in the presence of S. cerevisiae 

To investigate interaction of L. hordei and S. cerevisiae in the water kefir system, the 

viable cell counts were determined in co-cultivation between L. hordei TMW 1.1822 and 

S. cerevisiae TMW 3.221 compared with those of their respective single cultures. The 

cell yield of L. hordei TMW 1.1822 increased from 8.08 ± 0.013 log10
 CFU/ml in single 

culture to 8.30 ± 0.046 log10
 CFU/ml in co-cultivation with S. cerevisiae after 8 h 

fermentation, and increased from 8.29 ± 0.105 log10
 CFU/ml in single culture to 8.54 ± 

0.019 log10
 CFU/ml in co-cultivation after 12 h fermentation (Fig. 1). Cells grew 

exponentially until 12 h of fermentation to subsequently enter the stationary phase as 

indicated by no further OD increase. For comparative proteomic analysis a sampling time 

point was chosen at the late exponential phase, i.e. at 10 h fermentation time. This 

ensured a high amount of proteins from a metabolically active status. The viable count of 

http://pathways.embl.de/index.html
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L. hordei was insignificantly affected in the presence of S. cerevisiae after 24 h, but 

declined upon co-cultivation as compared to that one in single culture after 48h. The cell 

number of S. cerevisiae was merely unaffected in the presence of L. hordei from 0 h to 24 

h, and slightly decreased upon co-cultivation after 48 h (Fig. S2). 

 

3.2. General features of differential proteomics 

Only three proteins of S. cerevisiae were quantified to be significantly differentially 

expressed in the presence of L. hordei, namely inhibitory regulator protein BUD2/CLA2 

(3.4 log2 fold change), probable electron transfer flavoprotein-ubiquinone oxidoreductase 

(3.8 log2 fold change) and glutamate decarboxylase (4.2 log2 fold change). This is 

consistent with the finding that growth of S. cerevisiae was hardly affected upon co-

cultivation with L. hordei (Fig. S2). In contrast, the growth of L. hordei was significantly 

enhanced in the presence of S. cerevisiae, and the impact on the L. hordei proteome was 

significant upon co-cultivation. Consequently the proteomic analysis was focused on any 

differential proteomic pattern of L. hordei resulting from such co-cultivation, to possibly 

provide predictions for the causes of this growth stimulation.  

 

The proteomic analysis enabled quantification of 1474 proteins out of 2461 proteins 

predicted from the genome of L. hordei. Among these 131 proteins were significantly up-

regulated, 102 proteins were significantly down-regulated and 1241 proteins were 

unregulated in the presence of S. cerevisiae (Fig. 2). Most DE proteins were localized in 

cytoplasmic and cytoplasmic membrane except those categorized for unknown 

subcellular localization. Furthermore, as shown in Fig. 3, up-regulated proteins of L. 

hordei in the presence of S. cerevisiae were abundant in the SEED categories of amino 
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acids and derivatives (21 out of 83), carbohydrates (9 out of 90) and nucleosides and 

nucleotides (24 out of 80), cell wall and capsule (5 out of 72). A summary of the DE 

proteins were provided in Fig. S1. 

 

Taken together these up/down-regulated proteins of L. hordei involved in carbohydrate 

and energy metabolism, amino acid metabolism and biosynthesis enabled predictions on 

the change of the L. hordei lifestyle in the nutritionally poor water kefir medium in 

response to the presence of S. cerevisiae.  

 

3.3. Sugar transport, central carbohydrate metabolism 

The previous overview on sucrose metabolism of L. hordei revealed that sucrose can 

either be transformed into a glucan and fructose by a glycosyltransferase (glucansucrase), 

or transported into the cell by PTS sugar transport systems and subsequently metabolized 

through glycolysis (Xu et al., 2019). Whereas the glucansucrase of L. hordei, which was 

characterized as dextransucrase (Xu et al., 2018), was not significantly regulated in the 

presence of S. cerevisiae, the PTS mannose/fructose/sorbose family was significantly up-

regulated (shown in Fig. S3). This suggested that in addition to fructose, resulting from 

the dextransucrase reaction, resulted from yeast invertase splitting of sucrose into glucose 

and fructose. While the yeast preferentially consumed glucose, (some) additional fructose 

was available for L. hordei, which readily took it up by various PTS, which were 

annotated as fructose transporters. Depending on the type of PTS, L. hordei gained more 

fructose-6-phosphate or fructose-1-phosphate, which was subsequently metabolized via 

glycolysis (see Fig. S4) enabling faster growth. 
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As it was reported previously, both analysis of putative functional genome and quantified 

proteome of L. hordei characterized it as a facultative homofermentative LAB (Xu et al., 

2019). There were no significantly DE enzymes of L. hordei involved in the Embden-

Meyerhof pathway (EMP) based on comparative proteomic analysis, when L. hordei was 

co-cultivated with S. cerevisiae after 10 h fermentation. Nevertheless, glucose-6-

phosphate dehydrogenase (G6PDD, No. 12 in Table 1 and Fig. S4) involved in the 

phosphoketolase pathway (PKP) and pentose phosphate pathway (PPP) was significantly 

up-regulated, leading to high production of 6-phosphogluconolactone and reductive 

power (NADPH). This supports the previous interpretation that L. hordei not only 

possess PKP but also indeed employs the PKP to adapt to changing environmental 

conditions. Furthermore, this could be interpreted to that the yeast induced a different 

redox potential in the water kefir system and delivered additional electron acceptors 

(fructose). As a result, L. hordei switched from EMP to PKP producing gluconate. 

Fructose could act as electron acceptor and be reduced to mannitol. Also, in the full 

consortium harboring also Gluconobacter spp. L. hordei was likely offered additional 

exogenous gluconate resulting from their fructosyltransferases and subsequent oxidative 

metabolism of remaining glucose. 

 

On the other hand, L. hordei UCC125, UCC126, UCC127, UCC128 isolated from barley 

have been reported as homofermentative since they are capable of producing acid from 

glucose, fructose, maltose, sucrose, mannose, mannitol, cellobiose but not from pentose, 

arabinose, galactose, sorbitol et al (Rouse et al., 2008). In the lack of respective genomic 

data of L. hordei UCC125, UCC126, UCC127, UCC128, one cannot define whether 

similar metabolic switches could occur in isolates from that barley. But L. hordei DSM 
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19519 also isolated from barley (Sun et al., 2015), had no sucrose specific PTS and 

extracellular glycosyltransferases and less transporters involved in fructose import found 

in the genome compared to L. hordei TMW 1.1822 as mentioned previously (Xu et al., 

2019). So L. hordei likely expresses specific lifestyles in the different food systems and 

responds to the presence of other consortium members. 

 

3.4. Pyruvate and citrate metabolism 

Beyond the indicated switch from EMP to PKP more redox related metabolic reactions 

were affected upon co-cultivation of L. hordei with S. cerevisiae. Such reactions are 

generally regulated by the redox-sensing repressor Rex. Initially described in S. 

coelicolor, Rex regulated metabolism of Gram-positive bacteria in response to the 

cellular NADH/NAD+ levels. The core conserved part of the Rex regulons as a set of 22 

genes and operons were preceded by candidate Rex-binding sites in 11 taxonomic groups 

of bacteria (Ravcheev et al., 2012). Although the Rex proteins of L. hordei were not 

significantly DE in the presence of S. cerevisiae, Rex apparently sensed a change in the 

cellular NAD/NADH ratio and induced DE of enzymes in reconstructed Rex regulons 

(Bitoun et al., 2012; Ravcheev et al., 2012; Zhang et al., 2014), which were involved in 

pyruvate metabolism. As shown in Fig. 5, these included bifunctional 

acetaldehyde/alcohol dehydrogenase (ADHE, No. 19/20), pyruvate formate lyase (PFL, 

No. 25), and acetoin reductase (AR, No. 28). ADHE involved in PKP and pyruvate 

metabolism was significantly down-regulated in the presence of S. cerevisiae, reducing 

the utilization of NADH, H+ and production of ethanol. In the presence of ethanol, which 

is mainly produced by the yeast in alcoholic water kefir (Beshkova et al., 2003), S. 

cerevisiae limits production of ethanol by L. hordei in the water kefir consortium.  
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Furthermore, three enzymes (citrate lyase, PFL, AR) involved in pyruvate metabolism 

were highly abundant in L. hordei when co-cultivated with S. cerevisiae (shown in Table 

1 and Fig. 4). The up-regulated citrate lyase (citEF) promoted the production of acetate 

and oxaloacetate converted from citrate. In addition, triphosphoribosyl-dephospho-CoA 

synthase (citG), which could activate citrate lyase from the apo to the holo enzyme, was 

significantly up-regulated, while citrate lyase transcriptional regulator (citI) was 

significantly down-regulated. Taken together, this suggested that citrate present in the 

water kefir was readily consumed by L. hordei preferentially in the presence of S. 

cerevisiae and can be used as carbon source and electron acceptor. Over-expressed PFL 

enabled an electron acceptor reaction and generates a high amount of  NADH, H+, which 

was available for the also over-expressed AR to produce 2,3- butanediol instead of 

producing ethanol. This re-direction of pyruvate metabolism in the presence of citrate 

was consistent with the results that high diacetyl production from L. helveticus MP12 and 

Lactococcus lactis subsp. lactis C15 isolated from (milk) kefir grains were recorded 

(Beshkova et al., 2003). Accordingly, the acidification of co-cultivated L. hordei and S. 

cerevisiae became limited through the switch from lactic and acetic acid to butanediol 

formation. Taken together, this group of regulated enzymes of L. hordei in the presence 

of S. cerevisiae was associated with maintenance of redox homeostasis targeted at 

optimization of energy generation and reduction of ethanol and acid stress. 

 

3.5. Peptide transport systems, peptidases, amino acids biosynthesis and metabolism 

Periplasmic oligopeptide - binding protein A (OppA, TC 3.A.1.5.1) and oligopeptide 

transport system permease protein B (OppB) of the peptide transport system 

(OppABCDF) were 2.5 log2fold and 2.2 log2fold up-regulated, respectively. As 
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demonstrated for Lactococcus lactis the  Opp system is over expressed upon peptide 

limitation, and repressed in their abundance (Guédon et al., 2001). This suggests that the 

competition for the limited nitrogen source in this environment increases in the presence 

of S. cerevisiae. Once uptaken, peptides were degraded by a variety of peptidases 

(Christensen et al., 1999; Kunji et al., 1996). L. hordei was predicted to have 13 genes 

encoding peptidases (Xu et al., 2019). Among them, alpha-aspartyl dipeptidase E (pepE) 

was up-regulated (2.7 log2 fold change) catalyzing the hydrolysis of dipeptides Asp-|-Xaa. 

It did not act on peptides with N-terminal Glu, Asn or Gln, nor did it cleave isoaspartyl 

peptides. While aminopeptidase S (pepS) belonging to the peptidase M29 family was 

down-regulated (-1.9 log2 fold change), which decreased the ability of displaying broad 

substrate specificity towards peptides containing leucine, valine, phenylalanine, tyrosine.  

 

The predictive analysis of the complete genome of L. hordei combined with 

physiological results revealed that L. hordei is prototrophic for 11 amino acids and 

auxotrophic for 6 amino acids (Xu et al., 2019). In total, 16 identified and quantified 

enzymes of L. hordei involved in the biosynthesis of histidine, tryptophan, methionine, 

arginine, glutamate, glutamine, proline were up-regulated in the presence of S. cerevisiae, 

while only 2 enzymes involved in the biosynthesis of aromatic amino acids (tryptophan, 

tyrosine, phenylalanine) and serine were down-regulated (listed in Table 2, visualized in 

Fig. S5). However, from the KEGG in silico metabolic pathways, the direction of a 

respective metabolic reaction often remains ambiguous. Still, together with metabolic 

data on the amino acids consumption/formation of L. hordei and S. cerevisiae this can be 

solved for some of the predicted cases. For example, as shown in Fig. 5, about 68.6 % of 

glutamine (4.82 mM) in CDM was consumed by L. hordei after 24 h. In contrast, 6.15 
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mM glutamine was produced by S. cerevisiae after 24 h compared to initial concentration 

in CDM. This suggested that L. hordei, even though it is prototrophic for glutamine, takes 

advantage of glutamine provided by S. cerevisiae via the up-regulated glutamate synthase 

(6.4 log2 fold change) and possibly used this reaction for anaplerotic sequences in 

transamination reactions in biosynthetic pathways of other amino acids. Ponomarova et al 

(Ponomarova et al., 2017) also predicted that glutamate/glutamine are secreted by S. 

cerevisiae and consumed by Lactococcus lactis and L. plantarum. In a targeted LC-

MS/MS approach they quantified the amounts of secreted amino acids in yeast-

conditioned medium and further suggested cross-feeding of phenylalanine and proline (in 

concentration below the limit of exact quantification) from the yeast to L. plantarum. 

However, in our case, except glutamine, other amino acids were not produced but partly 

consumed by S. cerevisiae after 24 h fermentation in CDM. Therefore, we were unable to 

prove the real-time metabolic exchange (release/uptake) between LAB and yeast based 

on physiological results. Still, the label-free quantitative comparative proteomic analysis 

enabled investigation of real-time, dynamic, and integrated metabolic exchange and 

molecular response between microbial communities in fermented foods along DE. The 

up-regulated enzymes involved in amino acid metabolism or catabolism suggested that S. 

cerevisiae secreted glutamine, glutamate, arginine, histidine, tryptophan, methionine and 

proline, which were subsequently assimilated by L. hordei for its enhanced growth in this 

symbiotic water kefir environment.  

