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SUMMARY  

 

Over the last decades, interest in the impact of the intestinal microbiota on host health has 

steadily increased. Diet is a major factor that influences the gut microbiota and thereby in-

directly affects human health. For example, a high-fat diet rich in saturated fatty acids led to 

an intestinal proliferation of the colitogenic bacterium Bilophila (B.) wadsworthia by stim-

ulating the release of the bile acid taurocholate (TC). TC contains the sulfonated head group 

taurine, which undergoes conversion to sulfide (H2S) by B. wadsworthia. In a colitis-prone 

murine animal model (IL10-/- mice), the bloom of B. wadsworthia was accompanied by an 

exacerbation of intestinal inflammation. B. wadsworthia is able to convert taurine and also 

other sulfonates to H2S, indicating the potential association of sulfonate utilization and the 

stimulation of colitogenic bacteria.  

This potential link raised the question, whether dietary sulfonates or their sulfonated metab-

olites stimulate the growth of colitogenic bacteria such as B. wadsworthia and whether these 

bacteria convert sulfonates to H2S. Besides taurine, which is present in meat, fish and life-

style beverages, other dietary sulfonates are part of daily human nutrition. Sulfolipids such 

as sulfoquinovosyldiacylglycerols (SQDG) are highly abundant in salad, parsley and the cy-

anobacterium Arthrospira platensis (Spirulina). Based on previous findings, Escherichia 

(E.) coli releases the polar headgroup sulfoquinovose (SQ) from SQDG. Moreover, E. coli 

is able to convert SQ to 2,3-dihydroxypropane-1-sulfonate (DHPS) under anoxic conditions. 

DHPS is also converted to H2S by B. wadsworthia or by other potentially harmful gut bac-

teria such as members of the genus Desulfovibrio. However, only few studies report the 

conversion of sulfonates to H2S by bacteria directly isolated from the human intestinal tract. 

Most sulfonate-utilizing bacteria were obtained from environmental sources such as soil or 

lake sediment or from potentially intestinal sources such as sewage. 

In the present study, fecal slurries from healthy human subjects were incubated with sul-

fonates under strictly anoxic conditions, using formate and lactate as electron donors. Fecal 

slurries that converted sulfonates to H2S, were used as a source for the isolation of H2S-form-

ing bacteria. Isolates were identified based on their 16S ribosomal RNA (16S rRNA) gene 

sequence. In addition, conventional C57BL/6 mice were fed a semisynthetic diet supple-

mented with the SQDG-rich Spirulina (SD) or a Spirulina-free control diet (CD). During the 

intervention, body weight, water and food intake were monitored and fecal samples were 

collected. After three weeks, mice were killed and organ weight and size were measured, 

intestinal sulfonate concentrations were quantified, gut microbiota composition was deter-

mined and parameters of intestinal and hepatic fat metabolism were analyzed.  

Human fecal slurries converted taurine, isethionate, cysteate, 3-sulfolacate, SQ and DHPS 

to H2S. However, inter-individual differences in the degradation of these sulfonates were 

observed. Taurine, isethionate, and 3-sulfolactate were utilized by fecal microbiota of all 

donors, while SQ, DHPS and cysteate were converted to H2S only by microbiota from cer-

tain individuals. Bacterial isolates from human feces able to convert sulfonates to H2S were 
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identified as taurine-utilizing Desulfovibrio strains, taurine- and isethionate-utilizing 

B. wadsworthia, or as SQ- and 3-sulfolactate- utilizing E. coli. In addition, a co-culture of 

E. coli and B. wadsworthia led to complete degradation of SQ to H2S, with DHPS as an 

intermediate. Of the human fecal isolates, B. wadsworthia and Desulfovibrio are potentially 

harmful. E. coli strains might be also pathogenic, but isolated E. coli strains from human 

feces were identified as commensal gut bacteria.  

Feeding SD to mice increased the cecal and fecal SQ-concentration and altered the microbi-

ota composition, but the relative abundance of SQDG- or SQ-converting bacteria and coli-

togenic bacteria was not enriched in mice fed SD for 21 days. SD did not affect the relative 

abundance of Enterobacteriaceae, to which the SQDG- and SQ-utilizing E. coli strain be-

long to. Furthermore, the abundance of B. wadsworthia decreased from day 2 to day 9 in 

feces, but recovered afterwards in the same mice. In cecum, the family Desulfovibrionaceae, 

to which B. wadsworthia and Desulfovibrio belong to, were reduced. No changes in the 

number of B. wadsworthia in cecal contents or of Desulfovibrionaceae in feces were ob-

served. SD led to a mild activation of the immune system, which was not observed in control 

mice fed CD. Mice fed SD had an increased body weight, a higher adipose-tissue weight, 

and a decreased liver weight compared to the control mice, suggesting an impact of Spirulina 

supplementation on fat metabolism. However, expression levels of genes involved in intes-

tinal and hepatic intracellular lipid uptake and availability were reduced. Further investiga-

tions on the lipid metabolism at protein level could help to clarify these discrepancies. 

In summary, humans differ in the ability of their fecal microbiota to utilize dietary sul-

fonates. While sulfonates stimulated the proliferation of potentially colitogenic isolates from 

human fecal slurries, the increased availability of SQ in Spirulina-fed conventional mice did 

not lead to an enrichment of such bacteria. Presence or absence of these bacteria may explain 

the inter-individual differences in sulfonate conversion observed for fecal slurries. This work 

provides new insights in the ability of intestinal bacteria to utilize sulfonates and thus, con-

tributes to a better understanding of microbiota-mediated effects on dietary sulfonate utili-

zation. Interestingly, feeding of the Spirulina-supplemented diet led to body-weight gain in 

mice in the first two days of intervention, the reasons for which are unknown.  
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ZUSAMMENFASSUNG 

 

Die Darmmikrobiota hat auf die Gesundheit des Menschen einen wesentlichen Einfluss. 

Hierbei spielen Nahrungskomponenten eine wichtige Rolle, da sie die Hauptquelle für bak-

terielle Substrate darstellen und somit für das Wachstum der Darmbakterien sind. Unver-

daute Nahrungsmittelbestandteile gelangen in den Dickdarm und können hier von der Mik-

robiota verwertet werden. In einer Studie mit Mäusen wurde der Einfluss einer fettreichen 

Diät auf die Darmmikrobiota-Zusammensetzung untersucht. Die Hochfettdiät führte zur 

Proliferation des kolitogenen Bakteriums Bilophila (B.) wadsworthia, indem sie die Freiset-

zung der Gallensäure Taurocholat (TC) stimulierte. TC enthält den sulfonierten Taurin-Rest, 

der von B. wadsworthia als Elektronenakzeptor für das Wachstum genutzt werden kann. In 

dem Interleukin (IL)-10-defizienten Maus-Model für Kolitis, führte eine erhöhte intestinale 

Verfügbarkeit von TC zu Darmentzündungen. B. wadsworthia ist in der Lage, Taurin und 

auch andere Sulfonate in H2S umzuwandeln, was auf einen möglichen Zusammenhang zwi-

schen der Nutzung von Sulfonaten und der Stimulierung kolitogener Bakterien hinweist. 

Aus diesen Literaturdaten resultierten die Fragen, ob Sulfonate die in Nahrungsmitteln ent-

halten sind, oder deren sulfonierte Metabolite, das Wachstum von kolitogenen Bakterien wie 

B. wadsworthia stimulieren und ob diese Bakterien Sulfonate zu H2S umsetzen können. Ne-

ben Taurin, enthalten in Fleisch, Fisch und Energy-Getränken, gibt es noch weitere Nah-

rungsmittel-Sulfonate, die Menschen über ihre tägliche Nahrung aufnehmen. So enthalten 

z.B. Salat, Petersilie und das Cyanobakterium Arthrospira platensis (Spirulina) die Sulfoli-

pide Sulfoquinovosyldiacylglycerole (SQDG). Escherichia (E.) coli kann die polare Kopf-

gruppe Sulfoquinovose (SQ) aus SQDG freisetzen und SQ in 2,3-Dihydroxypropan-1-sul-

fonat (DHPS) und Dihydroxyacetonphosphat spalten. DHPS kann wiederum von B. wads-

worthia oder einem anderen potenziell kolitogenen Darmbakterium, nämlich einem Desul-

fovibrio-Stamm, verwendet und zu H2S reduziert werden. Bisher gibt es jedoch nur wenige 

Studien, welche die Umwandlung von Sulfonaten in H2S durch Bakterien belegen, die direkt 

aus dem humanen Darmtrakt isoliert wurden. Die meisten sulfonatverwertenden Bakterien 

wurden aus Umweltquellen wie Komposterde oder Seesedimenten oder aus potenziellen 

Darmquellen wie Abwasser gewonnen.  

In der vorliegenden Arbeit wurden Fäzes-Suspensionen von gesunden Menschen unter strikt 

anoxischen Bedingungen mit Sulfonaten inkubiert, wobei Formiat und Laktat als Elektro-

nendonoren verwendet wurden. Aus diesen Fäzes-Suspensionen wurden H2S-bildende Bak-

terienstämme isoliert und anhand ihrer 16S ribosomalen RNA (16S rRNA)-Gensequenz iden-

tifiziert. Zusätzlich wurden konventionelle C57BL/6-Mäuse entweder mit einer semisynthe-

tischen Diät, welche mit SQDG-reicher Spirulina supplementiert war (SD), oder mit einer 

Spirulina-freien Kontrolldiät (CD) gefüttert. Während des Versuchs wurde das Körperge-

wicht der Mäuse und deren Wasser- und Nahrungsaufnahme bestimmt und Fäzesproben ge-

sammelt. Nach drei Wochen wurden das Masse und die Größe der Organe gemessen, die 

Sulfonatkonzentration im Darm quantifiziert, die Zusammensetzung der Mikrobiota be-

stimmt und Parameter des hepatischen und intestinalen Fettstoffwechsels analysiert.  
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Die Ergebnisse zeigen, dass humane Fäzes-Suspensionen Taurin, Isethionat, Cysteat, 3-Sul-

folaktat, SQ und DHPS mit interindividuellen Unterschieden in H2S umwandeln. Taurin, 

Isethionat und 3-Sulfolaktat wurden von der Mikrobiota aller Donoren genutzt, während SQ, 

DHPS und Cysteat von der Mikrobiota von nur einzelnen Personen zu H2S umgewandelt 

wurden. Als Sulfonat-umsetzende Bakterien wurden Stämme der Gattung Desulfovibrio, 

B. wadsworthia oder E. coli isoliert, wobei die Desulfovibrio-Stämme Taurin, B. wadswort-

hia Taurin und Isethionat und E. coli SQ und 3-Sulfolaktat zu H2S reduzieren konnten. Des 

Weiteren zeigte die Kokultivierung von E. coli und B. wadsworthia den vollständigen Abbau 

von SQ über DHPS zu H2S. Von den isolierten Bakterien werden B. wadsworthia und Des-

ulfovibrio sp. mit Darmentzündungen assoziiert. E. coli-Stämme können auch pathogene 

Bakterien sein, jedoch wurden aus der humanen Fäzes isolierte E. coli-Stämme in dieser 

Arbeit als kommensale Darmbakterien identifiziert. 

Die Gabe von SD an Mäuse erhöhte die SQ-Konzentration im Zäkum und Fäzes und verän-

derte die Zusammensetzung der intestinalen Mikrobiota, jedoch war die Zellzahl von 

SQDG- oder SQ-umwandelnden Bakterien und kolitogenen Bakterien nach 21 Tagen der 

Intervention nicht erhöht. Die Zellzahl von Enterobacteriaceae, zu denen die SQDG- und 

SQ-verwertenden E. coli-Stämme gehören, waren im Zäkum und der Fäzes unverändert. 

Außerdem nahm die Zellzahl von B. wadsworthia in denselben Mäusen von Tag 2 bis 9 ab, 

normalisierte sich danach aber wieder. Im Zäkum war die Familie der Desulfovibrionaceae 

reduziert, zu welcher B. wadsworthia und Desulfovibrio-Stämme gehören. Es wurden keine 

Veränderungen in der Anzahl von B. wadsworthia im Zäkuminhalt oder von Desulfovibrio-

naceae im Fäzes der Mäuse beobachtet. SD führte des Weiteren zu einer schwachen Akti-

vierung des Immunsystems, die bei Mäusen, die mit CD gefüttert wurden, nicht beobachtet 

wurde. Mäuse, die mit SD gefüttert wurden, wiesen im Vergleich zu den Kontrollmäusen 

ein höheres Körpergewicht, eine größere Ansammlung von Fettgewebe und ein geringeres 

Lebergewicht auf, was auf eine Veränderung des gesamten Fettstoffwechsels schließen ließ. 

Allerdings war die Genexpression von Genen, die an der intestinalen und hepatischen intra-

zellulären Lipidaufnahme und -verfügbarkeit beteiligt sind, vermindert. Weitere Untersu-

chungen des Lipidstoffwechsels auf Proteinebene könnten zur Klärung dieser Diskrepanzen 

beitragen. 