 

3.6. Acid tolerance by ADI pathway 

Arginine catabolism via arginine deiminase (ADI) system, which is widely distributed in 

LAB is considered an important characteristic conferring acid tolerance, was identified 



 

65 

 

and quantified in L. hordei (Xu et al., 2019). In the lack of carbamate kinase, this partial 

operon cannot deliver additional ATP. As shown in Fig. 6A, ADI (5.5 log2 fold change), 

ornithine transcarbamoylase (OTC, 6.9 log2 fold change) of L. hordei were significantly 

up-regulated leading to high production of ammonia in the presence of S. cerevisiae. This 

was also demonstrated by pH determination of single-cultivated and co-cultivated L. 

hordei and S. cerevisiae after 72h fermentation (Fig. 6B). The pH value of co-cultivated 

L. hordei and S. cerevisiae increased to around 3.49 from 3.28 determined with single-

cultivated L. hordei. Partial arginine conversion contributed to maintenance of 

intracellular pH in L. hordei, and alleviated acid stress of S. cerevisiae. In conclusion, S. 

cerevisiae provides arginine for L. hordei, whose conversion is beneficial for both 

partners.  

 

3.7. Fatty acid biosynthesis 

Although L. hordei should not be able to synthesize any unsaturated fatty acids by itself 

in the absence of FabB, alternative functional enzymes for the biosynthesis of unsaturated 

fatty acids must exist, which enabled growth under strict limits of fatty acids in water 

kefir. This should likely be FabF (Xu et al., 2019). In the presence of S. cerevisiae the 

significant up-regulation of acetyl-CoA carboxylase (EC 6.3.4.14, 2.4 log2 fold change) 

and biotin carboxylase (2.1 log2 fold change) of L. hordei was observed, which are 

involved in providing the malonyl-CoA substrate for the biosynthesis fatty acids.  

 

Conclusions 

While this study is limited to the response of L. hordei to S. cerevisiae in co-culture of a water 

kefir model, it demonstrates the potential of label-free quantitative proteomics to study microbial 
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interaction within consortia and provides first insight into interactions of water kefir inhabitants. 

The predicted functional genome and protein regulations of L. hordei TMW 1.1822 in the 

presence of S. cerevisiae TMW 3.221 revealed the adaptation and link to S. cerevisiae in 

this water kefir environment. This way, the PKP using gluconate as additional carbon 

source and simultaneous generation of NADPH for redox maintenance was up-regulated. 

The neutralization of the cytoplasm protected S. cerevisiae in this water kefir consortium 

against an acidic external pH via over-expressed formation of butanediol instead of 

lactate or acetate and over-expressed ammonia production upon the partial arginine 

conversion. Furthermore, many regulated enzymes belong to regulons of Rex related to 

redox homeostasis. The strict limits of amino acids in water kefir medium were 

attenuated by the uptake of peptides or amino acids such as glutamine from S. cerevisiae, 

and biosynthesis of some essential amino acids by L. hordei, as indicated by up-

regulation of related enzymes. This differential proteomic analysis provides a powerful 

tool to understand modulations in the lifestyle of bacteria in the presence of other 

microbes sharing the environment or under different environmental stimuli. 
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Table 1. Significantly differentially expressed proteins in L. hordei TMW 1.1822 in 

response to co-cultivation with S. cerevisiae TMW 3.221 involved in carbohydrate 

metabolism (PKP, pentose phosphate pathway, pyruvate metabolism).                                                                                                                                                                    

 

Number Enzyme EC number Log
2
 fold change  

(co-cultivation vs single culture) -Log(P-value) 

Up-regulated     

12 Glucose-6-phosphate 

dehydrogenase  EC 1.1.1.49 4.2 5.7 
21 Citrate lyase EC 4.1.3.6  4.8 6.7 
25 Pyruvate formate lyase  EC 2.3.1.54 2.7 3.1 
28 Acetoin reductase EC 1.1.1.4 4.7 3.3 

Down-regulated     

19/20 Bifunctional acetaldehyde/ 

alcohol dehydrogenase EC 1.2.1.10/ 

EC 1.1.1.1 -1.9 2.9 
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Table 2. Significantly differentially expressed proteins in L. hordei TMW 1.1822 in 

response to co-cultivation with S. cerevisiae TMW 3.221 involved in amino acids 

biosynthesis. 

 

 

Number Enzyme EC number 
Log

2
 fold change  

(co-cultivation vs 

single culture) 
-Log 

(P-value) SEED subcategory 

Up-

regulated      

1 ATP phosphoribosyltransferase  EC 2.4.2.17  3.0 3.8 

Histidine biosynthesis 
2 Imidazole glycerol phosphate  

synthase cyclase  EC 4.1.3.-  3.6 4.8 

3 Histidinol-phosphate  

aminotransferase  EC 2.6.1.9  3.5 3.3 

4 Histidinol dehydrogenase  EC 1.1.1.23  1.8 5.0 

5 Tryptophan synthase  EC 4.2.1.20  3.6 5.4 Tryptophan synthesis 

6 S-ribosylhomocysteine lyase  EC 4.4.1.21  2.1 3.1 

Methionine biosynthesis 
7 Cystathionine beta-lyase  EC 4.4.1.8  3.5 2.0 

8 O-succinylhomoserine  

sulfhydrylase  EC 2.5.1.48  2.1 4.2 

9 5-methyltetrahydropteroyltriglutamate 
-homocysteine S-methyltransferase EC 2.1.1.14 3.3 3.0 

10 Glutamate synthase  EC 1.4.1.13  6.4 2.8 Glutamate, arginine biosynthesis 

11 Glutamine synthetase  EC 6.3.1.2  2.2 4.6 Glutamine, arginine biosynthesis 

12 Acetylornithine aminotransferase  EC 2.6.1.11  7.9 5.4 

Arginine biosynthesis 
13 Ornithine carbamoyltransferase  EC 2.1.3.3  6.9 5.6 

14 Argininosuccinate synthase  EC 6.3.4.5  4.5 7.2 

15 Argininosuccinate lyase  EC 4.3.2.1  3.3 4.9 

16 Ornithine cyclodeaminase  EC 4.3.1.12  2.6 5.8 Proline biosynthesis 
Down-

regulated      

17 Chorismate synthase  EC 4.2.3.5  -1.5  4.0 Aromatic amino acid biosynthesis 

18 D-3-phosphoglycerate 

 dehydrogenase  EC 1.1.1.95  -1.7 2.8 Serine biosynthesis 
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Figure Captions 

Fig. 1. Cell counts of L. hordei TMW 1.1822 in single culture () and co-cultivation 

with S. cerevisiae TMW 3.221 (). 

 

Fig. 2. Subcellular localization of proteins (in silico, quantified by LC-MS/MS, 

unregulated, differentially expressed, up-regulated in co-cultivation, down-regulated in 

co-cultivation) which were predicted by PSORTb. The proportion of proteins assigned to 

each respective subcellular compartment and the group “unknown” with respect to the 

total number of proteins is shown by the bar chart. The table below shows the respective 

absolute numbers. A bias can be obviously seen for the proportion of cytoplasmic and 

cytoplasmic membrane proteins. Asterisk content was cited from Xu et al (Xu et al., 

2019). 

 

Fig. 3. SEED categories of proteins (in silico, quantified by LC-MS/MS, unregulated, 

differentially expressed, up-regulated in co-cultivation, down-regulated in co-cultivation) 

which were predicted by SEED. The proportion of proteins assigned to each respective 

categories of metabolism and the group “other categories”, which is the sum of several 

small categories with respect to the total number of proteins is shown by the bar chart. 

The ratio on the top of each column is the number of predicted SEED categories accounts 

for the number of all coding DNA sequence (CDS). Asterisk content was cited from Xu et 

al (Xu et al., 2019). 

 

Fig. 4. Predicted outline of pyruvate metabolism of L. hordei TMW 1.1822 in the 

presence of S. cerevisiae TMW 3.221. The enzymes colored in red represent up-regulated, 
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in blue represent down-regulated enzymes or proteins according to proteomic data, while 

enzymes colored in yellow are both annotated by genomic and quantified by proteomic, 

enzymes colored in grey are neither present in genome nor proteome. 

 

Fig. 5. Consumption of amino acids of L. hordei TMW 1.1822 and S. cerevisiae TMW 

3.221 isolated from water kefir grown in CDM after 24 h. Black histogram represented 

CDM, slash histogram represented L. hordei, grey histogram represented S. cerevisiae. 

 

Fig. 6. Predicted outline of ADI pathway of L. hordei TMW 1.1822 in the presence of S. 

cerevisiae TMW 3.221 (A). ADI, OTC colored in red showed up-regulation. pH value of 

single-cultivated and co-cultivated L. hordei and S. cerevisiae after 72h fermentation in 

WKM (B). Black histogram represented pH of co-cultivated L. hordei and S. cerevisiae, 

slash histogram represented single-cultivated L. hordei, grey histogram represented 

single-cultivated S. cerevisiae. 

 

Supplementary Figure Captions 

Fig. S1. Overview on predicted enzymatic activities of L. hordei TMW 1.1822 in the 

complete metabolic and other pathways in the presence of S. cerevisiae TMW 3.221 

according to genomic annotation data presented in iPath 3.0. The nodes colored in bold 

red represent up-regulated, in bold blue represent down-regulated enzymes or proteins 

according to proteomic data, while nodes colored in thin red represent all the rest 

enzymes or proteins. 
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Fig. S2. Growth of S. cerevisiae TMW 3.221 in the presence and absence of L. hordei 

TMW 1.1822 in WKM. S. cerevisiae in single culture (solid line), in co-cultivation with 

L. hordei (dashed line). 

 

Fig. S3. Overview on the key reactions involved in sucrose metabolism of L. hordei 

TMW 1.1822 in the presence of S. cerevisiae TMW 3.221. 

 

Fig. S4. Predicted PKP (A) and pentose phosphate pathway (B) of L. hordei TMW 

1.1822 in the presence of S. cerevisiae TMW 3.221. The marked number of involved 

enzymes colored in red represented up-regulated proteins while blue represented down-

regulated proteins. 

 

Fig. S5. Predicted regulated pathway of amino acid biosynthesis of L. hordei TMW 

1.1822 in the presence of S. cerevisiae TMW 3.221. Red lines with arrows indicated up-

regulated enzymes, while blue lines indicated down-regulated enzymes according to 

proteomic prediction. The figure was obtained from the KEGG PATHWAY mapping tool. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. S1 
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Fig. S2 
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Fig. S3 
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Fig. S4 
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Fig. S5 
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4.4 Manuscript 4: Comparative proteomic analysis of Lactobacillus nagelii and 

Lactobacillus hordei in the presence of Saccharomyces cerevisiae isolated from water 

kefir 

Julia Bechtner#, Di Xu#, Jürgen Behr, Rudi F. Vogel., 2019. Frontiers in Microbiology. 

Under review. 

# joint first authorship 

 

Water kefir is a slightly alcoholic and traditionally fermented beverage, which is prepared 

from sucrose, water, kefir grains, and dried or fresh fruits (e.g. figs). Lactobacillus (L.) 

hordei, L. nagelii and Saccharomyces (S.) cerevisiae are predominant and stable lactic 

acid bacteria and yeasts, respectively, isolated from water kefir consortia. The growth of 

L. nagelii and L. hordei was improved in the presence of S. cerevisiae. Quantitative 

comparative proteomics in this work enabled the investigation of interactions between 

LAB and yeast, and the prediction of real-time metabolic exchange in water kefir or other 

food fermentation consortia. It revealed 73 differentially expressed (DE) in L. nagelii 

TMW 1.1827 as compared to 233 DE proteins in L. hordei TMW 1.1822, respectively, in 

the presence of S. cerevisiae. The changes in the carbohydrate metabolism of L. nagelii 

revealed that, L. hordei and L. nagelii displayed antidromic strategies to maintain 

NAD+/NADH homeostasis after the metabolic switch induced by S. cerevisiae. 

Furthermore, nine up-regulated enzymes involved in amino acid biosynthesis or 

catabolism indicated that S. cerevisiae released glutamine, histidine, methionine and 

arginine, which were subsequently used by L. nagelii to ensure its survival in the water 

kefir consortia. While L. hordei reacted with an enhanced utilization of citrate in co-

culture with S. cerevisiae, L. nagelii profited from riboflavin, most likely secreted by the 
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yeast. So far, aggregation promotion factors, i.e. formation of a specific glucan and 

bifunctional enzymes were only detected in L. hordei, which also appeared to react more 

distinct to the presence of S. cerevisiae than L. nagelii.  