Zusammenfassend lässt sich sagen, dass Darmbakterien des Menschen in der Lage sind, 

Sulfonate aus der Nahrung zu verwerten, wobei interindividuelle Unterschiede zu beobach-

ten waren. Während Sulfonate die Vermehrung von potenziell kolitogenen Bakterien aus 

humaner Fäzes stimulierten, führte die erhöhte SQ-Verfügbarkeit bei mit Spirulina gefütter-

ten Mäusen nicht zu einer Anreicherung solcher Bakterien in Darminhalten. Das Vorkom-

men oder Fehlen dieser Bakterien könnte die interindividuellen Unterschiede erklären, die 

bei der Umsetzung von Sulfonaten durch humane Fäzes festgestellt wurden. Diese Studie 

ermöglicht es uns, die biologische Rolle der mit der Nahrung aufgenommenen Sulfonate zu 

verstehen, und könnte neue Erkenntnisse über die Fähigkeit der Darmbakterien zur Verwer-

tung von Sulfonaten liefern. Interessanterweise führte die Einnahme einer Spirulina-supple-

mentierten Diät in den ersten zwei Tagen der Fütterung zu einem erhöhten Körpergewicht, 

die Gründe hierfür konnten nicht erklärt werden. 
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1 INTRODUCTION 

 

Sulfonates are widespread in both oxic and anoxic ecosystems occurring naturally or as xe-

nobiotics, and are available for a variety of bacteria. Bacteria utilize sulfonates as sole source 

of carbon or sulfur, or as terminal electron acceptor (TEA) [1-3]. Detailed pathways are de-

scribed in chapter 1.3 and Appendix Table A2 and A3. Sulfonates are also present in dietary 

components and therefore are potentially available for intestinal bacteria in humans [4-7]. 

As an example, the sulfonate taurine is present in meat, fish and live style beverages.  

 

Taurine stimulates the growth of the colitogenic bacterium Bilophila (B.) wadsworthia, a 

bacterium that is linked to intra- and extra-abdominal infections. The colitogenic effect of 

B. wadsworthia was associated with its ability to convert the sulfite moiety of taurine to 

hydrogen sulfide (H2S) [8, 9]. Furthermore, an increased intestinal availability of taurine 

could contribute to colitis, as demonstrated by Devkota et al. (2012), inducing intestinal 

inflammation in a colitis-prone murine model (IL-10-/- mice) [9]. To investigate whether 

sulfonate utilization is common to pro-inflammatory gut bacteria, human fecal bacteria were 

tested for their ability to convert sulfonates to H2S and identified in this study. This helps to 

clarify the factors contributing to colitis. Additionally, the fate of diet-derived sulfonates 

throughout the whole gastrointestinal tract was investigated in conventional mice to unravel 

the metabolic pathway of sulfonates in correlation to the growth of pro-inflammatory bacte-

ria that so far has been hardly investigated.   

1.1 Organization of the human gastrointestinal tract 

The human gastrointestinal tract extends from the mouth to the anus throughout the human 

body. As an organ with one of the largest surfaces (250 - 400 m2) and an average length of 

five meters, it represents a huge interface separating the luminal content from the body’s 

internal milieu. The intestine can be divided in the upper gastrointestinal (esophagus to prox-

imal ileum) and the lower gastrointestinal tract (distal ileum to rectum). Its primary function 

is the absorption of nutrients, water, and electrolytes to ensure crucial body functions for 

a good health state. As a luminal interface between the internal and external environment, it 

also acts as a physiological barrier to protect the body from harmful agents, such as patho-

gens, luminal foodborne pathogenic antigens, chemicals and/or potentially detrimental 

agents. Additional functions include the secretion of digestive enzymes and mucus and the 

transition and digestion of luminal content [10-14]. The integrity of the intestinal wall is 

ensured by a single layer of epithelial cells, additionally protected by a mucosal layer and by 

a complex population of intestinal microbiota [15]. Only the esophagus harbors a multi-cell 

layer [15].   
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1.1.1 Gut microbiota composition 

The human gut harbors a complex microbial community, the number of which has been es-

timated to be the same order of magnitude as human cells [16]. The components of the gas-

trointestinal microbiota include a variety of microorganisms, including bacteria, eu-

karya (fungi and yeasts), archaea, and viruses [17, 18]. Bacteria make up the vast majority 

of these microorganisms. To date, approximately 2000 different bacterial species have been 

isolated from human beings [19, 20]. These bacterial strains show remarkably varying con-

centrations in the digestive tract. Starting with a low bacterial number in the oral cavity, 

which contains less than 1% of the total colonic bacterial number: From here, the microbial 

concentration gradually increases throughout the alimentary tract, depending on gut motility 

and present pH. Stomach, duodenum and jejunum harbor a relatively small number of bac-

teria, namely 103 - 104 bacteria/ml, due to the relatively low pH in the stomach and the rapid 

progress of luminal content through stomach and small intestine. The colon harbors the high-

est number of bacterial communities at 1011 cells/ml, not only of the total alimentary tract 

but also within the entire human body [16, 21]. 

The majority of the representative gut bacteria belong to the phyla Firmicutes and Bac-

teroidetes, representing over 90% of the total intestinal bacterial cell number [22, 23]. Bac-

teria with a lower abundance in the intestinal tract are members of the phyla Actinobacteria, 

Proteobacteria, Fusobacteria, and Verrucomicrobia [22, 24, 25]. Bacteria undergo a taxo-

nomical division on genus, family, order, class and phylum level. Some of them might be 

even not identified yet. However, difficulties in culturing bacteria under laboratory condi-

tions have promoted metagenomic analysis as a means of identifying a large number of pre-

viously uncultured intestinal bacteria [26, 27]. 

1.1.2 Gut microbiota function and factors influencing the microbiota composition 

The gut microbiota has been linked to health and disease state of its host in different ways 

[21]. Increasing knowledge indicates this dynamic community to play a role in immunolog-

ical, defensive, and metabolic processes [28]. Inflammatory bowel disease (IBD) and meta-

bolic disorders, including obesity and type 2 diabetes, are linked to alterations of the gut mi-

crobiota composition [11, 19]. Unravelling the factors influencing the intestinal microbiota 

composition and its growth is important for understanding the correlation between this mi-

crobial community and disease. Therefore, the interest in the intestinal microbiota has mark-

edly increased. Bacteria play a crucial role in intestinal homeostasis by providing a barrier 

function against pathogens, maintaining the immune system and forming metabolites and 

nutrients preserving the body’s needs [18, 21, 29, 30]. Metabolites formed by intestinal bac-

teria may have beneficial and detrimental effects on host health [31-34].  

 

The individual human gut microbiota composition is shaped by host genetics and environ-

mental factors including antibiotics and diet [31-34]. Dietary components are considered as 

main driver shaping the intestinal microbiota composition, as they are the main source of 

bacterial substrates [35]. During digestion, dietary substances pass from the mouth to the 

anus through alimentary sections in which milieus and therefore also microbial colonization 

vary considerably. Nondigestible food components, such as fibers, reach the colon, and serve 

as carbon, sulfur and energy source for residential bacteria. Only bacteria that are able to 
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ferment these undigested constituents, survive and proliferate. Important modulators re-

leased by bacteria include short-chain fatty acids and amino acids which affect the host 

health [36, 37]. Hence, diet directly shapes the gut microbiota and hereby affects human 

health [38].  

1.2 The role of sulfur in the human body 

With ~0.3% of the total body mass, sulfur is a highly abundant element in the human body 

and present in all intra- and extracellular compartments [39-42]. Sulfur is essential in main-

taining cellular homeostasis through influencing the detoxification of reactive oxygen spe-

cies and free radicals. The major sulfur-containing amino acids in the human body are me-

thionine and cysteine [43, 44]. Sulfhydryl groups form the tertiary structure of proteins by 

disulfide bridges which is necessary for the cellular function of these proteins. Sulfur is also 

present in components of the blood (heparin) and in bones, such as in chondroitin and carti-

lage [39]. Defects in regulatory processes of the body’s sulfur pool have been linked to mul-

tiple disorders, including cystinuria, homocystinuria, and neurodevelopmental disorders 

[45-47].  

Colonic sulfur compounds are either inorganic, such as sulfates (Fig. 1A) and sulfites, or 

organic, including dietary amino acids and host mucins [48]. Other potential organic sulfur 

sources for the gut are sulfonates containing a covalent carbon-sulfur bond, with the oxida-

tion state of sulfur +5 (Fig. 1B) [49]. Sulfonates are found in the environment (such as ma-

rine sediments and soils), in mammalian tissue (such as bile acids) and in diet (such as salad 

and meat), all of which might influence the intestinal sulfonate availability in human beings. 

While the microbial sulfate-sulfur metabolism within the intestine is well understood (1.2.1), 

only little is known about the intestinal sulfonate-sulfur metabolism.  
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Figure 1: Chemical structure of sulfated compounds (A) and sulfonates (B), where R is an inorganic or an or-

ganic group.  

1.2.1 Intestinal sulfate metabolism 

Diets containing inorganic sulfate enhance the H2S production in the colon [50, 51]. Intesti-

nal sulfate is either reduced to H2S by assimilatory sulfate reduction to satisfy sulfur require-

ments of biochemical reactions, such as the synthesis of cysteine and methionine. Or, intes-

tinal sulfate is used by archaea and sulfate-reducing bacteria (SRB) as TEA, referred to as 

dissimilatory sulfate reduction. Herein, H2S is released as end product and energy is con-

served [52, 53]. Assimilatory sulfate reduction is found in a high proportion of bacteria, 

whereas dissimilatory sulfate reduction is restricted to a minority of bacteria [48, 52, 54]. 

For both pathways an activation of the relatively inert sulfate by adenosine triphos-

phate (ATP) is necessary, because the reduction of sulfate to sulfite is energetically unfavor-

able (E0′ = −516 mV) [55]. Sulfate activation to adenosine 5′ phosphosulfate (APS) is medi-

ated by ATP sulfurylase at the expense of two ATP, increasing the redox poten-

tial (APS / hydrogen sulfite (HSO3
-)) to -60 mV [53]. APS is further reduced by APS 
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reductase to sulfite and adenosine monophosphate, using electrons from a specific electron 

donor, such as lactate, formate, or hydrogen (H2), followed by a six-electron reduction of 

sulfite to H2S, reaching a redox potential of E0′ = −116 mV [55, 56]. In dissimilatory sulfate 

reduction, H2S is finally released from the bacterial cell by diffusion [53]. Assimilatory sul-

fate reduction needs another activation step in which APS is converted to sulfite via phos-

phoadenosine-5′-phosphosulfate (PAPS) by the membrane-bound enzymes CysC and PAPS 

reductases [48]. 

SRB are the most extensively studied intestinal bacteria participating in the colonic sulfur 

metabolism, colonizing the gut of approximately 50% of humans [48, 57]. SRB are able to 

reduce sulfate to H2S and are obligate anaerobic bacteria being motile by means of flagella 

[58, 59]. The predominant SRB found in the human gut are members of the genus Desul-

fovibrio belonging to the Deltaproteobacteria, of which D. piger is the most abundant spe-

cies [54, 56, 57, 60]. Other SRB present in the human gut are Desulfobacter, Desulfobul-

bus (Deltaproteobacteria) and Desulfotomaculum (Firmicutes) spp. [56].  

1.2.2 Sulfonate utilization by the colitogenic bacterium B. wadsworthia  

A closely related bacterium to the SRB is the sulfite-reducing B. wadsworthia, which was 

named for its ability to grow with bile acids [9, 61]. B. wadsworthia is an anaero-

bic Gram-negative bacterium, which was first isolated from patients with appendicitis [62, 

63]. Interestingly, B. wadsworthia could be also recovered from feces of healthy human in-

dividuals, but was mostly found in regions of intra- and extra-abdominal infections [61]. For 

example, the organism has been observed in necrotizing ulcerative stomatitis, excess fluid 

between pleural layers of the lung, osteomyelitis, and in blood of a patient with abdominal 

distension and diarrhea, indicating its immense role in inflammatory processes [62]. In mice, 

a diet rich in saturated fatty acids enhanced the availability of intestinal taurocholate (TC) 

and thereby stimulated the growth of the colitogenic bacterium B. wadsworthia. The bloom 

of B. wadsworthia was linked to an exacerbated colitis in IL-10-/- mice, which was even 

more enhanced, when TC was orally applied to mice fed a low-fat diet [9]. 

In contrast to SRB, B. wadsworthia is not capable of utilizing sulfate as TEA but gains en-

ergy from the reduction of the sulfite moiety of sulfonated compounds including TC, taurine, 

isethionate, cysteate, and 2,3-dihydroxypropane-1-sulfonate (DHPS) to H2S [8]. This might 

be due to the differences in the functional groups of sulfonated and sulfated com-

pounds (Fig. 1). In this way, B. wadsworthia releases H2S from sulfonates by sulfite reduc-

tion and circumvents in comparison to the dissimilatory sulfate reduction by SRB the en-

ergy-dependent activation of sulfate, conserving energy for its growth and gaining a growth 

advantage towards SRB [9].  

H2S is an important gaseous signaling molecule participating in a wide range of physiologi-

cal and pathological processes in human beings. H2S is a potent genotoxin, playing an im-

portant role in the intestine. It has been linked to IBD and colorectal cancer [64-68]. How-

ever, more recently observations describe H2S as a protective agent for vascular and cardiac 

tissues with anti-inflammatory, antioxidant and cytoprotective functions, preventing from 

intestinal inflammation. For example, in mice with dextran sulfate sodium (DSS)-induced 

colitis, H2S led to a downregulation of pro-inflammatory colonic cytokines (tumor necrosis 
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factor (TNF)-α, interleukin (IL)-1β, and IL-6) and a decreased colonic pathogenesis in these 

mice [69]. However, the effect of H2S seems to be concentration-dependent [70-72]. 

Despite the biological relevance of H2S formation, only few studies report the conversion of 

sulfonates to H2S by human intestinal bacteria. Most sulfonate-utilizing bacteria were ob-

tained from environmental such as compost soil or lake sediment or only potential intestinal 

sources such as sewage (Appendix, Tables A2, A3). Hence, little is known about H2S for-

mation from sulfonated compounds by gut bacteria, despite their biological relevance. 