  

Authors contributions: Di Xu was responsible for planning the research project under the 

supervision of Jürgen Behr and Rudi F. Vogel and conducting the experiments. The 

prepared proteomic samples were analyzed with the aid of Christina Ludwig from the 

Bavarian Center for Biomolecular Mass Spectrometry. Di Xu analyzed the data with the 

help of Jürgen Behr, and wrote the manuscript draft. Julia Bechtner evaluated some more 

metabolic traits, and conducted BADGE analysis. Then Julia Bechtner added more 

contents and revised the whole manuscript as co-author. Rudi F. Vogel helped in 

finalizing and proofreading of the manuscript. All authors reviewed and approved the 

final manuscript. 
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Abstract 

 

Water kefir is a slightly alcoholic and traditionally fermented beverage, which is prepared 

from sucrose, water, kefir grains, and dried or fresh fruits (e.g. figs). Lactobacillus (L.) 

hordei, L. nagelii and Saccharomyces (S.) cerevisiae are predominant and stable lactic 

acid bacteria and yeasts, respectively, isolated from water kefir consortia. The growth of 

L. nagelii and L. hordei are improved in the presence of S. cerevisiae. In this work we 

demonstrate that Quantitative comparative proteomics enables the investigation of 

interactions between LAB and yeast to predict real-time metabolic exchange in water 

kefir or other food fermentation consortia. It revealed 73 differentially expressed (DE) in 

L. nagelii TMW 1.1827 as compared to 233 proteins in L. hordei TMW 1.1822, 

respectively, in the presence of S. cerevisiae. The changes in the carbohydrate 

metabolism of L. nagelii revealed that, L. hordei and L. nagelii display antidromic 

strategies to maintain NAD+/NADH homeostasis after the metabolic switch induced by S. 

cerevisiae. Furthermore, the DE enzymes involved in amino acid biosynthesis or 

catabolism predict that S. cerevisiae releases glutamine, histidine, methionine and 

arginine, which are subsequently used by L. nagelii to ensure its survival in the water 

kefir consortium. While L. hordei reacts with an enhanced utilization of citrate in co-

culture with S. cerevisiae, L. nagelii profits from riboflavin, most likely secreted by the 

yeast. So far, aggregation promotion factors, i.e. formation of a specific glucan and 

bifunctional enzymes were only detected in L. hordei, which also appears to react more 

distinct to the presence of S. cerevisiae than L. nagelii.  

 

Keywords: Lactobacillus nagelii, Lactobacillus hordei, functional genome prediction, 

proteomic analysis, metabolism 
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1. Introduction 

 

Water kefir is a slightly alcoholic, traditionally fermented beverage, which is prepared 

from sucrose, water, kefir grains, and dried or fresh fruits (e.g. figs). Water kefirs, 

originating from definitely different sources, exhibit different species diversities. Still, the 

basic consortium, which mainly consists of lactic acid bacteria (LAB), acetic acid 

bacteria (AAB) and yeasts (Ward, 1891; Neve and Heller, 2002; Gulitz et al., 2011; 

Marsh et al., 2013; Laureys and De Vuyst, 2014) appears to be stable. L. hordei, L. 

nagelii and S. cerevisiae are dominant LAB and yeast species, respectively, isolated from 

water kefir grains (Gulitz et al., 2011; Stadie et al., 2013; Laureys and De Vuyst, 2014).  

 

In contrast to milk kefir, there is only very limited research on water kefir. Most of the 

available studies focused on its species diversity (Ward, 1891; Pidoux, 1989; Neve and 

Heller, 2002; Gulitz et al., 2011; Marsh et al., 2013; Laureys and De Vuyst, 2014; Martí

nez‐Torres et al., 2017), or on the chemical and structural composition of the water 

kefir grains (Horisberger, 1969; Pidoux et al., 1988; Pidoux et al., 1990; Waldherr et al., 

2010; Fels et al., 2018; Xu et al., 2018). To date, several attempts have been made to 

understand the interactions of the microorganisms in water kefir. For instance, Stadie et 

al (Stadie et al., 2013) studied the metabolic interaction between LAB (L. hordei and L. 

nagelii) and yeasts (S. cerevisiae and Zygotoriulaspora florentina) isolated from water 

kefir and inferred, that the growth of L. hordei TMW 1.1822 should be improved by 

nutrients produced by both yeasts, such as several amino acids (isoleucine, leucine, 

methionine, phenylalanine, tryptophan, tyrosine and valine) and vitamin B6. 

Another study explored the metabolite dynamics in a water kefir fermentation. The major 
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metabolites produced were ethanol and lactic acid during 192 h of fermentation. Glycerol, 

acetic acid, and mannitol were produced in low concentrations. The prevailing volatile 

aroma compounds were ethyl acetate, isoamyl acetate, ethyl hexanoate, ethyl octanoate, 

and ethyl decanoate after 72 h (Laureys and De Vuyst, 2014). Further, the water kefirs 

were supplied with dried figs, apricots and raisins, respectively, as different nutrient 

sources delivering various concentrations. Also, the influence of oxygen has been 

investigated. It was concluded, that raisins led to low nutrient concentrations in the water 

kefir formulation, which favored the growth of L. hilgardii and Dekkera bruxellensis. In 

contrast, figs supplied the water kefir with high nutrient concentrations, which favored 

the growth of L. nagelii and S. cerevisiae. The presence of oxygen allowed the 

proliferation of AAB, resulting in high concentrations of acetic acid (Laureys et al., 2018). 

In addition, three main metabolic products were evaluated from the carbon flux from 

sucrose during 192 h of fermentation (Martínez‐Torres et al., 2017). After 24 h, lactic 

and acetic acid have been postulated to be initially produced by L. hilgardii and 

subsequently produced by Acetobacter spp, mainly A. tropicalis. Ethanol was almost 

entirely oxidized to acetic acid, which could be further dissimilated by Acetobacter 

species.  

 

However, these studies only determined total metabolite concentrations produced by the 

microorganisms during fermentation, but they did not reveal, how LAB, AAB and yeasts 

benefit from or affect each other through dynamic metabolite exchanges. In order to 

address this interaction we used differential label-free quantitative proteomic analysis, 

based on whole-sequenced genomes of L. nagelii TMW 1.1827 and L. hordei TMW 

1.1822 to predict metabolic pathways (Xu et al., 2019a). The comparison of the 
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proteomes in single and co-culture should furthermore reveal the changes in the lifestyles 

of L. nagelii and L. hordei in the presence of S. cerevisiae.  

 

2. Material and methods 

 

2.1. Strain culture, whole-genome sequencing and cell counts 

L. hordei TMW 1.1822,  L. nagelii TMW 1.1827 isolated from water kefir by Gulitz et al. 

(Gulitz et al., 2011) were single-cultured anaerobically at 30 C in modified MRS 

(mMRS) medium (Stolz et al., 1995). Genomic DNA was isolated, as described 

previously (Xu et al., 2019a), and sent to GATC Biotech (Konstanz, Germany) for 

PacBio SingleMolecule RealTime sequencing. The whole genome sequences were 

annotated by the NCBI Prokaryotic Genome Annotation Pipeline and RAST, which is a 

SEED-based prokaryotic genome annotation service using default settings (Aziz et al., 

2008; Overbeek et al., 2013), as described previously (Xu et al., 2019a), and their key 

features were summarized in Table S1.  

 

S. cerevisiae TMW 3.221 was pre-cultured in YPG medium (Xu et al., 2019b). Single-

cultivated S. cerevisiae, L. nagelii and co-cultivated L. nagelii TMW 1.1827 and S. 

cerevisiae TMW 3.221 were prepared in water kefir medium (WKM) (Stadie et al., 2013). 

Cell counts were assessed by plating serial dilutions of co-cultivated L. nagelii and S. 

cerevisiae on mMRS agar plates, supplemented with cycloheximide and YPG agar plates, 

supplemented with chloromycetin, respectively. In the same way, single-cultivated L. 

nagelii was plated on mMRS agar plates and single-cultivated S. cerevisiae on YPG agar 

plates, as described in (Xu et al., 2019b). 
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2.2. Chromatographic analysis of amino acids, sugars and organic acids 

1 % pre-cultured L. nagelii TMW 1.1827 and S. cerevisiae TMW 3.221 were separately 

inoculated into chemically defined medium (CDM) in triplicate, as described previously 

(Xu et al., 2019a). After 24 h of cultivation at 30 °C, 1 ml of each culture and 1 ml of 

CDM as a control were mixed with 50 µl of 70% (v/v) perchloric acid (Sigma-Aldrich, St. 

Louis, USA) and subsequently incubated overnight at 4 C for protein precipitation. After 

centrifugation (12000 rpm, 10 min), the supernatant was collected and filtered by 0.2 μm 

PhenexTM Regenerated Cellulose Membrane (Phenomenex, Aschaffenburg, Germany) for 

the detection of amino acids and organic acids as below. Amino acids were analyzed on a 

Dionex Ultimate 3000 HPLC system (Dionex, Idstein, Germany) using a Gemini C18 

column (Phenomenex, Aschaffenburg, Germany) with UV detection at 338 and 269 nm. 

Quantification was executed employing calibration adjustment by external HPLC grade 

standards and the Chromeleon software version 6.80 (Dionex, Idstein, Germany).  

 

Consumption and production of sugars and organic acids of L. nagelii and S. cerevisiae 

grown in CDM for 24 h were quantified by a Dionex UltiMate 3000 HPLC system 

(Dionex, Idstein, Germany) with Rezex ROA-Organic Acid H+ column (Phenomenex, 

Aschaffenburg, Germany) and RI-101 detector (Shodex, München, Germany), as 

described previously (Xu et al., 2019a). For sugar analysis, 500 μl of each sample were 

mixed with 250 μl of a 10 % (w/v) ZnSO4*7H2O solution and afterwards added with 

250 μl 0.5 M NaOH. After incubation for 20 min at 25° C, the supernatant was obtained 

by centrifugation and filtered as described above. Analytes were separated at a constant 

flow rate of 0.7 ml/min with a column temperature of 85 °C for 30 min. Sulfuric acid 
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(Rotipuran, Roth, Karlsruhe, Germany) solution with a concentration of 5 mM served as 

mobile phase.  

 

2.3. Proteomic sample preparation and label-free quantitative proteomic analysis 

Co-cultivated L. nagelii and S. cerevisiae, as well as single-cultured L. nagelii and S. 

cerevisiae were incubated anaerobically in WKM at 30 C for 10 h in triplicate and 

prepared for proteomic analysis, as previously described (Xu et al., 2019a). First of all, 

these samples were treated with trichloroacetic acid (TCA), centrifuged (5000 rpm, 5 min) 

at 4°C, washed with acetone and reconstituted in lysis buffer (8 M urea, 5 mM EDTA di-

sodium salt, 100 mM (NH)4HCO3, 1 mM dithiothreitol (DDT)). Subsequently, the cells 

were mechanically disrupted with acid-washed glass beads (G8772, 425-600 um, Sigma, 

Germany). Proteins were reduced with 10 mM DTT at 30 °C for 30 min, and 

subsequently carbamidomethylated with 55 mM chloroacetamide in the dark for 60 min. 

Finally, proteins were digested by trypsin and desalted by C18 solid phase extraction 

using Sep-Pak columns (Waters, WAT054960). Purified peptide samples were dried in a 

SpeedVac concentrator (Acid-Resistant CentriVap Vacuum Concentrator, Labconco) and 

resuspended in an aqueous solution containing 2 % acetonitrile and 0.1 % formic acid to 

a final concentration of 0.25 µg/µl. 

 

Generated peptides were analyzed on a Dionex Ultimate 3000 nano LC system, coupled 

to a Q-Exactive HF mass spectrometer (Thermo Scientific, Bremen, Germany), as 

described previously (Xu et al., 2019b). Peptides were delivered to a trap column (75 µm 

× 2 cm, self-packed with Reprosil-Pur C18 ODS-3 5 µm resin, Dr. Maisch, Ammerbuch, 

Germany) at a flow rate of 5 µl/min in solvent A0 (0.1 % formic acid in water). Peptides 



 

96 

 

were separated on an analytical column (75 µm × 40 cm, self-packed with Reprosil-Gold 

C18, 3 µm resin, Dr. Maisch, Ammerbuch, Germany), using a 120 min linear gradient 

from 4-32 % solvent B (0.1% formic acid, 5% DMSO in acetonitrile) and solvent A1 (0.1 % 

formic acid, 5 % DMSO in water) at a flow rate of 300 nl/min. The mass spectrometer 

was operated in data dependent mode, automatically switching between MS1 and MS2 

spectra. MS1 spectra were acquired over a mass-to-charge (m/z) range of 360-1300 m/z 

at a resolution of 60,000 (at m/z 200) using a maximum injection time of 50 ms and an 

AGC target value of 3e6. Up to 20 peptide precursors were isolated (isolation window 1.7 

m/z, maximum injection time 25 ms, AGC value 1e5), fragmented by higher-energy 

collisional dissociation (HCD), using 25 % normalized collision energy (Letort et al.) and 

analyzed at a resolution of 15,000 with a scan range from 200 to 2000 m/z.  