1.3 Microbial sulfonate metabolism 

Sulfonates are synthesized chemically by industrial processes, or biologically by plants and 

microorganisms, among others [73, 74]. Organic sulfonates, also referred to as organosul-

fonates or C-sulfonates, occur naturally or as xenobiotics [2, 3]. Environmental sulfonated 

compounds are found in marine sediments, soils and are released into the environment from 

industrially produced sulfonate dyes and surfactants. Surfactants are poorly biodegradable 

and thereby pollute the environment [73, 74]. Synthetic sulfonates enter sewage and rivers 

where they accumulate and may have toxic effects on algae and living organisms. Degrada-

tion by microorganisms reduces but does not resolve the environmental pollution [1, 75]. 

Sulfonated compounds are therefore widespread in oxic and anoxic ecosystems and availa-

ble for a variety of bacteria [76]. The microbial role in sulfonate degradation has been inves-

tigated over the last 30 years and is a quite new scientific field. Despite their occurrence in 

dietary components and biologically important processes, naturally occurring sulfonates 

were earlier thought to have a minimal relevance in the biological sulfur cycle [1, 3]. How-

ever, in the last years the interest in microbial sulfonate degradation has increased. Yet it is 

known that sulfonates can be used by a variety of bacteria as sole source of carbon or sulfur, 

but also as TEA [1, 2, 77]. Until now, most studies were performed with environmental 

bacteria (Appendix, Tables A2, A3). Only little is known about sulfonate degradation by 

human gut bacteria, despite the presence of sulfonates in the daily human nutrition. Dietary 

sulfonates that may serve as potential substrate for human gut bacteria include taurine, isethi-

onate (2-hydroxyethanesulfonate), cysteate, coenzyme M (2-mercaptoethanesulfonate, 

CoM), sulfoquinovosyldiacylglycerols (SQDG), sulfoquinovose (SQ), DHPS, and 3-sul-

folactate (2-hydroxy-3-sulfopropanoic acid). The known microbial catabolic pathways of 

these sulfonates are illustrated in a simplified model (Fig. 2). The state of knowledge regard-

ing intestinal sulfonate availability (biosynthesis and transport) and microbial sulfonate me-

tabolism is described below (1.3.1 – 1.3.5).  
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1.3.1 Taurine 

First isolated in 1872 from ox bile, taurine plays a major role in numerous biological and 

physiological processes, such as during transmission in the nervous system, in calcium ho-

meostasis, and in the formation of hepatic TC [78-84]. In humans, taurine is the most abun-

dant free amino acid in the body and occurs mainly in liver and brain tissues, but can also be 

found in blood, heart tissue, as well as in skeletal muscles and kidney tissue [85-87].  

Taurine is an essential amino acid in human infants and conditionally essential in human 

adults [84]. In human embryos and neonates, taurine deficiency has been linked to several 

disorders including retinal degeneration and growth retardation. Here, taurine biosynthesis 

is limited due to enzymatic immaturity [88-92]. In children and in adults, long-term paren-

teral nutrition is linked to taurine deficiency and a variety of clinical abnormalities, such as 

cancer [93-96].  

Biosynthesis of taurine 

The primary site of taurine synthesis is the liver. However, extrahepatic tissues such as adi-

pose tissue, brain tissue and kidney tissue, expresses also enzymes catalyzing for taurine 

synthesis [78, 97-100]. The de novo biosynthesis in mammalian hepatocytes from methio-

nine turned out to be the main pathway (Fig. 3) [101-103]. Methionine undergoes first a 

methylation and transsulfuration to form cysteine, followed by a reaction with O2 to cysteine 

sulfinate (CSA) [100, 102-107]. The main pathway for taurine synthesis is the decarboxyla-

tion of CSA to hypotaurine, which is then oxidized [102, 103, 105-107]. Alternatively, tau-

rine synthesis takes place via the bypass of CSA to cysteate and further to taurine [103, 105]. 

Hypotaurine can also be produced from cysteamine, a degradation product of coenzyme A 

[106].  

Despite the fact that taurine can be synthesized endogenously (50 - 125 mg/d), the main 

source of taurine for human adults are dietary products, such as meat (such as chicken: 

169 mg/100 g or beef: 43 mg/100 g), fish (mussels: 655 mg/100 g or tuna: 42 mg/100 g) and 

life style beverages (4 - 8 g/l) [4, 5]. This may be due to the fact that CSA decarboxylase 

levels in humans are extremely low, resulting in low hypotaurine synthesis [102, 108]. Since 

taurine is not present in fruits and vegetables, vegetarians and vegans have a lower taurine 

plasma concentration [5, 109].  
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Figure 3: Biosynthesis of taurine. Graph elements were depicted with ACD/ChemSketch 2.0. 

Fate of dietary taurine 

Only little is known about the pharmacokinetics of taurine in man after administration [107]. 

Ingested taurine is absorbed from the enterocytes in the small intestinal tract via a carrier-me-

diated active transport system of the brush border membrane [110]. Responsible taurine 

transporters are the Na+ / Cl- dependent TauT (SLC6A6) and the Na+ / Cl- independent pro-

ton-coupled amino acid transporter PAT1 (SLC36A1), which vary in expression from stom-

ach to colon. Especially in the stomach and the jejunum expression levels are high, suggest-

ing there the main taurine uptake. However, TauT seems to be responsible for the transport 

of the endogenously produced taurine, while PAT1 regulates taurine concentrations after 

ingestion of taurine-rich meals (above 10 µM) [111-113]. After transport to the enterocytes, 

taurine is carried via the portal vein to the liver where it is used for primary bile salt conju-

gation with cholic acid to form TC. Otherwise taurine is released into the circulation via 

TauT [107, 110]. Similarly, glycine is conjugated to cholic acid to the bile salt glycocholate. 

With each meal, 4 - 6 g bile salts cycle repeatedly from the gall bladder through the small 

intestine to the ileal section. Here, they predominantly enter the enterohepatic circulation to 

return to the liver (95%). The residual 5% are released to the distal ileum and colon where 

they undergo bacterial conversion including deconjugation, dehydroxylation, and epimeri-

zation, releasing taurine or glycine from the secondary bile acid (deoxycholic acid) 

[114-116].  
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Despite the low proportion of bile acids reaching the colon, taurine is the second most abun-

dant amino acid of colonic mucosa after glutamate (2.5 mmol/kg tissue weight) [117]. The 

higher the intake of dietary taurine, the higher the hepatic taurine conjugation and the higher 

the availability of taurine for intestinal bacteria [118]. Excess of taurine is excreted with 

urine (average taurine concentration, 0.5-2.0 mM) [115, 119, 120]. 

Microbial taurine utilization  

Taurine is the most intensely studied sulfonate that can be utilized by bacteria and yeasts [3]. 

The most investigated pathways for microbial taurine degradation are sulfur assimilation, 

sulfur dissimilation, deamination, and the utilization as sole source of carbon (Fig. 2 and 

Appendix, Tables A2, A3).  

For its further utilization taurine needs to be taken up into the bacterial cytoplasm which is 

brought about by the ATP binding cassette transporters (TauABC) or TRAP (TauKLM) 

transporters. The TauABC-encoding genes have been detected in both environmental and 

commensal gut bacteria, such as Clostridium butyricum and Escherichia (E.) coli, indicating 

that TauABC may be the main transport system for microbial taurine uptake [3, 119, 

121-126]. 

Microbial taurine dissimilation, which involves the desulfonication of sulfoacetaldehyde, 

has been first described in 1973 [127, 128]. Subsequently, the sulfur moiety is reduced to 

sulfite by sulfoacetaldehyde acetyltransferase (Xsc) and directly exported by sulfite export-

ers (OrfX). Alternatively, sulfite is first oxidized to sulfate and then exported (TauZ) [122, 

124, 129]. Yet, the microbial taurine degradation pathways are diverse, but most of them 

still involve sulfoacetaldehyde as an intermediate. [122, 124, 130, 131].  

Sulfoacetaldehyde also serves as an intermediate in bacterial taurine-fermentation to H2S. 

While both gut and environmental bacteria release sulfite or sulfate from taurine, H2S for-

mation from taurine was observed especially in intestinal bacteria (Appendix, Tables A2, 

A3). Exceptions are marine bacteria, which are also able to convert taurine to H2S [132, 

133]. Gut bacteria convert sulfoacetaldehyde, arising from taurine degradation, to isethio-

nate as catalyzed by the glycal radical enzyme IseG / IslA, resulting in either a direct release 

of isethionate as in Bifidobacterium kashiwanohense PV20-2 or a further reduction to H2S 

by dissimilatory sulfite reductase (Dsr) [9, 134-137]. A common isethionate transporter in 

bacteria is IsfE [132]. Alternatively, H2S is released as end product of taurine fermentation, 

as described for Veillonellaceae 2C or B. wadsworthia 3.1.6 [9, 136-138]. The same path-

way, resulting in H2S formation has been detected in the intestinal bacteria Desulfovib-

rio sp. RZACYSA and B. wadsworthia RZATAU (DSM 11045) [8, 137, 139, 140]. More 

details about isethionate formation from taurine will be given in chapter 1.3.2.  

1.3.2 Isethionate 

Isethionate, the deaminated derivative of taurine, is present in squid axoplasm and red al-

gae (200 mM) in strikingly high concentrations, while mammalian tissues (1.5 - 4.8 mM) 

and urine (0.05 mM) contain much lower levels [141-145]. Intestinal bacteria, such as 

Klebsiella oxytoca and B. wadsworthia, (Appendix Tables A2, A3), are responsible for the 

conversion of taurine to isethionate, whereas mammalian tissues are not able to synthesize 
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isethionate by their own [9, 119, 132, 134, 136, 146-148]. Therefore, the concentration of 

intestinal isethionate seems to be linked to the intestinal taurine concentration and the pres-

ence of bacteria, able to convert taurine to isethionate.  

Another source of intestinal isethionate may be diet. For example, lentils (0.35 µmol/g), gin-

ger (< 0.005 µmol/g), onion (< 0.005 µmol/g) and garlic (0.13 µmol/g) contain isethionate. 

However, the fate of isethionate after ingestion is not known yet [146]. Moreover, isethionate 

can be found in hair shampoos, soap or in pharmaceuticals [149-151].  

Microbial isethionate utilization  

A high diversity of bacteria dissimilate isethionate to obtain energy for their growth. These 

include environmental and intestinal bacteria, both releasing the sulfite moiety of isethionate 

either as sulfate, sulfite or H2S (Figure 2, Appendix, Tables A2, A3). While the ability of 

sulfate and sulfite formation from isethionate seems to be evenly distributed among environ-

mental and intestinal bacteria, H2S formation is almost completely restricted to gut bacteria, 

such as B. wadsworthia and Desulfovibrio spp. [3, 9, 119, 121, 131, 132, 134, 136, 137, 139, 

152-166].  

There are two main pathways of microbial isethionate utilization. Firstly, released isethio-

nate is directly internalized and then reduced to sulfoacetaldehyde [131, 167]. Sulfoactelde-

hyde is converted to sulfate, which is reduced to sulfite and released by the TauE exporter 

[167]. The enzyme responsible for the conversion of isethionate to sulfoacetaldehyde (isethi-

onate dehydrogenase) is present in Paracoccus spp. and Ralstonia spp., indicating the im-

portance of this pathway especially in such environmental bacteria [131].  

Secondly, intestinal bacteria gain isethionate from internalized taurine (such as Klebsiella 

oxytoca TauN1 and B. wadsworthia) [148]. The sulfite moiety of isethionate is subsequently 

either released as sulfite, as described for Clostridium spp., or reduced to H2S by Dsr as 

found in B. wadsworthia and then released [3, 8, 119, 134, 136, 160].  

1.3.3 Cysteate 

L-Cysteate has first been recognized as a natural product in 1946, namely as component of 

weathering wool and spiders’ webs. However, since 1992 it is better known as an interme-

diate in the taurine biosynthetic pathway or as precursor and product of 3-sulfolactate, pre-

sent in bacterial spores (Fig. 2 and 3) [168-172].  

Biosynthesis of cysteate 

In mammals, L-cysteate is a common component of urine, plasma, and in the brain 

[173-175]. Though this sulfonate is a neurotransmitter in the central nervous system, its syn-

thesis in mammalians remains unclear [176, 177]. In the yolk sac of developing chicken, 

cysteate biosynthesis from L-cysteine and sulfite is catalyzed by cysteine lyase (EC 4.4.1.1) 

and coupled to the release of H2S, but this pathway does not seem to exist in mammalian 

tissue [178]. Similarly, its synthesis from PAPS and aminoacrylate was only identified 

in vitro, not in vivo [179, 180].  

More recent studies indicate that cysteate is not a mammalian product, but synthesized ex-

clusively by bacteria. In the phototroph Rhodospirillum rubrum, cysteate is a product of 

bacterial sulfate metabolism [181]. A biosynthetic pathway of cysteate from CSA as part of 
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taurine synthesis has been described for Proteus vulgaris OX19 (Fig. 3) [182]. Interestingly, 

cysteate has also been observed in Staphylococcus aureus and Bacillus subtilis, indicating 

its relevance in microbial metabolism [170, 183].  

The fate of dietary cysteate 

Dietary products, such as milk protein, contain cysteate. Therefore, diet may be a potential 

source of mammalian cysteate. However, the fate of ingested cysteate is not known yet [173, 

174, 184-187].  