 

Peptide and protein identification plus quantification were performed with MaxQuant 

(version 1.5.7.4) by searching the MS2 data against all protein sequences obtained from 

UniProt - Reference proteome S. cerevisiae S288c (6,724 entries, downloaded 

13.03.2017) and all protein sequences from L. nagelii TMW 1.1827 (cf. section 3.1, 

GenBank CP018176 - CP018179), using the embedded search engine Andromeda (Cox 

et al., 2011), as previously described (Xu et al., 2019a). Carbamidomethylated cysteine 

was a fixed modification. Oxidation of methionine, and N-terminal protein acetylation 

were variable modifications. Precursor and fragment ion tolerances were 10 ppm and 20 

ppm, respectively. Label-free quantification and data matching between consecutive 

analyses were enabled within MaxQuant. Search results were filtered for a minimum 

peptide length of 7 amino acids, 1 % peptide and protein false discovery rate (FDR) plus 

common contaminants and reverse identifications. MaxQuant output files were further 
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analyzed using Perseus (version 1.5.6.0) (Tyanova et al., 2016). iBAQ intensities were 

log2-transformed for further statistical analysis. NCBI annotation, PSORTb subcellular 

localization, SEED category (subcategory and subsystem) as previously annotated (cf. 

section 2.1) were added to the matrix through identifier matching. For the comparison 

between two groups, t-tests were performed. Log2 fold change ≥ 2 or ≤ -2 and -Log10 P-

value ≥ 2 (p value ≤ 0.05) were considered to be significantly differentially expressed 

proteins of L. nagelii TMW 1.1827 in the presence of S. cerevisiae TMW 3.221.   

 

2.4. Statistical analysis and visualization 

A genomic atlas of L. nagelii TMW 1.1827 was generated using Artemis and DNA 

plotter (http://www.sanger.ac.uk/science/tools/artemis) (Carver et al., 2008) as described 

previously (Xu et al., 2019a). Subcellular localization of proteins was predicted, using the 

tool PSORTb (Version 3.0.2, http://www.psort.org/psortb/) (Gardy et al., 2004;Yu et al., 

2010). All the annotated EC numbers from RAST were imported into iPath 3.0 

(https://pathways.embl.de/ipath3.cgi?map=metabolic) (Yamada et al., 2011) for 

generating an overview of complete metabolic pathways and biosynthesis of other 

secondary metabolites. 

 

The sucrose metabolism, pyruvate metabolism and amino acid biosynthesis pathways of 

L. nagelii TMW 1.1827 were constructed based on the self-constructed overview on the 

key reactions involved in sucrose metabolism, pyruvate metabolism and amino acid 

biosynthesis pathways of L. hordei TMW 1.1822 as described previously (Xu et al., 

2019a). Enzymes involved in each reaction step were manually checked, whether they 

were present in translated open reading frames (ORFs) annotated from both, NCBI and 

http://www.sanger.ac.uk/science/tools/artemis
http://www.psort.org/psortb/)
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RAST. The figure of the biosynthesis pathways of amino acids and riboflavin was 

generated using the KEGG PATHWAY mapping tool 

(http://www.genome.jp/kegg/tool/map_pathway1.html) by importing EC numbers only 

involved in amino acid biosynthesis and riboflavin metabolism. 

 

Genomic differences between L. nagelii TMW 1.1827 and L. hordei TMW 1.1822 were 

identified using Blast Diagnostic Gene findEr (BADGE) (Behr et al., 2016) under 

modified settings. The “min_DMG_occurance” was set to 0.00000000000001. The 

“megablast_perc_identity_cut” value was set to 90, while both, the 

“megablast_within_groub_qscov” and the “megablast_between_group_qscov” value was 

set to 0.90. The dc_mode was enabled. Additionally, BADGE was run on protein level 

using default protein-level options. The BADGE output was divided in pan and core 

genome. The genome comparison was graphically visualized by the BLAST Ring Image 

Generator (BRIG) (Alikhan et al., 2011) using the annotated and translated ORFs of the 

pan genome as reference. Furthermore, the genomic differences between L. nagelii TMW 

1.1827 and L. nagelii DSM 13675 were identified by BADGE using default settings. 

 

3. Results and Discussion 

 

3.1. Comparative genomic features and growth characteristics of L. nagelii in 

presence of S. cerevisiae 

L. hordei, L. nagelii and S. cerevisiae are predominant and stable LAB and yeast isolated 

from water kefir (Gulitz et al., 2011). The whole-genome sequence of L. nagelii TMW 

1.1827 was submitted to GenBank designated as BioSample SAMN06052354, referred to 
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as accession numbers CP018180 to CP018183. The genomic size of L. nagelii TMW 

1.1827 is 2.41 Mbp, which is almost the same size as L. hordei TMW 1.1822 (2.42 Mbp) 

(Xu et al., 2019a), and exhibits a GC content of 36.68 % (shown in Table 1). Although 

the genomic size was similar, L. nagelii TMW 1.1827 exhibits a total number of 2391 

coding sequences (CDS), including all three plasmids, while L. hordei TMW 1.1822 

features 70 more CDS (shown in Table 1 and visualized in Fig. S1). So far, the only 

publiahed whole genome sequences of L. hordei and L. nagelii strains result from a 

comparative genomics project together with 211 other lactic acid bacteria strains (Sun et 

al., 2015). Here, both strains, L. hordei DSM 19519 isolated from malted barley and L. 

nagelii DSM 13675 isolated from wine, were associated to different environments than 

water kefir and therefore face different conditions. Those differences in the adaptation to 

distinct environmental conditions were also displayed in the genomes. For L. hordei the 

differences between the type strain isolated from barley and the water kefir born strain 

TMW 1.1822 reside in sucrose metabolism (Xu et al., 2019a). Also for the two L. nagelii 

strains from wine and water kefir the differences could mainly be referred to genes 

related to carbohydrate metabolism, also suggesting an adaption to the sugar-rich water 

kefir environment of L. nagelii TMW 1.1827. 

 

In this work, the whole genome sequences of L. hordei TMW 1.1822 and L. nagelii 

TMW 1.1827 were compared to each other using BADGE. As visualized in figure 1, the 

core genome of both microorganisms included 1380 CDS, which displays 56.0 % of the 

whole genome of L. hordei TMW 1.1822 and 57.7 % of the whole genome of L. nagelii 

TMW 1.1827. The main components of the core genome were found in the SEED 

categories of protein, carbohydrate and amino acid metabolism. The accessory genome of 
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L. hordei TMW 1.1822 as compared to that one of L. nagelii TMW 1.1827 was 

dominated by additional genes for carbohydrate and amino acid metabolism, and cell 

wall biosynthesis. Corresponding results were found for L. nagelii TMW 1.1827, except 

for the SEED category of cell wall formation, which was substituted by CDS involved in 

DNA metabolism (shown in Fig. 2). Since both microorganisms are associated to water 

kefir, representing an environment rich in sugar, it was not surprising, that L. nagelii 

TMW 1.1827 and L. hordei TMW 1.1822 mainly adapted to it by additional genes coding 

for carbohydrate metabolism.  

 

The cell yield of single cultivated L. nagelii TMW 1.1827 was increased upon co-

cultivation with S. cerevisiae after 8 and 12 h of fermentation (Fig. 3). As observed 

previously for L. hordei, the cfu of L. nagelii TMW 1.1827 were significantly higher in 

the presence of S. cerevisiae after 24 h. Furthermore, it declined slower in co-cultivated L. 

nagelii as compared to single-cultivated L. nagelii until 24 h. On the other hand, the cfu 

of S. cerevisiae were reduced upon co-cultivation with L. nagelii (Fig. S2), while it was 

only little affected upon co-cultivation with L. hordei as compared to its single-

cultivation (Xu et al., 2019b). This indicates, that L. nagelii TMW 1.1827 affects the 

growth of S. cerevisiae much more than L. hordei TMW 1.1822. To get insights into the 

reasons of these phenomena, prediction of dynamic metabolite exchanges were explored 

by proteomics in this study. 

 

3.2. General proteomic analysis and overview of predicted complete metabolic 

activities 
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As shown in Fig. 4, 1243 proteins of L. nagelii TMW 1.1827 were identified and 

quantified by proteomic analysis, comprising about 52 % of the genes annotated by 

whole genome analysis. A comprehensive overview of the complete metabolic pathways 

and significantly differentially expressed (DE) proteins of L. nagelii in the presence of S. 

cerevisiae is provided in Fig. S3. Compared to the results obtained for L. hordei TMW 

1.1822 (Xu et al., 2019b), L. nagelii expressed less proteins significantly different, when 

co-cultivated with the yeast. As shown in Fig. 5, there were only 73 DE proteins in L. 

nagelii regulated in the presence of S. cerevisiae, while there were 233 DE proteins found 

in L. hordei under the same conditions. Those up/down-regulated proteins of L. nagelii 

were most abundant in the SEED categories “amino acids and derivatives” (9 out of 69), 

“carbohydrates” (5 out of 93) “nucleosides and nucleotides” (4 out of 61) and “cofactors, 

vitamins” (7 out of 54) (shown in Fig. 5). In summary, it was shown, that the proteome 

and connected metabolism of L. nagelii was less influenced in the presence of S. 

cerevisiae than the metabolism of L. hordei.  

 

3.3. Comparative sugar transport and carbohydrate metabolism 

The overview on the key reactions involved in sucrose metabolism of L. nagelii is 

provided in figure 6. Like L. hordei (Xu et al., 2019a),  also L. nagelii encoded and 

expressed an MFS-transporter specific for sucrose uptake. As previously demonstrated, L. 

nagelii also produces a glucan from sucrose by an extracellular glucansucrase (Xu et al., 

2018), like it was shown for L. hordei (Xu et al., 2019a). Still, only the dextran of L. 

hordei induced aggregation of S. cerevisiae (Xu et al., 2018). The residual fructose can 

then be transported into the cell by a fructose specific PTS and simultaneous 

phosphorylation. Once inside the cell, the phosphorylated fructose can directly enter the 
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glycolytic pathway. All PTS, namely for sucrose, glucose, fructose, mannose, sorbose 

and mannitol uptake, were identified by proteomic analysis, as it was demonstrated for L. 

hordei. In contrast, the PTS specific for β-glucoside and cellobiose transport were not 

found in the proteome of L. nagelii. While PTS belonging to the mannose-fructose-

sorbose family were significantly up-regulated in L. hordei (Xu et al., 2019b), no PTS 

were differentially expressed in L. nagelii. Whole genome sequence analysis of L. nagelii 

TMW 1.1827 confirmed the presence of the genes encoding all enzymes required for the 

EMP and PKP pathways as it was demonstrated for L. hordei TMW 1.1822 (Locus tags 

and IDs given in Table S2). Thus, L. nagelii TMW 1.1827 has also been considered as 

facultative heterofermentative, such as L. plantarum WCFS1 and Lactococcus lactis 

(Kleerebezem et al., 2003; Kleerebezem and Hugenholtz, 2003). This is contrary to the 

fact that L. hordei DSM 19519 and L. nagelii DSM 13675 were inferred as obligate 

homofermentative microorganisms according to their phenotype (Sun et al., 2015). 

Unlike obligately heterofermentative L. hilgardii, which produces high acetate 

concentrations and high ratios of acetate to lactic acid during water kefir fermentation 

(Laureys et al., 2018), L. nagelii TMW 1.1827 produced 40.1 mM lactate and 6.9 mM 

acetate after 24 h of fermentation in CDM (Fig. S4). This corroborates a 

homofermentative metabolism, in which energy generation via EMP and recycling of 

NAD+ by reducing pyruvate to lactate is favored. The small amount of acetate may reside 

from pyruvate by either generating formate via pyruvate formate lyase or by NADH and 

CO2 generation via pyruvate dehydrogenase complex. Subsequently, the resulting acetyl-

CoA may be metabolized to acetate. However, the latter option requires subsequent 

NAD+ recycling. 
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In the presence of S. cerevisiae, the 3-phosphoglycerate mutase of L. nagelii TMW 

1.1827 was significantly down-regulated. As postulated previously, the expression of this 

enzyme is linked to the concentration of its substrate 3-phosphoglycerate (Smeianov et al., 

2007). This indicates, that intermediates of early glycolytic steps may be used for other 

metabolic reactions or hexoses may rather enter PKP or PPP than EMP, resulting in less 

production of 3-phosphoglycerate. At the same time, the alcohol dehydrogenase of L. 

nagelii was significantly up-regulated in the presence of S. cerevisiae (shown in Fig. 7 

and Table S3). Yielding less ATP, but more reductive power, this metabolic switch to 

ethanol production may be important to keep the PKP running. As discussed previously 

(Xu et al., 2019a), L. hordei TMW 1.1822 is capable of transporting and phosphorylating 

mannitol, possibly delivered by S. cerevisiae, inside the cell by a specific PTS and 

subsequent oxidation to fructose-6-P via mannitol-1-P-5-dehydrogenase. Equally, L. 

nagelii TMW 1.1827 was found to be equipped with those enzymes, also giving evidence 

for the enhanced ethanol production as a recycling mechanism for the NADH, which is 

generated upon mannitol oxidation. Since fructose-6-P must not be phosphorylated prior 

to entering the EMP or PKP, there is less need for ATP generation upon acetate 

formation.  

 

In contrast to L. nagelii, the expression of EMP specific enzymes of L. hordei TMW 

1.1822 was not influenced by S. cerevisiae. However, the expression of glucose-6-

phosphate dehydrogenase, which is part of the PKP and PPP, was significantly up-

regulated (Xu et al., 2019b). As discussed previously, this metabolic switch from EMP to 

PKP/PPP may also help both microorganisms to utilize gluconate, which appears to be a 

decisive trait in the water kefir environment (Xu et al., 2019a). Looking at the metabolic 
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phenotype of other abundant LAB species in water kefir, these results are in line with the 

findings of Laureys et al., who described the species Lactobacillus casei, which is also 

facultative heterofermentative, as the most dominant one during their water kefir grain 

growth (Laureys et al., 2018). 