Microbial cysteate utilization  

Cysteate can be utilized as sole source of carbon and energy, as electron acceptor (both by 

SRB), electron donor (by nitrate-reducing bacteria) or as substrate for fermentation (by 

SRB) [9, 139, 161-163, 165, 166, 188, 189]. Environmental and intestinal bacteria release 

the sulfite moiety of cysteate as sulfite, sulfate or H2S. The main product of environmental 

bacteria resulting from cysteate degradation is sulfate, while intestinal bacteria release H2S, 

indicating that cysteate contributes to the intestinal H2S pool.  

Environmental bacteria deaminate cysteate, which is subsequently desulfonated to 3-sul-

folactate and followed by a transient release of sulfite by the sulfite exporter CuyZ. However, 

most bacteria convert sulfite to sulfate before it is released by the sulfate exporter SuyZ [129, 

165, 172, 190-192]. 

The use of cysteate as growth substrate is also widespread among E. coli strains. For exam-

ple, an E. coli K-12 derivative contains an ABC-type uptake system (SsuABC) for cysteate 

and a monooxygenase system (SsuDE) for sulfite release [154, 193, 194]. Also, other Enter-

obacteriaceae (such as Klebsiella aerogenes, Desulfovibrio spp., B. wadsworthia) are able 

to utilize cysteate as the sole source of sulfur [9, 139, 156, 161-163, 195]. Interestingly, most 

of these bacteria finally released the sulfonate sulfur as H2S. [9, 139, 161-163, 195]. How-

ever, the majority of investigated intestinal strains were isolated from environmental or in-

direct sources originating from the intestine, similarly to taurine and isethionate utilizing 

bacteria (Appendix, Tables A2, A3).  

1.3.4 Coenzyme M 

CoM is present in all methanogenic archaea, acting as the terminal methyl carrier in meth-

anogenesis. [196].  

In humans, methanogens are present in the oral cavity, vagina, and the human gut [197-201]. 

As commensal human gut microorganisms, they are the main representatives of all intestinal 

archaea [202]. In the gut, methanogens colonize the small intestine, as well as the colon from 

the cecum to the rectum [24, 60, 203, 204]. Methanogens have been linked to disorders of 

the gastrointestinal tract, including IBD, colon cancer, and metabolic disorders linked to mi-

crobiota dysfunctions, such as anorexia and obesity and therefore make them an interesting 

topic in gastrointestinal research [205-210] 

Biosynthesis of CoM 

Studies indicate two different pathways for CoM biosynthesis in methanogens, involving 

either sulfolactate or cysteate as precursors [211]. Both reactions include sulfopyruvate as 

an intermediate. Sulfolactate is oxidized to the product by a sulfolactate dehydrogenase, 
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while cysteate is transaminated by L-aspartate and L-phosphoserine aminotransferases 

[212-214]. Subsequently, sulfopyruvate decarboxylase catalyzes the decarboxylation of sul-

fopyruvate to produce sulfoacetaldehyde [214]. Finally, CoM is predicted to be formed by a 

reductive thiolation reaction [211]. 

Microbial CoM utilization  

CoM is required for intestinal methanogenesis and therefore may play a major role in the gut 

microbial sulfonate metabolism. However, previous studies indicate that intestinal microor-

ganisms other than methanogens do not utilize CoM. Although bacteria, such as 

B. wadsworthia, were able to grow with sulfonates other than CoM [9, 161, 162, 164-166, 

216, 217]. The role of CoM in the gastrointestinal tract besides its role in methanogens re-

mains unclear until now.  

1.3.5 SQDG, SQ, DHPS and 3-sulfolactate 

SQDG 

SQDG were first isolated from a green alga, Chlorella vulgaris, and structurally identified 

in 1959 [217, 218]. The sulfolipids are characterized by the polar head group SQ containing 

a carbon-sulfur bond between its hexose and the sulfone group [218]. The sulfur-containing 

lipid is localized in the thylakoid membranes of chloroplasts, maintaining the integrity of the 

photosynthetic structures and the function of the thylakoid membrane [219, 220]. The total 

mass of biosynthesized SQDG has been estimated to be in the range of ten billion tons per 

year [219]. SQDG make up 4 - 7% of total leaf lipids and up to 66% of all polar lipids in 

marine plants and algae [221, 222]. Therefore, SQDG represent a large fraction of organic 

sulfur in the biosphere, indicating their crucial role in the global biogeochemical sulfur cycle 

[219]. Together with other sulfolipids, SQDG serve as a sulfur and carbon source for photo-

synthetic organisms, and for terrestrial and aquatic bacteria [220]. Besides SQDG, additional 

three types of lipids are present in the thylakoid membranes: monogalactosyl diacylglycerol, 

digalactosyl diacylglycerol, and phosphatidylglycerol [223, 224]. However, SQDG are the 

only sulfur-containing lipids [225].  

Biosynthesis of SQDG 

The metabolism of SQDG comprises complex biosynthetic and catabolic pathways. 

Whereas the sulfolipid synthesis has been extensively investigated in the last 60 years, the 

catabolism has been elucidated only in the last years. Synthesis of SQDG is a common pro-

cess in photosynthetic organisms, such as mosses, ferns and algae, but is also found in dia-

toms, dinoflagellates and in photosynthetic bacteria and proceeds in two reactions [218, 

227-229]. First, UDP-SQ synthase (SQD1) catalyzes the formation of UDP-SQ from 

UDP-glucose and sulfite and second, sulfoquinovosyltransferase (SQD2) transfers SQ to di-

acylglycerol, forming SQDG [230-232]. 

The fate of dietary SQDG 

SQDG are not only a common component of photosynthetic organisms, but are also present 

in the human diet. High levels are found in green leafy vegetables, such as spinach (824 µg/g 

dry weight) and parsley (450 µg/g dry weight), while lower levels are present in other veg-

etables, including potato (17 µg/g dry weight) and garlic (46 µg/g dry weight) [6, 7, 232]. 

The cyanobacterium Athrospira platensis, commercially known as Spirulina, contains a total 
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lipid fraction that varies from 3.4 to 29.5% dry weight, which in turn consists of 

11.4 ± 0.71% of SQDG [234-238]. 

To investigate the fate of ingested SQDG, [35S]SQDG was orally administered to guinea 

pigs and its degradation was monitored throughout the gut. Three hours after administration, 

1 - 5% of the radioactivity was detected as SQDG in the intestinal mucosa, while 60% was 

identified as sulfoquinovosylglycerol (SQG). Hence, it was concluded that a stepwise 

deacetylation of SQDG to SQG occurs in animal tissue [238].  

Microbial SQDG degradation  

Intestinal bacterial cultures are able to degrade SQDG in vitro. A bacterial sulfoquinovo-

sidase of E. coli (YihQ) hydrolyzes SQDG resulting in the release of its headgroup SQ [239]. 

Furthermore, the cleavage of fatty acids from SQDG by plant acylhydrolases leads to SQG, 

which in turn can undergo bacterial degradation to SQ by YihQ in E. coli [239, 240].  

SQ 

As the polar headgroup of SQDG, SQ is also a major component of the global sulfur cycle 

[241]. Half of all organosulfur in nature is estimated to be located in SQ [220, 242]. SQ is 

usually present in SQDG or is incorporated in N-linked glycans of some archaea, whereas 

its abundance as free sugar is scarce [244-247]. SQ is a derivative of D-glucose, in which 

the hydroxyl group at C-6 is replaced by a sulfonate group [220, 247]. Two catabolic path-

ways of SQ considered as variants of well-known glucose-degradation pathways have been 

identified in bacteria: The SQ Embden-Meyerhof-Parnas (SQ-EMP) pathway in E. coli K-12 

and the SQ Entner-Doudoroff (SQ-ED) pathway in Pseudomonas putida SQ1 [248, 249]. 

The first resembles the glycolytic EMP pathway and is therefore referred to as sulfoglycol-

ysis [249]. Interestingly, the SQ-ED pathway mainly proceeds in environmental bacteria, 

while the majority of commensal gut bacteria use the SQ-EMP pathway.  

Microbial SQ degradation  

Sulfoglycolysis enables E. coli to utilize SQ as sole source of carbon and energy. The first 

step is the isomerization of SQ to 6-deoxy-6-sulfo-D-fructose (SF) catalyzed by SQ isomer-

ase (YihS). SF is subsequently phosphorylated to 6-deoxy-6-sulfo-D-fructose 1-phos-

phate (SFP) by 6-deoxy-6-sulfofructose kinase (YihV), which is cleaved to dihydroxyace-

tone phosphate (DHAP) and (2R)-3-sulfolactaldehyde by 6-deoxy-6-sulfofructose-1-phos-

phate aldolase (YihT). Finally, (2R)-3-sulfolactaldehyde is reduced to DHPS by 3-sulfolac-

taldehyde reductase (YihU). While DHAP enters the carbon metabolism for energy conser-

vation, DHPS is excreted and utilized by other bacteria [249]. Sulfoglycolysis is controlled 

by a transcriptional regulator (CsqR) that inhibits the expression of sulfoglycolytic enzymes 

at low SQ concentrations [250]. Another member of Enterobacteriaceae, namely Citrobac-

ter sp., is able to convert SQ to DHPS. It was assumed that the degradative pathway is most 

likely the SQ-EMP sulfoglycolytic pathway, as in E. coli [251].  

The alternative SQ-ED pathway, in Pseudomonas putida SQ1, includes the following five 

enzymatic reaction steps: SQ is oxidized to 6-deoxy-6-sulfogluconolactone (SGL) by SQ 

dehydrogenase and afterwards hydrolyzed to 6-deoxy-6-sulfogluconate (SG) by 6-de-

oxy-6-sulfogluconolactone (SGL) lactonase. In the next step, SG is dehydrated to 

2-keto-3,6-dideoxy-6-sulfogluconate (KDSG) by SG dehydratase and then pyruvate and 

https://biocyc.org/compound?orgid=ECOLI&id=CPD-16501
https://biocyc.org/compound?orgid=ECOLI&id=CPD-16502
https://biocyc.org/compound?orgid=ECOLI&id=CPD-16502
https://biocyc.org/gene?orgid=ECOLI&id=EG11848-MONOMER
https://biocyc.org/compound?orgid=ECOLI&id=CPD-16503
https://biocyc.org/gene?orgid=ECOLI&id=EG11846-MONOMER
https://biocyc.org/gene?orgid=ECOLI&id=EG11846-MONOMER
https://biocyc.org/compound?orgid=ECOLI&id=CPD-16503
https://biocyc.org/gene?orgid=ECOLI&id=EG11847-MONOMER
https://biocyc.org/gene?orgid=ECOLI&id=EG11847-MONOMER
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3-sulfolactaldehyde (SLA) are formed by 2-keto-3,6-dideoxy-6-sulfogluconate (KDSG) al-

dolase. Finally, SLA is oxidized to 3-sulfolactate by SLA dehydrogenase, which is then ex-

ported [248]. Besides Pseudomonas putida, the nitrogen-fixing bacterium Rhizobium legu-

minosarum SRDI565 takes advantage of the SQ-ED pathway for the degradation of SQ, but 

DHPS was detected in addition to 3-sulfolactate [252]. Several other Pseudomonas strains 

utilize SQ as a substrate, but release sulfate or an undefined metabolite. No DHPS and / or 

3-sulfolactate were detected [241, 253]. Another bacterium, isolated from forest leaf 

mould (Agrobacterium sp. ABR2), releases the sulfite moiety of SQ as sulfate [241, 253]. 

DHPS and 3-SL 

Besides as an intermediate in microbial SQ degradation, DHPS has been linked to osmoreg-

ulatory functions in Sulfurimonas denitrificans and as metabolite of dinoflagellates and dia-

toms, such as in Thalassiosira pseudonana and Chaetoceros strains [250, 255-261]. Simi-

larly, 3-sulfolactate is a widespread natural product, which for instance is present in bacterial 

spores (5% of dry weight), indicating the importance of both sulfonates in bacterial metab-

olism [261, 262]. 3-Sulfolactate plays a role as an intermediate in CoM and cysteate biosyn-

thesis, and in cysteate degradation, which enables such bacteria to utilize the latter as sole 

source of carbon and energy (see above, 1.3.3 and 1.3.4, Fig. 2).  

Microbial degradation of DHPS and 3-sulfolactate by environmental bacteria 

The enzymatic pathway of DHPS degradation encoded in the hps gene cluster has been de-

scribed in Ruegeria pomeroyi, which was isolated from seawater: DHPS uptake (HpsKLM) 

and reduction to sulfite is catalyzed by sulfo-lyase (CuyA) [172, 263]. Another bacterial 

DHPS catabolic pathway is present in Cupriavidus pinatubonensis JMP134, isolated from 

soil [263]. This organism oxidizes internalized DHPS to 3-sulfolactate, which is subse-

quently cleaved to sulfite by CuyA. Subsequently sulfate release is presumed [251, 263]. 

Bacteria isolated from the environment degrade the 3-sulfolactate to sulfite and / or sulfate. 

The marine bacterium Roseovarius nubinhibens ISM degrades 3-sulfolactate by a bifurcated 

pathway, in which the sulfonate is taken up by a tripartite sulfolactate uptake sys-

tem (SlcHFG) and subsequently oxidized to 3-sulfopyruvate by a membrane-bound sulfolac-

tate dehydrogenase (SlcD). Sulfopyruvate is then transaminated to (S)-cysteate, which is 

desulfonated by CuyA, yielding sulfite. Sulfite is presumably exported by CuyZ [130, 172, 

251]. A similar pathway has been detected in the marine bacterium Silicibacter pomeroyi 

DSS-3 [190, 264]. The aerobe Chromohalobacter salexigens DSM 3043, isolated from a 

solar salt facility, also contains an SlcHFG uptake system, but sulfate and sulfite are released 

as end products [212, 266-268]. Furthermore, sulfolactate serves as an intermediate in anoxic 

cysteate degradation in Paracoccus pantotrophus NKNCYSA (DSM 12449) resulting in the 

release of sulfate [129, 165, 166].  