 

Furthermore, α-acetolactate decarboxylase (shown in Fig. 7, Table S3) was significantly 

down-regulated in L. nagelii, blocking the direct decarboxylation of acetolactate to 

acetoin. Under aerobic conditions, acetolactate spontaneously decomposes into diacetyl 

enabling regeneration of 2 molecules of NAD+ upon reduction to 2,3-butanediol via 

diacetyl/ acetoin reductase. Since oxygen is probably limited for L. nagelii due to the 

subsidence of the water kefir granules, this pathway for NAD+ regeneration may be 

completely disabled in the water kefir environment. In contrast, L. hordei reacts to the 

presence of S. cerevisae by down-regulation of alcohol dehydrogenase and up-regulation 

of diacetyl/ acetoin reductase and α-acetolactate decarboxylase, yielding 2,3-butanediol 

and NAD+ (Xu et al., 2019b). In summary, L. hordei TMW 1.1822 and L. nagelii TMW 

1.1827 displayed totally antidromic strategies to maintain NAD+/NADH homeostasis 

after the metabolic switch induced by S. cerevisiae. 

 

As it was already described for L. hordei, both, genomic and proteomic analyses revealed 

an incomplete TCA cycle in L. nagelii. In the case of L. nagelii, aconitate hydratase (EC 

4.2.1.3), which catalyses the stereo-specific isomerization of citrate to isocitrate via cis-

aconitate, and isocitrate dehydrogenase (EC 1.1.1.42), which catalyzes the oxidative 

decarboxylation of isocitrate, producing 2-oxoglutarate and CO2, were significantly up-

regulated (4.5 log2fold change, 2.0 log2fold change). Despite its incompleteness, the TCA 

https://en.wikipedia.org/wiki/Isocitrate
https://en.wikipedia.org/wiki/Carbon_dioxide


 

105 

 

cycle is an important supplier for compounds involved in other metabolic reactions and 

thus, isocitrate and 2-oxoglutarate may be useful for amino acid metabolism in L. nagelii.  

 

Water kefir is a challenging environment for its habitants regarding low nutrient 

concentrations except for the excess sugar. Since lemon slices are added, it is not 

surprising that microorganisms in water kefir use citrate as a nutrient. Like L. hordei 

TMW 1.1822, also L. nagelii is capable of directed citrate import using malate permease. 

Once inside the cell, citrate is converted by citrate lyase segregating one molecule of 

acetate. The resulting oxaloacetate may then be decarboxylated via oxaloacetate 

decarboxylase yielding pyruvate or is further used for amino acid biosynthesis. Unlike in 

L. hordei, those enzymes were not DE in L. nagelii as a result of co-cultivation with S. 

cerevisiae. As L. hordei appears to be positively influenced in its metabolism of citrate as 

an additional carbon source, this may help to explain, why L. hordei is more abundant in 

the water kefir consortium than L. nagelii (Gulitz et al., 2011). 

 

3.4. Amino acids biosynthesis, metabolism and transport 

Like in L. hordei TMW 1.1822, the in silico analysis of the genome and proteome of L. 

nagelii TMW 1.1827 did not reveal any known homologs of a cell wall proteinase (Prt). 

Like L. hordei, also L. nagelii encodes the complete oligopeptide transport system 

OppABCDF (Tynkkynen et al., 1993;Detmers et al., 1998). Except from OppB, all genes 

of both annotated OppABCDF clusters were found to be present in the proteome of L. 

nagelii. Despite lacking an expressed OppB, the growth of L. nagelii was not impaired. 

This phenomenon was already described for other bacteria (Nepomuceno et al., 2007) 

indicating, that the function of OppB may be compensable by other trans-membrane 
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proteins. In the presence of the yeast, the remaining proteins were widely un-regulated 

with the exception of OppF, which was significantly down-regulated in one cluster. Since 

OppF is responsible for coupling the energy of ATP hydrolysis with the import of 

oligopeptides, L. nagelii may reduce energy consumption caused by oligopeptide uptake. 

In contrast, L. hordei upregulated its OppABCDF system and a set of peptidases, 

suggesting that L. hordei benefits from peptides provided by the yeast (Xu et al., 2019b). 

Since water kefir provides very limited resources of proteins and free amino acids, 

mainly originating from dried fruits and the yeast, these findings may also explain the 

fact, that the growth of L. hordei is stimulated in co-culture. 

 

Nonetheless, from genomic annotation, L. nagelii encodes several amino acid permeases 

and transporters. In the presence of S. cerevisiae, two of those permeases were 

significantly up-regulated, suggesting that the yeast induces amino acid uptake in L. 

nagelii. However, it was not possible to specify from sequence comparison, which amino 

acids were ingested by L. nagelii. Still, this may be solved by a closer look at amino acid 

synthesis pathways and auxotropies. The genomic analysis of L. nagelii TMW 1.1827 

revealed the prototrophy for 13 amino acids and auxotrophy for 7 amino acids (Table 2). 

This result also applied to L. hordei, except for 3-deoxy-7-phosphoheptulonate synthase, 

which is additionally missing in L. hordei. Therefore, only L. nagelii is capable of 

producing tyrosine. According to the quantitative proteomic analysis, 9 enzymes of L. 

nagelii involved in histidine, methionine, glutamate and arginine biosynthesis pathways 

were all significantly up-regulated in the presence of S. cerevisiae (shown in Fig. 8 and 

Table 3). Except for acetylglutamate kinase, those up-regulated enzymes of L. nagelii 

were also among 16 over-expressed enzymes of L. hordei (Xu et al., 2019b). Since those 
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biosynthesis pathways can also be used for amino acid catabolism, water kefir 

microorganisms may profit from amino acids secreted by the yeast, creating a symbiotic 

consortium. However, from in silico analysis, the direction of a respective metabolic 

pathway remains speculative. Still, together with physiological data on amino acid 

consumption and secretion of L. nagelii and S. cerevisiae, this can be solved for at least 

some of the predicted cases.  

 

As shown most prominently in Fig. 9, S. cerevisiae secreted glutamine in high amounts, 

whereas L. nagelii consumed the amino acid at high levels via an up-regulated amino 

acid permease involved in glutamine uptake. This suggests, that L. nagelii, even though it 

is capable of producing glutamine by itself, profits from the glutamine provided by the 

yeast via the up-regulated glutamate synthase, as it was also described for L. hordei (Xu 

et al., 2019b). Since glutamine plays an important role in anaplerotic sequences of 

transamination reactions in the biosynthesis of other amino acids, and also as a nitrogen 

carrier for the production of amino sugars and nucleotides, the uptake of this amino acid 

may be crucial to persist in the water kefir environment. In contrast to L. hordei, L. 

nagelii was predicted to produce glutamate by itself via the up-regulated glutamate 

synthase using glutamine and 2-oxoglutarate, which probably results from the incomplete 

TCA cycle. This was consistent with an un-regulated glutamine synthetase in the 

presence of S. cerevisiae, while this enzyme was significantly up-regulated in L. hordei. 

As already described for Lactobacillus crispatus ST1, this enzyme might exhibit 

additional functions, if displayed on the bacterial surface, which enable physical 

coherence of the water kefir consortium under stressful conditions (Kainulainen et al., 

2012). As a result, the yeast aggregation promotion of L. hordei by its functional dextran 
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(Xu et al., 2018) may be even enhanced by over expression of this enzyme. Furthermore, 

among all amino acids, the production of glutamate is of primary importance in the 

assimilation of nitrogen, representing a donor for amino groups in the synthesis of other 

amino acids (Bernard and Habash, 2009; Dincturk et al., 2011).  

 

Other amino acids were not produced, but partly consumed by the yeast after 24 h of 

fermentation in CDM. Therefore, it was not possible to determine real-time metabolic 

exchange (release/uptake) between L. nagelii and S. cerevisiae based on physiological 

data. Still, the label-free quantitative proteomic analysis enabled the investigation of the 

dynamic metabolic exchanges between microbial communities in water kefir. The DE 

enzymes involved in amino acid biosynthesis or catabolism predict that S. cerevisiae 

releases glutamine, histidine, methionine and arginine, which are subsequently used by L. 

nagelii to ensure its survival in the water kefir consortium.  

 

3.5. Acid tolerance by ADI pathway 

Functionally, the ADI pathway enables enhanced acid tolerance and energy provision in a 

variety of LAB genera such as Lactobacillus, Lactococcus, Leuconostoc and Weissella 

(Tonon and Lonvaud-Funel, 2002; Fernández and Zúñiga, 2006; Rimaux et al., 2011). 

The system involves the three enzymes arginine deiminase (ADI), ornithine 

transcarbamoylase (OTC), carbamate kinase (CK) and a transmembrane 

arginine/ornithine antiporter, which exchanges extracellular arginine against intracellular 

ornithine. While ADI and OTC were present in both, the genome and proteome of L. 

nagelii TMW 1.1827, CK and the arginine/ornithine antiporter were only detectable in 

the genome. Since, L. hordei TMW 1.1822 lacks CK in its putative functional genome, 
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both microorganisms are not able to convert carbamoyl-P to generate additional ATP in 

co-culture (Xu et al., 2019a). In the energy rich environment of water kefir, this does not 

appear to be a disadvantage. Therefore, the fate of carbamoyl-P remains unclear. 

However, only OTC was significantly up-regulated in L. nagelii in co-culture with S. 

cerevisiae. This reaction may occur in both directions yielding citrulline or ornithine and 

carbamoyl-phosphate. In contrast, all present enzymes of L. hordei were up-regulated in 

co-culture with the yeast. Although the fate of carbamoyl-phosphate and other incidental 

compounds remains unclear, L. hordei likely produces ammonia upon arginine hydrolysis 

to protect itself from pH stress by alkalization of its cytoplasm and proximal environment. 

Consequently, it should reduce the acid stress for the yeast. As it was shown for L. hordei, 

also L. nagelii did not encode any complete alternative acid tolerance systems, e.g. the 

agmatine deiminase (AGDI) system or the glutamate decarboxylase (GAD) system. 

Except for neutralization upon ammonia formation via the ADI system, acidification 

appears limited by the switch from lactic and acetic acid production to ethanol formation, 

when L. nagelii and S. cerevisiae were co-cultivated.  

 

3.6. Fatty acid biosynthesis and riboflavin metabolism 

Another limit in the water kefir environment is the limited availability of fatty acids. As 

discussed previously, L. hordei lacks fabB and may therefore be unable to synthesize any 

unsaturated fatty acids by itself (Xu et al., 2019b). Also L. nagelii TMW 1.1827 appears 

to be deficient in fabB and, additionally, in fabA. As demonstrated by Wang and Cronan 

(Wang and Cronan, 2004), FabF can functionally replace FabB, while FabZ adopts the 

function of FabA. Due to low sequence homologies, those enzymatic bi-functionalities 

are not predictable by genome analysis. Since both microorganisms grew to high cell 
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densities in water kefir medium without any external fatty acids, those findings might 

also indicate the existence of other functional homologs for FabB and FabA in L. hordei 

and L. nagelii. Co-cultivation with S. cerevisiae does not alter the expression of any 

proteins involved in the fatty acid metabolism in both LAB (Table S4). This indicates, 

that the beneficial effects of S. cerevisiae do not reside in a bilateral supply with 

unsaturated fatty acids. 

 

Moreover, there was a group of enzymes of L. nagelii, which showed decreased 

expression in response to the co-cultivatiron with S. cerevisiae, which are involved in the 

biosynthesis of riboflavin (as shown in Fig. S5). Riboflavin synthase (EC 2.5.1.9), 6,7-

dimethyl-8-ribityllumazine synthase (EC 2.5.1.78), 5-amino-6-(5-phosphoribosylamin) 

uracil reductase (EC 1.1.1.193), GTP cyclohydrolase II (EC 3.5.4.25) and 3,4-dihydroxy-

2-butanone 4-phosphate synthase (EC 4.1.99.12) were down-regulated in a range from -

3.2 to -4.0 log2 fold. Those enzymes connect the purine metabolism and pentose 

phosphate pathway to synthesize riboflavin. This may be an evidence for the cross-

feeding of riboflavin from S. cerevisiae to L. nagelii, supporting its growth and leading to 

a stable water kefir consortium. 

 

Conclusions 

The label-free quantitative approach represents a powerful tool for the identification and 

quantification of proteins to study the bacteria-yeast interaction of microorganisms 

involved in food fermentation processes (Behr et al., 2007; Siragusa et al., 2014; Maeda 

et al., 2015). The predicted functional genome and the differentially expressed proteins in 

the presence of S. cerevisiae TMW 3.221 depicted the adaption of L. nagelii TMW 
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1.1827 to the water kefir consortium and environment, although protein regulations were 

less distinct than in L. hordei TMW 1.1822 (Xu et al., 2019). Both microorganisms are 

highly efficient in degrading sucrose by an extracellular glucansucrase and subsequent 

fructose uptake, which may then enter EMP, PKP or mannitol metabolism. As already 

described for L. hordei, also L. nagelii appears to favor PKP over EMP, indicating a 

metabolic switch induced by an altered redox potential in the presence of S. cerevisiae. 