Microbial degradation of DHPS and 3- sulfolactate by intestinal bacteria 

Commensal gut bacteria release H2S from DHPS and / or 3-sulfolacate. For example, incu-

bation of DHPS with B. wadsworthia leads to H2S formation [140]. In a co-culture of Eu-

bacterium (E.) rectale DSM 17629 and B. wadsworthia 3.1.6 DHPS was formed as an inter-

mediate in SQ conversion to H2S. First, E. rectale converts SQ to DHPS, which is then uti-

lized by B. wadsworthia 3.1.6 and the sulfite moiety of DHPS is released as H2S. In addition, 
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a co-culture of E. coli and Desulfovibrio sp. DF1 degraded SQ via DHPS and 3-sulfolactate 

to H2S [1]. First E. coli converted SQ to DHPS taking advantage of the sulfoglycolytic 

SQ-EMP pathway, while D. sp. DF1 formed H2S from DHPS [251]. The latter reaction in-

volves 3-sulfolactate as an intermediate, which is formed after oxidation of DHPS by two 

NAD+-dependent dehydrogenases (DhpA, SlaB). 3-Sulfolactate is then cleaved to pyruvate 

and sulfite by a sulfolactate sulfite lyase (SuyAB). After reduction of sulfite by Dsr, H2S is 

released as end product [251]. 

Other gut bacteria, such as Clostridium spp. and Klebsiella sp. also degrade 3-sulfolactate, 

but the underlying enzymatic reactions and the released end products have not yet been in-

vestigated [3, 119, 129, 160]. However it can be summarized that environmental bacteria 

release either sulfite or sulfate from DHPS and / or 3-sulfolactate, while gut bacteria form 

H2S as an end product (Appendix, Tables A2, A3). 

 

1.4 Aim of the study 

This study aimed to clarify to which extent dietary sulfonates and their sulfonic metabolites 

can be utilized by intestinal bacteria enabling H2S production. Furthermore, it was investi-

gated whether sulfonates stimulate the growth of colitogenic bacteria, such as 

B. wadsworthia.  

Sulfonates, such as taurine, isethionate, cysteate and or SQDG, are part of the daily human 

diet by ingestion of meat, fish and leafy green vegetables and therefore might potentially 

reach the human gut. Evidence illustrates the ability of bacteria to degrade these sulfonates 

to other sulfonic metabolites, including CoM, SQ, DHPS, and / or 3-sulfolactate and further 

to H2S, indicating an important role of gut bacteria in intestinal sulfonate degradation. In 

addition, these sulfonates may contribute to the intestinal H2S pool. A bloom of the colito-

genic bacterium B. wadsworthia was associated to exacerbated colitis in IL-10-/- mice and 

H2S formation from taurine [8, 9]. However, the association of sulfonate conversion to H2S 

and growth of colitogenic gut bacteria is not well understood. Instead, most of the bacteria 

studied were isolated exclusively from either environmental source such as river sediment, 

soil or compost, or from indirect intestinal sources, including sewage sludge. Therefore, no 

direct link between sulfonate utilization by colitogenic bacteria and H2S formation in the 

human intestinal tract can be drawn yet.  

This thesis aims to demonstrate the ability of human intestinal bacteria to convert sulfonates 

to H2S using in vitro cultures of human fecal slurries and sulfonates under anoxic conditions. 

To assess inter-individual differences in H2S formation among the donors, human fecal slur-

ries were individually incubated with each one of the following seven sulfonates: taurine, 

isethionate, cysteate, CoM, SQ, DHPS, or 3-sulfolactate. To further unravel the intestinal 

sulfonate cycle and its link to the stimulation of pro-inflammatory bacteria such as 

B. wadsworthia (colitogenic effect), bacteria capable of H2S formation from sulfonates were 

isolated and identified. In addition, the impact of a SQDG-rich diet was assessed in conven-

tional mice fed a semisynthetic diet supplemented with 20% Spirulina, which is rich in 

SQDG. The fate of ingested SQDG was monitored along the whole gastrointestinal tract and 
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the overall impact on the murine health status and on the intestinal microbiota composition 

were investigated.  

The experiments were performed to address the following research objectives:   

• To identify human intestinal bacteria that contribute to the formation of H2S from 

dietary sulfonates and their sulfonic metabolites 

• To investigate the biochemical pathways that enable such bacteria to gain sulfite 

from dietary sulfonates and their sulfonic metabolites 

• To investigate the fate of sulfonates, such as SDQGs, after ingestion 

• To examine whether growth of colitogenic bacteria is stimulated by dietary SQDG, 

SQ and DHPS by contributing to the pool of endogenous sulfonated compounds such 

as taurine  
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2 MATERIAL AND METHODS 

 

Distilled water cleaned with the pure water system Ultra Clear (Siemens Water Technolo-

gies, Günsburg, Germany) was used as solvent, if not otherwise indicated. Sterile autoclaved 

solutions (120 °C, 15 min) were used for microbial and molecular biological experiments 

and analyses to prevent contamination, if not otherwise stated. 

2.1 Materials and bacterial strains 

2.1.1 Sulfonates 

Isethionate, CoM and cysteate were purchased from Sigma-Aldrich (Darmstadt, Germany), 

taurine and TC from Roth (Karlsruhe, Germany), SQ from MCAT (Donaueschingen Ger-

many), and DHPS and 3-sulfolactate from Enamine (Kyiv, Ukraine) or Chemspace (Riga, 

Latvia). 

2.1.2 Bacterial strains and growth conditions  

B. wadsworthia DSM 11045, Escherichia (E.) coli MG1655 (DSM 18039), Desulfovibrio 

(D.) desulfuricans DSM 642T, D. piger DSM 749T, D. simplex DSM 4141T and D. intesti-

nalis DSM 11275T were purchased from the Leibniz Institute DSMZ-German Collection of 

Microorganisms and Cell Cultures (Braunschweig, Germany).  

The purity of the cultures was tested based on their phenotype after streaking on Columbia 

blood agar plates (Biomérieux, Marcy-l’Étoile, France), and on cell morphology after Gram 

staining. The Columbia blood agar plates were incubated under anoxic conditions in an An-

aerocult anaerobic jar (Merck, Darmstadt, Germany) containing an AnaeroGen sa-

chet (Thermo Fisher Scientific, Schwerte, Germany), or under oxic conditions, both at 

37 °C. The identity of bacterial species was verified based on 16S ribosomal RNA 

(16S rRNA) gene sequencing (2.4.3). 

2.2 Human study 

2.2.1 Study design and study participants 

The human observational study was approved by the ethics committee of the University of 

Potsdam, Germany (no. 11/2016). The study comprised a one-time human fecal collection 

of approximately 20 ml. Healthy human subjects, who did not use antibiotics in the six 

months prior to the fecal sample collection were included. Exclusion criteria were intestinal 

diseases, intake of probiotics in the past 6 months, food intolerances, allergies, lactation 

and / or pregnancy. The participants were recruited at the German Institute of Human Nutri-

tion Potsdam-Rehbruecke (DIfE, Germany).  

2.2.2 Collection of fecal samples  

The participants collected the first fecal sample of the day using a feces catcher (Servoprax, 

Wesel, Germany) and immediately transferred three partial quantities of the sample to a fe-

ces tube containing a previous perforated lid (Sarstedt, Nürnbrecht, Germany). The fe-

ces-containing tube was immediately stored in a plastic container with an anaerobic sa-

chet (Thermo Fisher Scientific) to create anoxic conditions. Fecal samples were transported 
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within a maximum of 45 min to the DIfE by the participants, immediately stored at 4 °C 

upon arrival and processed within 2 h after sample collection.  

2.2.3 Processing of fecal samples 

To process the sample, the entire plastic container with the feces tube was transferred into 

an anaerobic chamber (Meintrup-Don Whitley Scientific, West Yorkshire, UK). Using a 

spatula, the fecal sample was suspended in sterile anoxic phosphate buffered saline (aPBS, 

pH 7.0, Appendix, Table A1) to a final concentration of 10% (w / v). Following the addition 

of 10 glass beads (2.85 - 3.45 mM, Roth), the suspension was homogenized by vortexing. 

The fecal slurries were transferred into Hungate tubes fitted with butyl rubber septa screw 

caps and further processed [269-271]. The residual fecal sample was stored in the fecal tube 

at -20 °C for short-term and -80 °C for long-term storage. 

2.2.4 Incubation of fecal slurries with sulfonates 

Fecal slurries (1%) from ten donors (D1 - D10) were individually incubated with sterile fil-

tered (syringe filter, 0.2 µM pore size, Sarstedt) taurine (20 mM), isethionate (20 mM), 

CoM (20 mM), cysteate (20 mM), SQ (4 mM), DHPS (4 mM), or 3-sulfolactate (4 mM) in 

aPBS (Appendix, Table A1) under anoxic conditions for 96 h at 37 °C. For this purpose, 

500 µl 10% prepared fecal slurries (2.2.3) and a single sulfonate were added to Hungate 

tubes containing 4.0 ml aPBS (Fig. 4A). Sterile filtered titanium(III) nitrilotriacetate (NTA, 

Appendix, Table A1, 3.18 mM) was added as reducing agent [271] and afterwards the final 

volume in the Hungate tubes was adjusted to 5 ml using aPBS. Two control incubations were 

included in each experimental series (Fig. 4B): First, 1% fecal slurries without sulfonates 

and second, each sulfonate without fecal slurries. Samples were taken at different points in 

time for the analysis of sulfonates with liquid chromatography-tandem mass spectrometry 

(LC-MS/MS) analysis (2.3.1) and for H2S quantification using the methylene blue 

method (2.3.5). SQ was also quantified with the dinitrosalicylic acid (DNS) method (2.3.2) 

and taurine with the 4-fluoro-7-nitrobenzofurazan (NBD-F) assay (2.3.3). Injection of addi-

tives into and collection of samples from the Hungate tubes were performed with sterile 

injection needles (Henry Schein, Berlin, Germany) flushed three times with N2/CO2 (80/20, 

v/v, %) to ensure anoxic conditions [269-271].  
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Figure 4: Experimental set-up of anoxic incubation of human fecal slurries (1%) with sulfonates. (A) Test incuba-

tions: Anoxic incubation of human fecal slurries from each donor (n = 10) for 96 h at 37 °C with one of these sul-

fonates: taurine, isethionate, cysteate, coenzyme M (20 mM each), sulfoquinovose, 2,3-dihydroxypropane-1-sulfonate, or 

3-sulfolactate (4 mM each). (B) Control incubations: Anoxic incubation of human fecal slurries without sulfonate or of 

each sulfonate without fecal slurries. All incubations were stored at 37 °C for 96 h. Graph elements were depicted with 

PowerPoint2019. 

2.2.5 Enrichment and isolation of sulfonate-utilizing gut bacteria 

Enrichment cultures of sulfonate-converting bacteria from human feces were set up with 

fecal slurries from one donor with one sulfonate with the aim to isolate and identify human 

fecal bacteria able to convert sulfonates to H2S. For the enrichment of taurine-, isethio-

nate- and 3-sulfolactate-utilizing bacteria, a 1% fecal suspension was prepared as described 

above (2.2.4). Instead of aPBS, a previously described base medium was used, which was 

modified (Appendix, Table A1) [272].  

Taurine-converting bacteria were enriched in parallel starting with fecal slurries from two 

donors (D0 or D1) containing one electron donor, either DL-lactate (L) or formate (F) (both 

40 mM), and taurine (20 mM) as electron acceptor. Furthermore, yeast extract (YE, 

3.5 mg/l) was added or excluded and a gas phase of either of N2/CO2 or H2/CO2 (80/20, v/v, 

%) was used. Enrichment cultures were incubated at 37°C and tested for H2S formation after 

48 h of incubation using the methylene blue method (2.3.5). Subcultures prepared with a 

1% inoculum of H2S-releasing cultures were defined as positive for sulfonate conversion. 

Seven transfers were performed, until taurine-converting bacteria were isolated from final 

enrichment cultures by streaking. 

The enrichment of isethionate- and 3-sulfolactate-converting bacteria started with fecal slur-

ries obtained from D10, two electron donors (formate and DL-lactate, 40 mM each), isethio-

nate (20 mM) or 3-sulfolactate (4 mM) as electron acceptor and a gas phase of 

N2/CO2 (80/20, v/v, %). Enrichment cultures were incubated at 37°C. Subcultures were pre-

pared from enrichment cultures positive for H2S formation. After three transfers, isethio-

nate- and 3-sulfolactate-converting isolates were obtained by streaking. 

To obtain SQ-converting isolates, a 10% fecal suspension obtained from feces of D1 was 

prepared in aPBS as described above (2.2.3) and subsequently centrifuged to eliminate fecal 

debris (500 x g, 4 °C, 5 min). The supernatant was pelleted (14,000 x g, 5 min, 4 °C) and the 
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pellet was washed twice (14,000 x g, 4 °C, 5 min) using a modified mineral salts me-

dium (MSM, Appendix, Table A1) [273]. A 2% fecal suspension in MSM supplemented 

with 4 mM SQ was incubated either under oxic conditions in test tubes closed with a 

loose-fitting cap while shaking (175 rpm) or under anoxic conditions in Hungate tubes with 

a gas phase of N2/CO2 (80/20, v/v, %). Control cultures contained fecal suspensions without 

SQ. Following three transfers to fresh medium and incubations, isolates were obtained by 

streaking. 