While L. nagelii remained widely un-affected in its citrate metabolism, the yeast 

stimulated L. hordei to use citrate as additional carbon source and therefore, promoting 

its growth. 

 

Both LAB profit from glutamine secreted by the yeast, whereas L. hordei also takes 

advantage of the provided glutamate. While L. hordei up-regulated all of its enzymes 

involved in the reduction of acid stress via ADI pathway, L. nagelii only altered the 

expression of OTC. It was obvious, that both microorganisms reduced external acid stress 

by switching from lactate and acetate production to butanediol formation in the case of L. 

hordei and ethanol production in the case of L. nagelii.  

 

At first glance, the fatty acid metabolism of both microorganisms appears to be impaired 

by the lack of one or more genes coding for key fatty acid biosynthesis enzymes. As it 

was already reported for other bacteria (Wang and Cronan, 2004), it is likely, that the 

functional role of those enzymes may be undertaken by other enzymes of the fatty acid 

biosynthesis gene cluster. This would explain, why both, L. hordei and L. nagelii, grew to 

high cell densities while facing an environment insufficient in unsaturated fatty acids. 

While S. cerevisiae TMW 3.221 modulated the protein expression of L. hordei TMW 
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1.1822 mainly in its carbohydrate metabolism, L. nagelii TMW 1.1827 seems to profit 

from secreted riboflavin. With respect to the establishment of a consortium maintaining 

physical proximity of lactobacilli and yeasts L. hordei appears to have a more prominent 

role as compared to L. nagelii as a result of its unique dextran causing yeast aggregation 

and proteins involved in adhesion functions 
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Table 1. Comparative genomic features of L. nagelii TMW 1.1827 with L. hordei TMW 

1.1822 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Genome 

length(Mbp) 

GC 

content 

Number of 

features 

Total number of coding 

sequences plus plasmids 

Total feature 

length(Mbp) 

Coding 

density(%) 

L. nagelii  

TMW 1.1827 
2.41 36.68 2232 2461 2.10 87.18 

L. hordei  

TMW 1.1822 
2.42 35 2268 2391 2.09 86.27 
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Table 2. List of the auxotrophies of L. nagelii TMW 1.1827 

 

 

Note: P represented prototrophic for amino acids, while A represented auxotrophic for 

amino acids.  

Name of 

amino acid 

Biosynthesis based 

on genome  

Absent enzyme of biosynthesis  

of amino acid pathway 
EC number 

Alanine P   None   

Arginine P   None   

Asparagine P   None   

Aspartic Acid P   None   

Cysteine P   None   

Glutamic Acid P   None   

Glutamine P   None   

Glycine A 

Phosphoserine phosphatase 

Threonine aldolase 

EC 3.1.3.3 

EC 4.1.2.48 

Serine A 
Phosphoserine phosphatase EC 3.1.3.3 

Histidine P 
None  

Leucine A 

Ketol-acid reductoisomerase 

Dihydroxy-acid dehydratase 

EC 1.1.1.86 

EC 4.2.1.9 

Isoleucine A 

Citramalate synthase 

Ketol-acid reductoisomerase 

Dihydroxy-acid dehydratase 

EC 2.3.1.182 

EC 1.1.1.86 

EC 4.2.1.9 

Valine A 

Ketol-acid reductoisomerase 

Dihydroxy-acid dehydratase 

EC 1.1.1.86 

EC 4.2.1.9 

Lysine P 
None  

Methionine P 
None  

Proline P 
None  

Phenylalanine A 

Prephenate dehydratase 

Aromatic-amino-acid transaminase 

EC 4.2.1.51 

EC 2.6.1.57 

Tryptophan A 

Anthranilate phosphoribosyltransferase 

Anthranilate synthase 

Indole-3-glycerol phosphate synthase 

Phosphoribosylanthranilate isomerase 

EC 2.4.2.18 

EC 4.1.3.27 

EC 4.1.1.48 

EC 5.3.1.24 

Tyrosine P None   

Threonine P None 
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Table 3. Significantly differentially expressed proteins in L. nagelii TMW 1.1827 in 

response to S. cerevisiae TMW 3.221 involved in amino acids biosynthesis. 

 

Number Enzyme EC number 

Log
2
 fold change  

(co-cultivation vs 

single culture) 

-Log 

(P-value) 
SEED subcategory 

Up-regulated      

1 
Imidazoleglycerol-phosphate 

dehydratase 
EC 4.2.1.19 4.6 3.5 

Histidine biosynthesis 2 Histidinol-phosphate aminotransferase  EC 2.6.1.9  4.4 3.8 

3 Histidinol dehydrogenase  EC 1.1.1.23  5.3 4.5 

4 
5-methyltetrahydropteroyltriglutamate 

-homocysteine methyltransferase 
EC 2.1.1.14 3.8 3.7 Methionine biosynthesis 

5 Glutamate synthase  EC 1.4.1.13  4.1 2.5 
Glutamate, arginine 

biosynthesis 

6 Acetylglutamate kinase EC 2.7.2.8  3.0 1.7 

Arginine biosynthesis 

7 Acetylornithine aminotransferase  EC 2.6.1.11  8.7 3.3 

8 Ornithine carbamoyltransferase  EC 2.1.3.3  7.5 2.9 

9 Argininosuccinate synthase  EC 6.3.4.5  3.3 3.6 
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Table S1. Significantly differentially expressed proteins in L. nagelii TMW 1.1827 in 

response to co-cultivation with S. cerevisiae TMW 3.221 involved in carbohydrate 

metabolism (PKP, pentose phosphate pathway, pyruvate metabolism).        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Number Enzyme EC number 
Log

2
 fold change  

(co-cultivation vs single culture) 
-Log(P-value) 

Up-regulated     

20 Alcohol dehydrogenase  EC 1.1.1.1 3.5 3.4 

Down-regulated     

27 α-acetolactate decarboxylase  EC 4.1.1.5 -2.2 2.6 
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Table S2. List of annotated enzymes by NCBI and RAST involved in carbohydrate 

metabolism (glycolysis, pentose phosphate pathway, pyruvate metabolism and TCA 

cycle).   

 

Number Enzyme EC number Locus tag from NCBI RAST-ID 

1 Glucokinase EC 2.7.1.2 BSQ50_07330 peg_1459 

2 Glucose-6-phosphate isomerase  EC 5.3.1.9 BSQ50_08580 peg_1678 

3 6-phosphofructokinase EC 2.7.1.11 BSQ50_06330 peg_1260 

4 Fructose-bisphosphate aldolase  EC 4.1.2.13 
BSQ50_04840 

BSQ50_07790 

peg_956 

peg_1552 

5 Triose-phosphate isomerase  EC 5.3.1.1 BSQ50_02645 peg_510 

6 Glyceraldehyde 3-phosphate dehydrogenase  EC 1.2.1.12 BSQ50_02635 peg_508 

7 Phosphoglycerate kinase  EC 2.7.2.3 BSQ50_02640 peg_509 

8 Phosphoglycerate mutase  EC 5.4.2.1 
BSQ50_02110 

BSQ50_09155 

peg_403 

peg_1797 

9 Enolase EC 4.2.1.11 
BSQ50_02650 

BSQ50_05885 

peg_511 

peg_1168 

10 Pyruvate kinase  EC 2.7.1.40 BSQ50_06325 peg_1259 

11 (L/D) Lactate dehydrogenase EC 1.1.1.27/28 

BSQ50_01780 

BSQ50_01955 

BSQ50_05430 

BSQ50_06640 

BSQ50_08630 

peg_342 

peg_379 

peg_1074 

peg_1321 

peg_1688 

12 Glucose-6-phosphate dehydrogenase  EC 1.1.1.49 BSQ50_02990 peg_579 

13 6-phosphogluconolactonase EC 3.1.1.31 BSQ50_02805 peg_542 

14 Phosphogluconate dehydrogenase  EC 1.1.1.44 
BSQ50_06855 
BSQ50_10385 

peg_1363 
peg_2045 

15 Ribulose-phosphate 3-epimerase  EC 5.1.3.1 
BSQ50_04865 

BSQ50_07245 

peg_961 

peg_1441 

16 Phosphoketolase EC 4.1.2.9 BSQ50_09315 peg_1830 

17 Acetate kinase  EC 2.7.2.1 

BSQ50_01685 

BSQ50_04570 

BSQ50_07705 

BSQ50_08365 

BSQ50_09355 

peg_325 

peg_901 

peg_1535 

peg_1633 

peg_1838 
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18 Phosphate acetyltransferase  EC 2.3.1.8 BSQ50_02695 peg_520 

19 Acetaldehyde dehydrogenase EC 1.2.1.10 BSQ50_04565 peg_900 

20 Alcohol dehydrogenase  EC 1.1.1.1 

BSQ50_00575 
BSQ50_04565 

BSQ50_05330 

BSQ50_09365 

BSQ50_09675 

BSQ50_09870 

peg_116 
peg_900 

peg_1053 

peg_1840 

peg_1902 

peg_1943 

21 Citrate lyase EC 4.1.3.6 
BSQ50_03225 

BSQ50_03230 

peg_625 

peg_626 

22 Oxaloacetate decarboxylase  EC 4.1.1.3 BSQ50_03205 peg_621 

23 Pyruvate oxidase EC 1.2.3.3 
BSQ50_00690 

BSQ50_08185 

peg_141 

peg_1616 

24 Pyruvate dehydrogenase EC 1.2.4.1 
BSQ50_00245 

BSQ50_00250 

peg_49 

peg_50 

25 Pyruvate formate lyase  EC 2.3.1.54 
BSQ50_04390 

BSQ50_09420 

peg_863 

peg_1851 

26 Acetolactate synthase  EC 2.2.1.6 
BSQ50_00550 

BSQ50_01140 

peg_112 

peg_231 

27 α-acetolactate decarboxylase  EC 4.1.1.5 BSQ50_10370 peg_2042 

28 Acetoin reductase EC 1.1.1.4 BSQ50_05200 peg_1026 

29 Ribose-5-phosphate isomerase  EC 5.3.1.6 

BSQ50_02120 

BSQ50_04870 

BSQ50_08850 

BSQ50_09890 

peg_405 

peg_962 

peg_1732 

peg_1947 

30 Transketolase EC 2.2.1.1 BSQ50_03545 peg_688 
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Table S3. List of enzymes involved in fatty acid biosynthesis.  

 

Number Enzyme EC number Locus tag from NCBI RAST-ID Proteome 

1 Acetyl-CoA carboxylase EC 6.4.1.2 

BSQ50_02960  

BSQ50_02970 

BSQ50_02975 

BSQ50_02980 

peg_573 

peg_575 

peg_576 

peg_577 

+ 

+ 

+ 

+ 

2 
Beta-hydroxyacyl-acyl-carrier-protein 

dehydratase (FabZ) 
EC 4.2.1.59 BSQ50_02965 peg_574 + 

3 
3-oxoacyl-acyl-carrier-protein synthase 

II (FabF) 
EC 2.3.1.179 BSQ50_02955 peg_572 - 

4 
Malonyl CoA-acyl carrier protein 

transacylase (FabD) 
EC 2.3.1.39 BSQ50_02945 peg_570 + 

5 
3-oxoacyl-acyl-carrier protein reductase 

(FabG) 
EC 1.1.1.100 

BSQ50_00780 

BSQ50_02855 

BSQ50_02950 

peg_159 

peg_552 

peg_571 

+ 

+ 

+ 

6 
3-oxoacyl-acyl-carrier-protein synthase 

III (FabH/FabY) 
EC 2.3.1.180 

BSQ50_02090 

BSQ50_02935 

peg_399 

peg_568 

+ 

+ 

7 
Enoyl-acyl-carrier-protein reductase 

(FabI/FabK/ FabV) 
EC 1.3.1.9 BSQ50_02985 peg_578 + 

 

Note: “+” presents that this enzyme annotated by genome is also identified in proteome, “-” presents 

that this enzyme annotated by genome is not identified in proteome. 
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Figure Captions 

Fig. 1. Whole genome comparison was visualized by BRIG (Alikhan et al., 2011). CDS 

of the pan genome was used as reference and the genomes of both microorganisms were 

aligned to this reference. As a result, the structures of the genomes and the pan genome 

did not reflect the physical structure of the chromosomes or plasmids. The core genome 

was approximately half of the pan genome and was detected from the beginning until 

about 1300 kbp. Strain specific genes were displayed in the range of approximately 1300 

kbp until the end. 

 

Fig. 2. Annotated SEED categories of proteins, divided in the core and accessory 

genomes of L. hordei TMW 1.1822 and L. nagelii TMW 1.1827, which was done by 

BADGE analysis. The proportion of proteins assigned to each SEED category with 

respect to the total number of proteins is shown in the bar chart. 

 

Fig. 3. Cell counts of L. nagelii TMW 1.1827 in single culture () and co-cultivation 

with S. cerevisiae TMW 3.221 (). 

 

Fig. 4. Subcellular localization of proteins (in silico, quantified by LC-MS/MS, 

unregulated, differentially expressed, up-regulated in co-cultivation, down-regulated in 

co-cultivation), which were predicted by PSORTb. The proportion of proteins assigned to 

each respective subcellular compartment and the group “unknown” with respect to the 

total number of proteins is shown by the bar chart. The table below shows the respective 

absolute numbers.  

 



 

128 

 

Fig. 5. SEED categories of proteins (in silico, quantified by LC-MS/MS, unregulated, 

differentially expressed, up-regulated in co-cultivation, down-regulated in co-cultivation) 

which were predicted by SEED. The proportion of proteins assigned to each respective 

category of metabolism and the group “other categories” which is the sum of several 

small categories with respect to the total number of proteins is shown by the bar chart. 

The ratio on the top of each column is the number of predicted SEED categories accounts 

for the number of all coding DNA sequence (CDS).  

 

Fig. 6.  Modified overview on the key reactions involved in sucrose metabolism (Xu et al., 

2019a) of L. nagelii TMW 1.1827 in the presence of S. cerevisiae TMW 3.221: the 

enzyme colored in blue was annotated by genomics but not quantified by proteomics, the 

enzymes colored in orange were both annotated by genomics and quantified by 

proteomics, the enzymes colored in grey were neither annotated by genomics nor 

quantified by proteomics. 

 

Fig. 7.  Modified predicted outline of pyruvate metabolism (Xu et al., 2019a) of L. nagelii 

TMW 1.1827 in presence of S. cerevisiae TMW 3.221. The enzymes colored in red 

represented the up-regulated ones, while blue represented down-regulated proteins. Un-

regulated proteins are indicated in green and proteins, neither annotated in the genome or 

proteome are colored in grey.  

 

Fig. 8. Biosynthesis of amino acids of L. nagelii TMW 1.1827 (A) and L. nagelii TMW 

1.1827 in presence of S. cerevisiae TMW 3.221 (B).In figure A, the red arrowed lines 
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show the presence of enzymes annotated from genome. In figure B, the red arrowed lines 

indicate up-regulated proteins. 

 

Fig. 9. Consumption of amino acids of L. nagelii TMW 1.1827 and S. cerevisiae TMW 

3.221  isolated from water kefir grown in CDM after 24 h. Black histogram represents 

CDM, slash histogram represents L. nagelii, grey histogram represents S. cerevisiae. 

 

Supplementary Figure Captions 

Fig. S1. Genomic atlas of L. nagelii TMW 1.1827. Forward CDS (red), Reverse CDS 

(blue), Pseudogenes on both strands (black), tRNA and rRNA (dark green), % GC plot 

(yellow, high GC spike and green, low GC spike), GC skew [(G-C)/(G+C)] (grey). 

 

Fig. S2. Cell counts of S. cerevisiae TMW 3.221 in single culture () and in co-

cultivation with L. nagelii TMW 1.1827 ().  

 

Fig. S3. Overview of enzymatic activity of L. nagelii TMW 1.1827 in the complete 

metabolic and other pathways in presence of S. cerevisiae TMW 3.221: the nodes colored 

in bold red represent up-regulated, in bold blue represent down-regulated enzymes or 

proteins according to proteomic data, while nodes colored in thin red represent all the rest 

enzymes or proteins according to genomic annotation data presented in iPath 3.0. 

 

Fig. S4. Consumption and production of sugar (A) and organic acids (B) of L. nagelii 

TMW 1.1827 and S. cerevisiae TMW 3.221 grown in CDM after 24 h of fermentation. 

Black histogram represents CDM as negative control, slash histogram represents 



 

130 

 

detectable consumption of CDM after incubation with L. nagelii, and mosaic histogram 

represents detectable consumption of CDM after incubation with S. cerevisiae. 

 

Fig. S5. Overview of riboflavin metabolism of L. nagelii TMW 1.1827 generated in 

KEGG mapper. The EC numbers colored in red show up-regulated enzymes of L. nagelii 

in the presence of S. cerevisiae. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 

 

 

 

 



 

139 

 

 

 

 

 

 



 

140 

 

Fig. 9 
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Fig. S1 
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Fig. S2 
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Fig. S3 
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Fig. S4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

145 

 

Fig. S5 
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5. MAIN FINDINGS 

Before the general discussion of this thesis, I will briefly outline the primary results and 

findings from the manuscripts in the following theses: 

 

- L. hordei TMW 1.1822 and L. nagelii TMW 1.1827 directly take abundant 

sucrose up by a PTS sucrose transporter and/or an MFS transporter, and 

metabolize it intracellularly via EMP and/or PKP pathways. Alternatively, sucrose 

is also extracellularly converted to glucans and fructose by a glucansucrase. 

 

- Both lactobacilli favour PKP over EMP pathway in the presence of S. cerevisiae. 

S. cerevisiae delivers gluconate and fructose to L. hordei, while S. cerevisiae 

delivers vitamins to L. nagelii. 

 

- L. hordei and L. nagelii display antidromic strategies to maintain NAD+/NADH 

homeostasis after the metabolic switch induced by S. cerevisiae. 

 

- L. hordei and L. nagelii profit from amino acids secreted by the yeast, creating a 

niche-specific consortium. Besides, L. hordei also benefits from peptides provided 

by the yeast and protects yeast or other microorganisms from acid stress by 

alkalization of its cytoplasm and proximal environment. 

 

- The beneficial effects of S. cerevisiae do not reside in a supply with unsaturated 

fatty acids to both lactobacilli in water kefir consortia. 
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- Specific exopolysaccharides, which are produced by L. hordei, promote the 

network formation of S. cerevisiae. Exopolysaccharide formation plays a major 

role in the physical interaction and establishment of space proximity of 

lactobacilli and yeasts. 

 

6. DISCUSSION 

6.1 Sugar transport and metabolism 

Abundant sucrose was the main carbohydrate supplied in water kefir medium. It had been 

demonstrated that both L. hordei TMW 1.1822 and L. nagelii TMW 1.1827 upon growth 

in water kefir medium can directly take it up by PTS sucrose transporter and/or MFS 

transporter, and metabolize it intracellularly via EMP and/or PKP pathways (Manuscript 

2 Section 3.3 and Manuscript 4 Section 3.3). Alternatively, sucrose was metabolized via 

glucansucrase, which resulted in the production of glucans, and leaving fructose as 

“secondary” carbon source. The residual fructose was transported into the cell by a 

fructose specific PTS and simultaneous phosphorylation. Once inside the cell, the 

phosphorylated fructose can directly enter the glycolytic pathway. Our isolates of L. 

hordei TMW 1.1822 and L. nagelii TMW 1.1827 from water kefir in this work revealed 

the expression of all enzymes involved in the EMP/PKP pathways via label-free 

quantitative proteomic analysis based on whole-genome sequence. Thus, they were 

inferred as facultatively heterofermentative microorganisms, like L. plantarum WCFS1 

and Lactococcus lactis (Kleerebezem et al., 2003; Kleerebezem and Hugenholtz, 2003). 

However, four isolates (UCC125, UCC126, UCC127, and UCC128) from malted barley, 

which were identified to be L. hordei strains, were reported as homofermentative since 
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they were unable to ferment pentoses, but able to ferment a variety of hexoses and 

disaccharides including sucrose and mannitol (Rouse et al., 2008). And L. hordei 

UCC128 was shown identical to L. hordei DSM 19519, which was whole-genome 

sequenced (accession no. AZDX01000000) (Sun et al., 2015). L. hordei DSM 19519 

isolated from barley and L. nagelii DSM 13675 isolated from wine, were also described 

as obligately homofermentative microorganisms (Sun et al., 2015). L. hordei DSM 19519 

offered a different spectrum of carbohydrate substrates, namely starch (maltose) or 

arabino-xylans. In contrast to the water kefir isolate, there were no sucrose specific PTS 

and extracellular glycosyltransferases; and transporters involved in fructose import were 

less presented. 

 

In the presence of S. cerevisiae, the 3-phosphoglycerate mutase, which was linked to the 

concentration of its substrate 3-phosphoglycerate (Smeianov et al., 2007), was 

significantly down-regulated in L. nagelii TMW 1.1827. This indicates, that 

intermediates of early glycolytic steps may be used for other metabolic reactions or 

hexoses may rather enter PKP or PPP than EMP, resulting in less production of 3-

phosphoglycerate. In contrast to L. nagelii, the expression of EMP specific enzymes of L. 

hordei TMW 1.1822 was not influenced by S. cerevisiae. However, the expression of 

glucose-6-phosphate dehydrogenase, which is part of the PKP and PPP, was significantly 

up-regulated in L. hordei. This metabolic switch from EMP to PKP/PPP also helped both 

microorganisms to utilize gluconate, which was likely offered from Gluconobacter spp. 

(Matsushita et al., 2003; Qazi et al., 1991) harboring in water kefir consortium. Thus, it 

appeared to be a decisive trait in the water kefir environment. Both microorganisms 

appeared to favor PKP over EMP, indicating a metabolic switch induced by an altered 
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redox potential in the presence of S. cerevisiae. In addition, the glucansucrases of L. 

hordei and L. nagelii characterized as dextransucrases (Manuscript 1 Section 3.2) were 

not significantly regulated in the presence of S. cerevisiae, but the PTS 

mannose/fructose/sorbose family of L. hordei was significantly up-regulated. It suggested 

that additional fructose was provided to L. hordei, which was resulted from yeast 

invertase splitting of sucrose into glucose and fructose, and/or resulted from the 

dextransucrase reaction.  

 

6.2 Pyruvate and citrate metabolism 

In silico analysis indicated that the pyruvate pool of L. hordei TMW 1.1822 and L. 

nagelii TMW 1.1827 could be filled from both the complete glycolytic pathway and 

citrate metabolism (Manuscript 2 Section 3.3 and Manuscript 4 Section 3.3). Further, 

genomic and proteomic analysis upon L. hordei and L. nagelii revealed the presence of 

all enzymes involved in the downstream of pyruvate conversion (Manuscript 2 Section 

3.4 and Manuscript 4 Section 3.3). Beyond the indicated switch from EMP to PKP, more 

redox related metabolic reactions were affected upon the co-cultivation with S. cerevisiae. 

Initially described in S. coelicolor, such reactions were generally regulated by the redox-

sensing repressor Rex in response to the change of cellular NADH/NAD+ levels. A set of 

conserved core of 22 Rex-regulated genes from 11 taxonomic groups of bacteria were 

identified which were mainly implicated in energy metabolism and central carbohydrate 

metabolism (Ravcheev et al., 2012). 
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Although the Rex proteins of L. hordei and L. nagelii were not significantly regulated in 

the presence of S. cerevisiae, Rex apparently sensed a change in the cellular 

NADH/NAD+ ratio and induced differentially expressed enzymes, which were Rex 

regulons involved in pyruvate metabolism. Bifunctional acetaldehyde/alcohol 

dehydrogenase of L. hordei was significantly down-regulated in the presence of S. 

cerevisiae, reducing the utilization of NADH and H+ as well as the production of ethanol. 

In the presence of ethanol, which is mainly produced by the yeast in alcoholic water kefir 

(Beshkova et al., 2003), S. cerevisiae limited the production of ethanol by L. hordei in 

water kefir consortium. In contrast, alcohol dehydrogenase of L. nagelii was oppositely 

up-regulated. In the presence of S. cerevisiae, α-acetolactate decarboxylase was 

significantly down-regulated in L. nagelii, blocking the direct decarboxylation of 

acetolactate to acetoin. Instead, under aerobic conditions, acetolactate spontaneously 

decomposed into diacetyl enabling regeneration of two molecules of NAD+ upon 

reduction to 2,3-butanediol via diacetyl/ acetoin reductase. However, in the presence of S. 

cerevisiae, acetoin reductase was highly abundant in L. hordei generating a high amount 

of 2, 3-butanediol (Manuscript 3 Section 3.3). This re-direction of pyruvate metabolism 

in the presence of citrate was consistent with the results that high diacetyl production 

from Lb. helveticus MP12 and Lc. lactis subsp. lactis C15 isolated from (milk) kefir 

grains were recorded (Beshkova et al., 2003). On the other hand, the preferential 

production of butanediol in L. hordei and the preferential production of ethanol in L. 

nagelii instead of acetate or lactate, resulted in the limitation of acidification for the 

survival of yeast in water kefir environment. In summary, L. hordei TMW 1.1822 and L. 

nagelii TMW 1.1827 displayed antidromic strategies to maintain NAD+/NADH 

homeostasis after the metabolic switch induced by S. cerevisiae. 
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Like L. hordei, genomic and proteomic analysis revealed an incomplete TCA cycle in L. 

nagelii. But in the presence of S. cerevisiae, aconitate hydratase in L. nagelii, which 

catalyses the stereo-specific isomerization of citrate to isocitrate via cis-aconitate, and 

isocitrate dehydrogenase in L. nagelii, which catalyzed the oxidative decarboxylation 

of isocitrate producing 2-oxoglutarate and CO2, were significantly up-regulated. Despite 

its incompleteness, the TCA cycle was an important supplier for compounds involved in 

other metabolic reactions. Thus, isocitrate and 2-oxoglutarate were useful for amino acid 

metabolism in L. nagelii. Since lemon slices were normally added to water kefir 

fermentation, this was consistent with the result that microorganisms in water kefir were 

capable of directed citrate import using malate permease. Once inside the cell, citrate was 

converted by citrate lyase segregating one molecule of acetate and one molecule of 

oxaloacetate. The resulting oxaloacetate may then be decarboxylated via oxaloacetate 

decarboxylase yielding pyruvate or was used for amino acid biosynthesis. Further, citrate 

lyase and triphosphoribosyl-dephospho-CoA synthase were significantly up-regulated in 

L. hordei when co-cultivated with S. cerevisiae, while citrate lyase transcriptional 

regulator was significantly down-regulated (Manuscript 3 Section 3.3). It indicated that 

citrate was preferentially consumed by L. hordei in the presence of S. cerevisiae. Unlike 

in L. hordei, those enzymes were not differentially expressed in L. nagelii when it was 

co-cultivated with S. cerevisiae. As L. hordei appeared to be positively influenced in its 

metabolism of citrate as an additional carbon source, this may help to explain, why L. 

hordei is more abundant in the respective water kefir consortium than L. nagelii. 