Pure cultures of sulfonate-converting bacteria were obtained by streaking diluted subcul-

tures (10-1 - 10-8) on Columbia blood agar plates (Biomérieux). The agar plates were incu-

bated anoxically in gas-tight jars containing sachets and / or oxically, both at 37 °C. Purity 

of cultures and morphology of bacterial cells were examined with Gram staining. Phyloge-

netic analysis of bacterial isolates was done based on 16S rRNA gene sequencing (2.4.3). 

Phenotypic characteristics including motility and presence of flagella were exam-

ined (2.2.9).  

2.2.6 Testing the ability of obtained bacterial isolates and relevant gut bacteria to con-

vert sulfonates  

Testing taurine- or 3-sulfolacate-utilizing isolates  

Pure cultures of fecal isolates capable of converting taurine or 3-sulfolactate to H2S, 

were grown for 4 d (taurine converter) or 24 h (3-sulfolactate converter) on Columbia blood 

agar plates under anoxic conditions at 37 °C. Afterwards modified base medium (Appendix, 

Table A1) was inoculated with cells and supplemented with lactate (taurine converter) or 

formate (3-sulfolactate converter) as electron donor (both 40 mM) and one sulfonate as elec-

tron acceptor and adjusted to an optical density at 600 nm (OD600) of 0.04. Cultures were 

incubated at 37°C for 96 h under strictly anoxic conditions with N2/CO2 (80/20, v/v, %) as 

a gas phase. Samples were taken every 24 h for the analysis of bacterial growth based on 

OD600 measurements and / or determination of the number of colony-forming units (CFU, 

2.2.12), for sulfonate conversion using LC-MS/MS analysis (2.3.1) and for H2S quantifica-

tion (2.3.5). Base medium solely containing the inoculum, without the addition of the tested 

sulfonate and vice versa were included as controls.  

Investigating sulfoquinovose conversion by fecal isolates  

SQ utilization under oxic and anoxic conditions by human fecal isolates was tested. Bacte-

rial cells were harvested from cultures grown on Columbia blood agar plates (Biomé-

rieux) (24 h, 37°C, oxic conditions) and suspended in MSM (Appendix, Table A1). MSM 

with or without NTA, respective for anoxic or oxic incubation, was supplemented with 

SQ (4 mM) and inoculated with 100 µl bacterial suspension to an OD600 of 0.1. Glu-

cose (4 mM) instead of SQ was used in parallel as positive control. Medium supplemented 

with SQ served as negative control. Cultures were grown at 37 °C for 70 h. Samples were 

taken at appropriate points in time for analysis of bacterial growth (OD600) and SQ conver-

sion (DNS method, 2.3.2 and LC-MS/MS analysis, 2.3.1). 
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Testing growth of relevant gut bacteria with sulfonates 

The capability of B. wadsworthia or SRB (D. simplexT, D. intestinalisT, D. desulfuricansT 

and D. pigerT) to convert sulfonates was tested. Bacterial growth conditions and the experi-

mental set-up were equal to those used for the taurine-utilizing isolates, as described above 

(2.2.6). Formate (40 mM) was used as electron donor for incubations with B. wadsworthia, 

and lactate (40 mM) for incubations with SRB. Modified basal medium (Appendix, Ta-

ble A1) containing sulfate (20 mM) instead of the taurine was used as a positive control in 

SRB-culturing experiments. B. wadsworthia cells were additionally enumerated using the 

Thoma chamber (2.2.11).  

Testing 3-sulfolactate and DHPS conversion by Escherichia coli strains 

To examine whether E. coli utilizes 3-sulfolactate or DHPS, E. coli MG1655 and human 

fecal isolated E. coli strains were individually cultivated with each sulfonate in modified 

base medium (Appendix, Table A1). Growth conditions and the experimental set-up were 

the same as used 3-sulfolactate-converting isolates, as described above (2.2.6). 

Co-culturing of a sulfoquinovose-converting isolate with B. wadsworthia  

The human fecal isolate SQ6, found to convert SQ to DHPS, and B. wadsworthia capable of 

degrading DHPS to H2S were co-cultured to investigate whether SQ is completely converted 

to H2S. The co-culture was compared to single cultures. The experiment was done in Hun-

gate tubes as described above for incubation of B. wadsworthia as single culture (2.2.6). 

Bacterial cell numbers were determined with quantitative real-time polymerase chain reac-

tion (qPCR) (2.4.4).  

2.2.7 Examination of the metabolism of taurine-converting isolates  

The following three growth conditions were tested for the taurine-converting isolate 

Tau1: Na2SO4 (Riedel de Häen, Seelze, Germany) with succinate (Fluka), Na2SO3 (Merck) 

with lactate or NaNO3 (Sigma-Aldrich) with lactate (20 mM each). Bacteria were grown un-

der anoxic conditions at 37 °C in a previously described basal freshwater medium (pH 7.0) 

[195], which was modified due to unexpected precipitation (Appendix, Table A1). The in-

oculum was obtained by streaking on Columbia blood agar plates (Biomérieux) as described 

in 2.2.5. Samples were taken at 0 h and 48 h for the analysis of bacterial growth (OD600 and 

the CFU number, 2.2.12), and of the metabolites H2S and nitrite. H2S formation was exam-

ined using the methylene blue method (2.3.5) and nitrite formation using the Griess Reagent 

System (Promega, Walldorf, Germany) according to the manufacturer’s instructions. 

The Griess reaction is based on a colorimetric reaction using sulfanilamide and N-(1-naph-

thyl)ethylenediamine forming a pink-magenta azo compound in an acidic environment, 

which was determined at 540 nm. 

2.2.8 Test for bacterial motility  

Cultures grown on Columbia blood agar plates (24 - 48 h, Biomérieux) were gently touched 

with a loopful of sterile 0.15 M NaCl and transferred to a drop of NaCl on a slide. The 

preparation was sealed with a coverslip and microscopically examined for motility at a 

1000 x magnification (Eclipse E600, Nikon, Düsseldorf, Germany). 
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2.2.9 Flagella staining  

Motile bacterial preparations (2.2.8) were kept for 10 - 20 min at room temperature (RT) 

until approximately 30% of the cells attached to the cover slip. Subsequently, two drops 

RYU flagella stain (Appendix, Table A1) [274] were gently applied to the edge of the co-

verslip, allowing it to mix with the cell suspension. The cultures were immediately examined 

for the presence of flagella at a 1000 x magnification. 

2.2.10 Catalase test 

Catalase positive bacteria catalyze the depletion of hydrogen peroxide (H2O2) to O2 and 

H2O. Catalase activity was tested from bacterial cells grown for 24 - 48 h on Columbia blood 

agar plates (Biomérieux). Grown bacterial cells were transferred with a sterile loop to a mi-

croscopic slide and covered with a H2O2 (3%) solution (Biomerieux). Development of bub-

bles confirmed catalase activity.  

2.2.11 Quantification of bacteria with the Thoma cell counting chamber 

Bacterial cells were enumerated using a Thoma cell counting chamber (hemocytometer, per 

large square a depth of 0.1 mm, surface of 4.0 × 10-2 mm2, and a volume of 4.0 × 10-3 mm3). 

A volume of 3 µl cell suspension was drawn under a coverslip by capillary action and cells 

present in four of the large squares were microscopically enumerated (Eclipse E600, Ni-

kon, Germany) at a 400 x magnification. Cell suspensions were diluted or concentrated if 

required. Cell number per ml was calculated with the following equation:  

Cell number/ml = [(cell number of four large squares × dilution factor) × 625] × 103          (Eq. 1) 

2.2.12 Enumeration of bacterial colony-forming units 

Enumeration of viable bacteria was performed based on the quantification of CFU using the 

drop plate technique [275]. For this, serial dilutions (10-1 to 10-8) of the samples were pre-

pared in aPBS (Appendix, Table A1) containing 2.5% agar. Afterwards, 50 µl diluted sus-

pension was plated on Columbia blood agar plates (Biomérieux) and incubated for 4 d at 

37 °C under anoxic conditions in an anaerobic chamber. The number of colonies was deter-

mined using a binocular and the cell number is expressed as log10 CFU ml-1.  

2.3 Biochemical and analytical methods  

2.3.1 Quantification of sulfonates based on LC-MS/MS analysis 

For sulfonate quantification, samples were diluted in acetonitrile as follows: Samples col-

lected in the experiments described under 2.2.7 (Investigating sulfoquinovose conversion by 

fecal isolates) were diluted 1:5,000. All other samples were diluted 1:10,000. The four sul-

fonates taurine, isethionate, SQ and DHPS were determined simultaneously with 

LC-MS/MS analysis and multiple reaction monitoring (MRM) at the Helmholtz-Zentrum 

Umweltforschung (UFZ, Leipzig), as previously described [276]. Sulfonates were analyzed 

in negative ionization mode with chosen transition mass of 124 Da to 81 Da for taurine, 

125.3 Da to 107 Da for isethionate, 243 Da to 123 Da for SQ and 155 Da to 95 Da for DHPS. 

Diluted samples were injected into an Ultimate 3000 high performance liquid chromatog-

raphy (HPLC) (Dionex, Sunnyvale, USA) and separated on a BEH amide column (2.1 × 

100 mM, 1.7 µM; Waters, Milford, USA). The column temperature was set at 60 °C and the 



MATERIAL AND METHODS 

23 

 

flow rate was 0.5 ml/min. The elution solvents used were (A) 0.1% formic acid in water 

and (B) 50% acetonitrile/0.1% formic acid in water. The following gradients were used: 

2 min at 80%, linear gradient of 3 min to 50%, which was held for 2 min, and increased to 

80%, which was held for 3 min. The eluted sulfonates were analyzed inline on a QTRAP 

5500 (AB Sciex, Framingham, USA). Data acquisition and peak picking were performed 

using the Analyst software (Version 1.6.2, AB Sciex). For quantification, a calibration curve 

was generated for each sulfonate by spiking a human fecal matrix solution with the sulfonate 

at nine concentrations ranging from 1 ng/ml to 600 ng/ml. The fecal matrix solution was 

prepared from 1% fecal slurries (2.2.4) containing 3.18 mM NTA (Appendix, Table A1). 

Subsequently, fecal slurries were centrifuged (14,000 x g, 4 °C, 5 min) and the supernatant 

serially diluted with 50% acetonitrile and 0.1% formic acid in water to obtain a final dilution 

of either 1:5000 or 1:10,000. Calibration curves gave a linear response for isethio-

nate (R2 = 0.9985) and SQ (R2 = 0.9989), while DHPS (R2 = 0.9997) and tau-

rine (R2 = 0.9994) were characterized by a non-linear response. The regression equations 

and concentrations of sulfonates were determined using inhouse-written R-scripts [277]. 

Limits of sulfonate quantification in LC-MS/MS analysis 

All samples were diluted 1:10.000 or 1:5000 with 50% acetonitrile in water before analysis 

due to a reduced reliability of measurements for samples with a lower or higher dilution. 

Dilutions lower than 1:5.000 indicated interference of a medium constituent, which could 

not be identified. Higher sample-dilutions ranged outside of the generated calibration curves.  

Accuracy of the method was assessed as described in Haange et al. [276]. Mean recovery of 

the sulfonates was tested and acceptable at 25, 50 or 100 ng/ml for all sulfonates, except 

isethionate whose recovery was slightly outside the acceptable values for 100 ng/ml. In-

tra- and inter-day precision was assessed with multiple measurements.  

Relative standard deviations were < 5%, except for cysteate at 25 ng/ml, indicating a very 

high precision of the measurements (Haange et al., [276]). The collected samples were ana-

lyzed within 2 - 3 weeks. Sulfonates diluted in 50% acetonitrile and stored at -80°C were 

stable for one month. Accuracy of sulfonate quantification was largely decreased when di-

luted samples were stored for extended time periods before analysis. 

2.3.2 Quantification of sulfoquinovose and glucose based on colorimetric determina-

tion 

SQ and glucose were quantified with the DNS method as previously described [279-281]. 

DNS reacts with reducing sugars under influence of heat (100 °C) to 3-amino-5-nitrosali-

cylic acid, which strongly absorbs light at 540 nm. Samples were centrifuged (14,000 x g, 

5 min, 4 °C) and 100 µl supernatant was stored at -20 °C until further analysis. For analysis, 

50 µl supernatant was mixed with 50 µl reagent, subsequently incubated for 15 min at 

100 °C and afterwards cooled down to RT. Absorbance was determined at 540 nm. SQ 

and glucose standard solutions were applied in the linear range of 1 to 10 mM.  

2.3.3 Taurine quantification with fluorometric determination  

Taurine was quantified based on its derivatization with the fluorescent reagent NBD-F [281]. 

Supernatant of centrifuged samples (14,000 x g, 5 min, 4 °C) was stored at -20 °C for further 

analysis. For quantification, the supernatant was thawed, centrifuged (20,800 x g for 10 min 
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at RT), and diluted 1:40 with the respective medium. Ten µl were transferred into brown 

plastic tubes, mixed with 20 µl acetonitrile, 70 µl borate buffer (0.05 M sodium tetraborate, 

pH 9.5) and 100 µl NBD-F (Merck, 1 mM). After incubating the samples for 3 min at 70 °C, 

they were analyzed at an excitation wavelength of 470 nm and an emission wavelength of 

530 nm. Taurine standard solutions were prepared in the linear range of 0.1 to 1 mM with 

an absorbance ranging from 6 ×103 to 9 ×103 AU.  