 

https://en.wikipedia.org/wiki/Isocitrate
https://en.wikipedia.org/wiki/Carbon_dioxide
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6.3 Peptide transport systems and peptidases, amino acids biosynthesis and 

metabolism 

Many LAB residing in milk products such as yoghurt, cheeses or milk kefir are equipped 

with a protein-degradation machinery, which enables peptide uptake and amino acids 

from proteins (Lopez-Kleine and Monnet, 2011; Simova et al., 2006). However, the in 

silico analyses of the genomes of L. hordei TMW 1.1822 and L. nagelii TMW 1.1827 

isolated from water kefir did not reveal homologs to a cell wall protease (prt) gene. Still, 

they encoded the complete oligopeptide transport system (OppABCDF) and a large 

number of intracellular peptidases (Manuscript 3 Section 3.4 and Manuscript 4 Section 

3.4). Except from OppB, all genes of annotated OppABCDF clusters were found to be 

present in the proteome of L. nagelii. Despite lacking an expressed OppB, the growth of 

L. nagelii was not impaired. This phenomenon was already described for other bacteria 

indicating, that the function of OppB may be compensable by other trans-membrane 

proteins (Nepomuceno et al., 2007). In the presence of the yeast, the remaining proteins 

were widely un-regulated with the exception of OppF, which was significantly down-

regulated in L. nagelii. Since OppF is responsible for coupling the energy of ATP 

hydrolysis with the import of oligopeptides, L. nagelii may reduce energy consumption 

caused by oligopeptide uptake. On the contrary, L. hordei upregulated its OppABCDF 

system and one peptidase, suggesting that L. hordei benefited from peptides provided by 

the yeast. Since water kefir provided limited resources of proteins and free amino acids, 

mainly originating from dried fruits and the yeast, these findings may also explain the 

fact, that the growth of L. hordei was stimulated in co-cultivation. 
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Nonetheless, from genomic annotation, L. nagelii encoded several amino acid permeases 

and transporters. In the presence of S. cerevisiae, two of those permeases were 

significantly up-regulated, suggesting that the yeast induces amino acid uptake in L. 

nagelii. However, it was not possible to specify from sequence comparison, which amino 

acids were ingested by L. nagelii. Still, this may be solved by a closer look at amino acid 

synthesis pathways and auxotropies. The genomic analysis of L. nagelii TMW 1.1827 

revealed the prototrophy for 13 amino acids and auxotrophy for 7 amino acids 

(Manuscript 4 Section 3.4). This result also applied to L. hordei, except for 3-deoxy-7-

phosphoheptulonate synthase, which was additionally missed in L. hordei. Therefore, 

only L. nagelii was capable of producing tyrosine. In other studies, the genome of L. 

plantarum WCFS1 predicted prototrophy for 17 amino acids (Kleerebezem et al., 2003), 

the genome of L. sanfranciscensis TMW 1.1304 predicted auxotrophy for 12 amino acids 

(Vogel et al., 2011), and the genome of L. acidophilus NCFM predicted auxotrophy for 

14 amino acids (Altermann et al., 2005). Therefore, the capability of de novo synthesis of 

amino acids of L. hordei and L. nagelii was intermediate. According to the quantitative 

proteomic analysis, nine enzymes of L. nagelii involved in histidine, methionine, 

glutamate and arginine biosynthesis pathways were significantly up-regulated in the 

presence of S. cerevisiae. Except for acetylglutamate kinase, those up-regulated enzymes 

of L. nagelii were also among 16 over-expressed enzymes of L. hordei (Manuscript 4 

Section 3.4). Since those biosynthesis pathways can also be used for amino acid 

catabolism, water kefir microorganisms may profit from amino acids secreted by the 

yeast, creating a symbiotic consortium. However, from in silico analysis, the direction of 

a respective metabolic pathway remained speculative. Still, together with physiological 
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data on amino acid consumption and secretion of L. nagelii and S. cerevisiae, this can be 

solved for at least some of the predicted cases. 

 

S. cerevisiae secreted glutamine in high amounts, whereas L. nagelii consumed the amino 

acid at high levels via an up-regulated amino acid permease involved in glutamine uptake. 

This suggested, that L. nagelii, even though it was capable of producing glutamine by 

itself, profited from the glutamine provided by the yeast via the up-regulated glutamate 

synthase, as it was also described for L. hordei (Manuscript 4 Section 3.4). Since 

glutamine played an important role in anaplerotic sequences of transamination reactions 

in the biosynthesis of other amino acids, and also as a nitrogen carrier for the production 

of amino sugars and nucleotides, the uptake of glutamine was crucial to persist in the 

water kefir environment. In contrast to L. hordei, L. nagelii was predicted to produce 

glutamate by itself via the up-regulated glutamate synthase using glutamine and 2-

oxoglutarate, which probably resulted from the incomplete TCA cycle. This was 

consistent with an un-regulated glutamine synthetase in the presence of S. cerevisiae, 

while this enzyme was significantly up-regulated in L. hordei. It has been demonstrated 

that glutamine synthetase played a very important role for the growth of Lactococcus 

lactis NCDO763 in milk by proteomic signature via two-dimensional gels (Gitton et al., 

2005). As described for Lactobacillus crispatus ST1, this enzyme might exhibit 

additional adhesive function (Kainulainen et al., 2012). If glutamine synthetase was 

displayed on the bacterial surface, it may enable physical coherence of the water kefir 

consortium under stressful conditions. As a result, the yeast aggregation promotion of L. 

hordei by its functional dextran (Manuscript 1 Section 3.3) may be even enhanced by 

over-expression of this enzyme. Furthermore, among all amino acids, the production of 
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glutamate was of primary importance in the assimilation of nitrogen, representing a donor 

for amino groups in the synthesis of other amino acids (Bernard and Habash, 2009; 

Dincturk et al., 2011). Other amino acids were not produced, but partly consumed by the 

yeast. Therefore, it was not possible to determine real-time metabolic exchange 

(release/uptake) between LAB and S. cerevisiae based on physiological data. Still, the 

label-free quantitative proteomic analysis enabled the investigation of the dynamic 

metabolic exchanges between microbial communities in water kefir. The up-regulated 

enzymes involved in amino acid biosynthesis or catabolism predicted that S. cerevisiae 

released glutamine, histidine, methionine and arginine, which were subsequently used by 

L. nagelii to ensure its survival in the water kefir consortium. Also, it was suggested that 

the nutrient flux of glutamine, glutamate, histidine, methionine, arginine, tryptophan and 

proline from yeast to L. hordei occurred. There was another study about the specific 

contribution of S. cerevisiae S90 to Lactococcus lactis IL1403 and L. plantarum WCFS1 

through nitrogen overflow in grape juice (Ponomarova et al., 2017). It has been predicted 

that S. cerevisiae benefited Lactococcus lactis by providing glutamine and threonine, and 

it benefited L. plantarum by providing glutamine, threonine, phenylalanine, tryptophan 

and serine. In summary, L. hordei and L. nagelii displayed the capability to uptake these 

amino acids secreted by the yeast, creating a niche-specific environment. Thus, it was 

also postulated that amino acids were the major agents for yeast-LAB interaction in water 

kefir. 

 

6.4 Acid tolerance by ADI pathway 

The degradation of arginine via the arginine deiminase (ADI) pathway was widely 

distributed in LAB genera, such as Lactobacillus, Lactococcus, Leuconostoc and 
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Weissella, resulting in additional ATP and acid tolerance (Arena et al., 2002; Fernández 

and Zúñiga, 2006; Rimaux et al., 2011; Tonon and Lonvaud-Funel, 2002). The ADI 

system comprised three reactions catalyzed by arginine deiminase (ADI), ornithine 

transcarbamoylase (OTC), and carbamate kinase (CK). While ADI and OTC were 

present in both, the genome and proteome of L. nagelii TMW 1.1827, CK was only 

detectable in the genome (Manuscript 4 Section 3.5). Since, L. hordei TMW 1.1822 

lacked CK in its putative functional genome, both microorganisms were not able to 

convert carbamoyl-P to generate additional ATP in co-cultivation. Therefore, both of 

them lacked the ability to generate additional ATP, and the fate of carbamoyl-P remains 

unclear. However, in the energy rich environment of water kefir, it did not appear to 

influence the conversion of arginine into ammonia by ADI. This was verified by over-

expressed ADI and OTC in L. hordei, and over-expressed OTC in L. nagelii in the 

presence of S. cerevisiae. The notion was also demonstrated by the increased pH value of 

co-cultivated L. hordei and S. cerevisiae compared with single-cultivated L. hordei. L. 

hordei likely produced ammonia to protect yeast or other microorganisms from acid 

stress by alkalization of its cytoplasm and proximal environment.  

 

6.5 Fatty acid biosynthesis and riboflavin metabolism 

Although L. hordei and L. nagelii suffered from the limited availability of fatty acids in 

the water kefir, L. hordei seemed not be able to synthesize any unsaturated fatty acids in 

the absence of FabB, and L. nagelii appeared to be in the absence of FabA and FabB 

either (Manuscript 2 Section 3.7 and Manuscript 4 Section 3.6). However, as 

demonstrated in Enterococcus (E.) faecalis (Wang and Cronan, 2004), E. faecalis FabF 
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protein can functionally replace E. coli FabB protein and E. faecalis FabZ protein can 

adopt the function of E. coli FabA protein. Another study also reported that expression 

of Lactococcus lactis FabF can functionally replace both FabB and FabF in E. coli 

(Morgan-Kiss and Cronan, 2008). Despite those enzymatic bi-functionalities were not 

predictable by genome analysis, both microorganisms grew to high cell densities in water 

kefir medium without any external fatty acids. Therefore, this finding indicated the 

existence of other functional homologs for FabB and FabA in L. hordei and L. nagelii. 

Co-cultivation with S. cerevisiae did not alter the expression of any proteins involved in 

fatty acid metabolism in both LAB. It indicated, that the beneficial effects of S. cerevisiae 

did not reside in a bilateral supply with unsaturated fatty acids. 

 

Moreover, there was a group of enzymes of L. nagelii, which showed decreased 

expression in response to the co-cultivation with S. cerevisiae, which were involved in 

riboflavin metabolism (Manuscript 4 Section 3.6). Those enzymes connected the purine 

metabolism and pentose phosphate pathway to synthesize riboflavin. This may be an 

evidence for the feeding of riboflavin from S. cerevisiae to L. nagelii, supporting its 

growth and leading to a stable water kefir consortium. 

 

6.6 The role of L. hordei dextrans for granule formation 

Our results at first glance indicated that aggregation and network formation of S. 

cerevisiae on hydrophilic slide model system was induced in the presence of L. hordei, 

but not induced in the presence of L. nagelii or Lc. citreum (Manuscript 1 Section 3.1). 

Since the role of glucans (such as dextrans) in biofilm formation has been widely 
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reported by glucan-producing LAB species from different sources such as Lc. 

mesenteroides NRRL B-21414, L. reuteri TMW1.106 and Streptococcus mutans UA159 

(Leathers and Côté, 2008; Walter et al., 2008; Zhu et al., 2009), isolated EPS from L. 

hordei, L. nagelii and Lc. citreum were further investigated in this slide model system. 

However, isolated EPS from L. hordei was solely found to induce the aggregation and 

network formation of S. cerevisiae. Although all isolated EPS from L. hordei, L. nagelii 

and Lc. citreum had been characterized to be dextrans, they varied at the percentages of 

1,3-, 1,4-, 1,2,6-, 1,4,6- or 1,3,6-linked glucose and the molecular weight. Currently, the 

mechanism of S. cerevisiae aggregation and network formation cannot be clearly clarified, 

but specific dextrans of L. hordei were proven to be decisive factors for S. cerevisiae 

aggregation/adhesion. It was most likely that S. cerevisiae either became highly 

hydrophilic for enhanced adhesion via binding of specific motifs in hydrophilic L. hordei 

dextrans or sudden induction of any other hydrophilic surface structures, or got entrapped 

in the form of networks on a glue-like film which was formed in the presence of L. hordei. 

Previous studies showed that the backbone of the water kefir granule was primarily made 

of dextrans produced by L. hilgardii (Horisberger, 1969; Neve and Heller, 2002; Pidoux 

et al., 1990; Waldherr et al., 2010). Thus, our study suggested that the specific size and 

structural organization of the dextrans produced by L. hordei acted as the main cause for 

inducing S. cerevisiae aggregation and network formation and thus as crucial initiation of 

the stepwise water kefir granule growth. 
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