2.3.4 Analysis of taurocholate deconjugation with thin-layer chromatography 

The deconjugation of TC by bacteria was analyzed with thin-layer chromatography [282]. 

Silica gel coated aluminium sheets (TLC Silica gel 60, Merck) were used as stationary 

phase. Supernatants (14,000 x g, 5 min, 4 °C) of bacterial cultures incubated with TC were 

stored at -20 °C for further analysis. For analysis, 50 µl thawed samples was lyophi-

lized (Christ alpha 1-4, Loc-1m), dissolved in methanol and centrifuged (4,000 x g, 10 min, 

RT). Afterwards, 3 µl supernatant was analyzed using 1-butanol/acetic acid/water as mobile 

phase (100:10:10, v/v/v). Subsequently, the plate was soaked in 5% sulfuric acid in ethanol 

and heated for 10 min at 110 °C. Sodium taurocholate (Roth) and sodium cho-

late (Sigma-Aldrich) (both 20 mM) were used as standards.  

2.3.5 Quantification of H2S using the methylene-blue method 

H2S was determined with the methylene blue method [283]. The analysis is based on the 

formation of methylene blue by the reaction of stabilized H2S (zinc sulfide, ZnS) with 

N,N-dimethyl-p-phenylenediamine and a Fe3+ solution in an acidic environment [283, 284]. 

A volume of 250 µl sample was immediately added to a mixture of 5 µl zinc acetate (0.27 

M) and 25 µl NaOH (100 mM). If required, samples were diluted (1:2 to 1:200) in water. 

Twenty µl reagent containing N,N-dimethyl-1,4-phenylenediamine hydrochloric acid 

(Fluka, 0.017 M), and FeCl3 (Riedel-de Haën, 0.022 M) dissolved in 18.5% hydrochloric 

acid was added. Samples were vortexed, incubated for 20 min at RT, and centri-

fuged (12,000 x g, 3 min, RT) to limit interference by bacterial or fecal material with the 

colorimetric detection [285]. Formed methylene blue was detected at 670 nm. Standards 

were prepared in a range of 40 to 200 µM with sodium sulfide (Na2S) from a stock of anoxic 

500 µM Na2S stored in a rubber septum bottle (N2/CO2, 80/20, v/v). 

Limits of detection for H2S measurement 

Since Fischer et al. introduced the methylene blue method for determination of H2S, the 

method has been widely used and modified depending on the sample type [285, 286]. The 

method has also been used to study H2S formation in fecal samples [285]. However, in the 

present study the amount of H2S observed during incubation of 3-sulfolactate with human 

fecal slurries were higher than the concentration of the initially added sulfonate (Fig. 8C). 

Interference of the human gut microbiota or the sulfonate itself with the medium could be 

excluded, as the addition of both as separate control incubations did not reveal H2S formation 

during control incubations in any of the tested donors. Therefore, the reasons for the high 

H2S concentrations observed in incubations with 3-sulfolactate could not be clarified. It may 

be concluded that the methylene blue method rather allows qualitative than quantitative H2S 

measurements.  
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2.3.6 Calculation of the growth rate and the doubling time of bacterial cultures 

The growth rate (r) and the doubling time (td) were both calculated using growth curves of 

bacterial cultures and plotting the growth (OD600) vs. time:  

r = 2.303 (lgOD2− lgOD1) / (t2 - t1)                (Eq. 2) 

td = ln2 / r                        (Eq. 3) 

OD1, OD2, t1, and t2 represent the OD600 values and points in time, respectively, of the be-

ginning (OD1, t1) and the end (OD2, t2) of the exponential growth phase. 

2.4 Molecular methods 

2.4.1 DNA extraction from bacterial cells, PCR and gel electrophoresis 

Bacterial cell pellets were obtained by centrifugation (9,300 x g, 3 min, RT) of bacterial liq-

uid cultures collected at the end of the exponential growth phase. To avoid interference dur-

ing DNA extraction, cultures were filtered (filter paper, 150 mM diameter, Ma-

cherey-Nagel). Genomic DNA was isolated from bacteria with the RTP Bacteria DNA Mini 

Kit (Stratec, Berlin, Germany) according to the manufacturer’s instructions and was eluted 

with 50 µl elution buffer. The DNA concentration was determined photometrically at 260 

nm (NanoDrop ND-1000, Peqlab, Germany) before storage at 4 °C. Genomic DNA was am-

plified with polymerase chain reaction (PCR) using a peqSTAR Thermocycler (Peqlab, Ger-

many) (Table 1, Appendix Table A4).  

For visualization, PCR products were diluted 1:5 with indicated loading buffer and separated 

electrophoretically on an agarose gel (Serva, Germany) prepared with 1 x TRIS-ace-

tate-EDTA buffer (TAE buffer, Appendix, Table A1) at 80 - 95 V for 25 - 40 min in a hori-

zontal electrophoresis chamber (Biometra). Gel imaging was done with the G:BOX F3 gel 

doc system and the GeneSys software version 1.5.2.0 (Syngene, UK).  
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Table 1: Primer sequences used for PCR. All primers were synthesized by Eurofins genomics.  

Target (amplicon 

size in bp) 
Primer sequence References 

16S rRNA (1465) 

27-F: 5’-AGA GTT TGA TCC TGG CTC AG-3’* 1492-R (modified)[287]  

338-R: 5’-GCT GCC TCC CGT AGG AGT-3’** [288], also referred as 355-R[289] 

968-F: 5’-AAC GCG AAG AAC CTT AC-3’*** [290] 

1401-R: 5’-CGG TGT GTA CAA GAC CC-3’**** [291] 

1492-R: 5’-TAC CTT GTT ACG ACT T-3’* 1492-R (modified) [287] 

dsrAB (649) 
F: 5’-CCA ACA TGC ACG GYT CCA-3’ 

R: 5’-ACG AGC AGC GAA CCC ATC-3’ 

[9, 292] and self-designed 

yihS (332) 
F: 5’-ACG CGG TGG AAG CTT TCT TGA T-3’;  

R: 5’-CAC GGT GGC GTT AAA CAG ACC TT-3’ 

[249] 

yihQ (2032) 

F: 5’-AGC GGC TCT TCA ATG GAT ACG CCA 

CGT CCA CAGT-3’; 

R: 5’-AGC GGC TCT TCT CCC GAT GCT TTT 

TAA CGA CGC GAA-3’ 

Self-designed 

RAPD M13-core  F: 5’-GAG GGT GGC GGT TCT-3’ [293] 

E. coli K12 

strains (970) 

F: 5’-CGC GAT GGA AGA TGC TCT GTA-3’ 

R: 5’-ATC CTG CGC ACC AAT CAA CAA-3’ 

[294] 

E. coli (212) 
F: 5’-CCA GGC AAA GAG TTT ATG TTG-3’ 

R: 5’-GCT ATT TCC TGC CGA TAA GAG A-3’ 

[295] 

E. albertii (393) 
F: 5’-GTA AAT AAT GCT GGT CAG ACG TTA-3’ 

R: 5’-AGT GTA GAG TAT ATT GGC AAC TTC -3’ 

[295] 

E. fergusonii (575) 
F: 5’-AGA TTC ACG TAA GCT GTT ACC TT-3’ 

R: 5’-CGT CTG ATG AAA GAT TTG GGA AG-3’ 

[295] 

16S rRNA 

B. wadsworthia (239) 

F: 5’-AAG TCC TTC GGG GCG AGT AA-3’ 

R: 5’-ATC CTC TCA GAC CGG CTAC-3’ 

[296] 

2.4.2 Visualization of the RAPD fingerprint 

Random amplification of polymorphic DNA (RAPD) uses short PCR primers (8 - 15 nucle-

otides), annealing to random regions of the microorganism’s genome. This results in 

strain-specific heterogeneous DNA products and generates complex band patterns [297]. 

Characterization of bacterial isolates at strain level was assessed with RAPD using the 

M13-core primer. PCR was performed as described in 2.4.1.  

2.4.3 Identification of bacteria based on 16S rRNA and dsrAB gene sequencing  

For identification of bacterial isolates, DNA was extracted and PCR performed as described 

in 2.4.1 targeting the sequences of the 16S rRNA gene and dsr gene subunits (dsrAB). 

PCR products were purified with the Wizard SV gel and PCR Clean-Up System as described 

in instructions, but DNA was eluted with 30 µl water. PCR products were sequenced by 

Eurofins genomics (Ebersberg, Germany). Obtained 16S rRNA gene amplicons were assem-

bled with SnapGene 5.1.4.1 (GSL Biotech, San Diego, CA, U.S.A.) and subsequently 

aligned to sequences of the 16S rRNA sequences database using the Basic Local Alignment 

Search Tool algorithm of Nucleotides (BLASTn) [298]. For the identification of the bacteria, 

the first ten results of BLASTn were included.  

2.4.4 Quantification of bacteria with real-time PCR  

In single bacterial incubation and co-culturing experiments investigating the conversion of 

sulfonates, cell numbers of B. wadsworthia were determined with qPCR. For that purpose, 

the DNA of B. wadsworthia from the incubation experiments was extracted with the RTP 
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Bacteria DNA mini Kit (Stratec), as described in 2.4.1. From cells collected during co-cul-

turing, DNA was extracted with the RTP pathogen Kit (Stratec) using a modified protocol. 

Briefly, bacterial cell pellets were obtained through centrifugation (14,000 x g, 5 min, 4 °C) 

and resuspended in 400 µl resuspension buffer. After agitating the sample twice, the protocol 

of the manual was followed to the DNA binding step by centrifugation at 13,400 x g for 

8 min at RT. The filter was washed (first wash: 14,000 x g, RT, 5 min; second 

wash: 14,000 x g, RT, 5 min) and the DNA was eluted in 50 µl elution buffer.  

Cell numbers were determined using primers specifically targeting the 16S rRNA gene se-

quence of B. wadsworthia (F: 5’-AAG TCC TTC GGG GCG AGT AA-3’; R: 5’-ATC CTC 

TCA GAC CGG CTAC-3’, [292]). For the qPCR reaction, 0.33 µM of each primer, 0.475 µl 

DEPC (diethylpyrocarbonate)-treated water (Merck), 2.5 µl QuantiNova SYBR green mas-

ter mix, and 0.025 µl ROX reference dye (Qiagen, Hilden, Germany) were mixed with 

100 ng/µl extracted DNA. For qPCR run and analysis, the Viia™ 7 -Real-Time PCR Sys-

tem (Applied Biosystems, Waltham, Massachusetts, USA) with the QuantStudioTM 

Real-Time PCR Software v1.3 (Thermo Fisher Scientific) was used. The qPCR program was 

performed as follows: heating at 50 °C for 2 min, polymerase activation at 94 °C for 4 min, 

35 cycles of denaturation at 94 °C for 15 s and annealing and elongation at 53.5 °C for 30 s, 

followed by 95 °C for 15 s and a melting curve analysis from 60 to 95 °C. Bacterial cells 

were determined using standards of extracted DNA ranging from 103 to 108 cells. The vol-

ume of a bacterial culture containing 108 cells was determined based on the cell concentra-

tion determined with a Thoma cell counting chamber (2.2.11) and pelleted by centrifuga-

tion (14,000 x g, 5 min, 4 °C). The DNA was extracted from cell pellets (2.4.1) and the cal-

ibration curves were prepared using serial dilutions. Specificity of amplicons was analyzed 

by melting curve comparison.  

2.5 Animal study 

2.5.1 Housing conditions  

The animal experiment was approved by the Animal Welfare Committee of the State of 

Brandenburg (approval no. 2347-10-2016 and G-01-16-GAMI). Conventional male, 

10 – 12 - weeks old C57BL/6J mice bred under specific pathogen-free (SPF) conditions in 

the animal facility of the DIfE were used. Mice were kept in a 12 h light-dark cycle at 22 ± 

2 °C and 55 ± 5% air humidity in individually ventilated cages. 

2.5.2 Experimental design 

In order to acclimatize to the housing conditions, 8 - 10-week old mice were single-housed 

two weeks prior to study start (points in time: -14 to 0 d). At the same time, diet was switched 

from a standard chow diet (complete diet for rats and mice V1534, 10 mM pellets, Ssniff, 

Soest, Germany) to a semisynthetic diet (control diet, CD) (Table 2), which was irradi-

ated (50 kGy, Synergy Health Radeberg, Radeberg, Germany). At the start of the experi-

ment (point in time: day 0), mice were randomly allocated into two groups (n = 18 

per group): the intervention group was fed CD supplemented with 20% Spirulina powder 

(Spirulina diet, SD) (Table 2), whereas the control group continued to receive CD. The diets 

were isocaloric and administered ad libitum for three weeks. Drinking water was autoclaved 

twice and applied ad libitum. Twice a week, water and dietary intake were measured, body 
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weight was determined and fecal samples were collected. After three weeks of intervention, 

mice were killed subsequently to exposure to isoflurane. Blood was collected from the portal 

vein into sterile microvettes (Sarstedt) rinsed with dipeptidyl peptidase-IV inhibi-

tor/EDTA (1:1), and from heart blood into sterile EDTA-coated monovettes (Sarstedt). The 

blood was centrifuged (2,000 x g, 10 min, 4 °C), the plasma snap frozen in liquid nitrogen 

and stored at -80 °C until further analysis. Blood-glucose concentrations were determined in 

thawed samples with a blood glucose meter (Contour XT device, Bayer, Leverkusen, Ger-

many) using Contour NEXT test sensors (Bayer) according to the manufacturer’s instruc-

tions. Liver, mesenteric lymph nodes, kidney, heart, spleen, gallbladder, epididymal white 

adipose tissue (eWAT), mesenteric white adipose tissue (mWAT), subcutaneous white adi-

pose tissue (sWAT), perirenal white adipose tissue (pWAT), and the quadriceps femoris 

muscle were collected, weighted, frozen in liquid nitrogen and stored at -80 °C. The apex of 

the hepatic left lateral lobe and a part of the mWAT were fixed in 4% paraformalde-

hyde (Roth) for 20 - 24 h (liver) or 16 h (mWAT) at RT and embedded in paraffin for histo-

logical analysis (2.5.9). Small intestinal, colonic and cecal contents were collected and 

stored at -20 °C. Mucosa was scraped from the small intestine and from the colon. Small 

intestinal samples were separated in duodenal (7 cm distal from the pyloric sphincter), jeju-

nal (residual part) and ileal (7 cm proximal from the ileocecal valve) sections. The mucosa 

was snap-frozen in liquid nitrogen and stored at -80 °C. The surface of stomach and caecum 

as well as the lengths of small intestine and colon were determined. 

 

For the analysis of cell wall integrity of Spirulina before and after digestion, samples of 

freeze-dried Spirulina powder, SD or feces of SD-fed mice collected at day 20 were homog-

enized with water by vortexing. The suspensions were microscopically examined at a 

1000 x magnification (Eclipse E600, Nikon, Düsseldorf, Germany) and microscopic pic-

tures were taken using Lucia G software version 4.51 (Laboratory Imaging, Praha, Czech 

Republic).  

Table 2: Composition of diets used for the animal experiment.  

Ingredient (Supplier) 
Control 

diet (CD) (g/kg) 

Spirulina 

diet (SD) (g/kg) 

Casein (Bayerische Milchindustrie, Landshut, Germany) 200.0 71.2 

Wheat starch (Kröner, Ibbenbüren, Germany) 564.0 527.0 

Sunflower oil (Gut & Günstig, Edeka, Hamburg, Germany) 35.0 24.7 

Palm kernel fat (Palmin, Peter Kölln, Elmshorn, Germany) 9.0 6.4 

Linseed oil (Kunella, Cottbus, Germany)  6.0 4.2 

Cellulose (J. Rettenmeier und Söhne, Rosenberg, Germany) 50.0 43.0 

Vitamin mixture (C1000, Altromin, Lage, Germany) 20.0 20.0 

Mineral mixture (C1000, Altromin) 60.0 48.0 

Choline bitartrate (Altromin) 2.5 2.5 

L-Cysteine (Altromin) 3.0 3.0 

Maltodextrin (Altromin) 50.0 50.0 

Spirulina Premium + powder (Institute for Food and Environ-

mental Research, ILU, Nuthetal, Germany) 
0 200.0 

https://www.laboratory-imaging.com/
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2.5.3 Preparation of gut contents for sulfonate quantification 

Murine gut contents and feces were homogenized in 50% acetonitrile (1:20, w/v) by shak-

ing (Uniprep Gyrator-24, UniEquip, Martinsried, Germany) and centrifuged (14,000 x g, 

5 min, 4 °C). The supernatant was diluted with 50% acetonitrile (1:10,000), transferred to 

HPLC vials and frozen at -80 °C. Vials were send on dry ice to the Helmholtz-Zentrum 

Umweltforschung (UFZ, Leipzig) for sulfonate quantification with LC-MS/MS analy-

sis (2.3.1). 

2.5.4 Analysis of microbiota composition in cecal contents and feces based on 

16S rRNA gene sequencing 

A total of 1 - 3 mouse droppings collected at day 0 or 16, or a maximum of 250 µl cecal 

content was transferred to DNAse-free tubes containing 600 µl stool DNA stabi-

lizer (Stratec). Samples were frozen at -20 °C and send on dry ice for DNA extraction and 

16S rRNA gene sequencing to the ZIEL Core Facility Microbiome/NGS at the Technical 

University of Munich, Germany. The V3 and V4 regions of the 16S rRNA gene were se-

quenced using the Illumina technology as previously described [299]. Sequences were ana-

lyzed using the Integrated Microbial Next Generation Sequencing (IMNGS) platform [300] 

and the Rhea software [301]. Alpha-diversity (α-diversity) was estimated using the Shan-

non-Wiener index, the Simpson index, the number of observed species (OTUs), the richness 

and the evenness of each sample. It refers to the species richness and evenness within one 

habitat, which is in this case one murine sample [302, 303]. The Beta-diversity (ß-diversity) 

was visualized with Non-metric Multidimensional Scaling (NMDS) plots and with a Gener-

alized UniFrac approach. [304, 305]. It describes the spatial differences of microbiota com-

position among the animals [306].  

2.5.5 Enumeration of sulfonate-converting bacteria in cecal contents and feces   

DNA of murine feces and of cecal contents was extracted with the PSP Spin Stool DNA 

Kit (Invitek Molecular, Berlin, Germany) as described by the manufacturer. Cells were 

quantified with qPCR as described in 2.4.4 using standards of extracted DNA based on feces 

of germfree mice spiked with cell pellets containing 103 - 108 cells of B. wadsworthia or 

105 - 109 cells of E. coli. Therefore, aliquots of bacterial cultures containing 108 

B. wadsworthia or 109 E. coli cells were centrifuged (14,000 x g, 4 °C, 5 min) and pellets 

were spiked with 50 mg feces from germfree mice. Calibration curves were then prepared 

by serial dilutions.  

2.5.6 Quantification of gene copy numbers in feces and cecal contents 

DNA from murine feces and cecal contents was extracted (2.5.5). Gene-expression levels of 

dsrA and yihS were quantified with qPCR as described in 2.4.4 using dsrA primer (expected 

amplicon 270 bp; F: 5’-CCA ACA TGC ACG GYT CCA-3’; R: 5’-CGT CGA ACT TGA 

ACT TGA ACT TGT AGG-3’[9, 292], Eurofins Genomics) and yihS primer (expected am-

plicon 332 bp; F: 5'-ACG CGG TGG AAG CTT TCT TGA T-3’; 

R: 5'-CAC GGT GGC GTT AAA CAG ACC TT-3’, [249], Eurofins Genomics). 
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2.5.7 Macronutrient analysis (Weender analysis) of diets  

Aliquots of 250 g CD and SD were quantified for their water content, crude ash, raw fibers, 

raw protein, raw fat, and N-free substances at the Agrolab LUFA (Kiel, Germany). The wa-

ter content was determined by weighing samples before and after heating them at 103 °C for 

4 h. To examine the inorganic compounds of the diet (crude ash consisting of trace ele-

ments), the samples were afterwards heated at 550 °C. At this high temperature all organic 

compounds are burned, while inorganic compounds remain. Raw protein, lipids and fibers 

and N-free substances were obtained from the organic fraction.  

2.5.8 Analysis of diet digestibility  

Fecal samples collected at day -5, 2, 6, and 13 were pooled per group for each point in time 

and freeze dried (Alpha 1-4, Christ, Osterode, Germany). The amount of consumed diet and 

excreted feces per day was calculated. The energy content of the diet and feces was deter-

mined with bomb calorimetry (IKA-Kalorimetriesystem C5003, IKA-Werke, Staufen, Ger-

many). Diet digestibility and digestible energy were calculated using the following equa-

tions: 

Diet digestibility (%) = [(energy intake - energy loss) / energy intake] × 100            (Eq. 4)  

Digestible energy (kJ/d) = energy intake × diet digestibility (%)            (Eq. 5) 

2.5.9 Histological analysis of hepatic and mesenteric white adipose tissues  

Fixed and embedded left lateral hepatic lobe and the mWAT (2.5.2) were stained with he-

matoxylin and eosin (HE). Afterwards, tissue sections were examined microscopically (Ax-

ioplan 2, Carl Zeiss, Jena, Germany) at a 100 x and 400 x magnification. The size and num-

ber of adipocytes of mWAT were assessed using the software ImageJ 1.52g (Wayne Ras-

band, National Institutes of Health, Bethesda, Maryland, USA) and the Adiposoft 

plugin (version 1.16, CIMA University of Navarre, Pamplona, Navarra, Spain). The mean 

area and number of adipocytes and their ratio (mean area to number) were determined for 

each section.  

2.5.10 Analysis of hepatic triglyceride contents 

Grounded liver tissue (40 mg) was homogenized in 800 µl HB buffer (Appendix, Table A1) 

with ten zirconium beads using a tissue lyser (LT, Qiagen, 50 Hz, 10 min, 24 °C). After 

centrifugation (23,100 x g, 30 min, 4 °C), the supernatant was transferred to cooled reaction 

tubes. The tubes were shaken at 600 rpm for 5 min at 70 °C (Thermomixer 5436, Eppendorf, 

Hamburg, Germany) and afterwards kept on ice for 5 min. Samples were centrifuged at 

23,100 x g for 30 min at 4 °C and the obtained supernatant containing the tissue extract was 

stored at -20 °C until further analysis. 

Triglycerides (TG) in the extracts were quantified by a cascade of enzymatic reactions using 

the TG and the free-glycerol (G) reagents (Sigma-Aldrich). The lipase of the TG reagent 

hydrolyzes TG to free fatty acids (FFA) and G (Eq. 6). The free-G reagent enables the quan-

tification of glycerol based on a colorimetric reaction as follows. Glycerol kinase catalyzes 

the phosphorylation of G to glycerol-1-phosphate using ATP (Eq. 7). Glycerol-1-phosphate 

is oxidized to DHAP and H2O2 by glycerol phosphate oxidase (Eq. 8). H2O2, 4-aminoantipy-

rine (4-AAP) and sodium N-ethyl-N-(3-sulfopropyl) m-aniside (ESPA) are converted by a 
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peroxidase to a quinoneimine dye (Eq. 9). Absorbance of the formed quinoneimine dye is 

measured spectrophotometrically at 540 nm. The increase in absorbance at 540 nm is directly 

proportional to the G concentration of the sample. G-standards were prepared with concen-

trations ranging from 0.075 - 2.5 mg/ml triolein equivalents (stock 2.5 mg/ml, Sigma-Al-

drich). TG concentrations (mM) were determined by dividing calculated G concentrations 

through the molar mass of triolein. 

TG + 3 H2O 
Lipase
→     G + 3 FFA               (Eq. 6) 

G + ATP 
Glycerol kinase
→           Glycerol − 1 − phosphate + ADP            (Eq. 7) 

Glycerol − 1 − phophate + O2  
Glycerol phosphate oxidase
→                     Dihydroxyacteone phosphate + H2O2     (Eq. 8) 

H2O2 + 4 − AAP + ESPA 
Peroxidase
→        Quinoneimine dye + H2O           (Eq. 9) 

Tissue extracts, standard solutions and blanks (HB buffer) (5 µl each) were transferred to 

96-well plates and 100 µl diluted glycerol reagent (125 mU glycerol kinase, 250 mU glyc-

erol phosphate oxidase, 75 nmol ATP) was added, followed by an incubation for 5 min at 

37 °C while shaking (Microplate Genie™, Scientific Industries). Subsequently, the initial 

absorbance (A1) at 540 nm was determined. After adding 25 µl diluted TG rea-

gent (6250 mU lipase) to each well, the plate was shortly vortexed and incubated at 37 °C 

for 15 min while shaking. Afterwards, the absorbance (A2) was measured. TG concentra-

tions were calculated according to Eq. 10, with “m” as slope of the calibration curve. 

[TG] =  
(A2sample− A1sample) − (A2blank − A1blank)

m
            (Eq. 10) 

2.5.11 Analysis of hepatic glycogen content 

Hepatic extracts were obtained as described above (2.5.10). Hepatic tissue (35 mg) was ex-

tracted with 800 µl 0.1 M NaOH. Glycogen concentrations were determined with the Starch 

Kit (R-Biopharm, Pfungstadt, Germany) based on enzymatic glycogen degradation steps. 

First, glycogen is hydrolyzed to D-glucose by glycogen amyloglucosidase (AGS, Eq. 11), 

followed by phosphorylation of D-glucose to D-glucose-6-phosphate (G-6-P) by hexoki-

nase (Eq. 12). Subsequently, G-6-P is oxidized by dehydrogenase to D-gluconate-6-phos-

phate with the formation of reduced nicotinamide adenine dinucleotide phosphate (NADPH) 

from nicotinamide adenine dinucleotide phosphate (NADP) (Eq. 13). NADPH correlates 

with the initial glycogen concentration and is measured at 340 nm. Glycogen from bovine 

liver (85%, Sigma-Aldrich) was used for the preparation of standards in 0.1 M NaOH rang-

ing from 0.01 - 3 µg/µl. 

Glycogen 
AGS
→   D − glucose               (Eq. 11) 

D − glucose + ATP 
Hexokinase
→         G − 6 − P + ADP             (Eq. 12) 

G − 6 − P + NADP+
G−6−P−DH
→         D − gluconate − 6 − phophate + NADPH + H+          (Eq. 13) 
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For assays, 50 µl tissue extract or glycogen standard, 1 µl 100% acetic acid, and 100 µl so-

lution 1 (1400 mU AGS) were combined in tubes, and incubated at 60 °C for 15 min while 

shaking. After incubation, samples were centrifuged at 23,100 x g for 10 min at 20 °C and 

30 µl supernatant was transferred in triplicates (samples) or duplicates (standards, blank 

control) to 96-well plates. A volume of 100 µl each of ultrapure water and solution 

2 (373 nmol NADP+, 1387 nmol ATP) was added and the plate was briefly centri-

fuged (1000 rpm, 1 min, 24 °C) and incubated at RT for 3 min while shaking. Afterwards, 

the initial absorbance (A1) was measured at 340 nm. Next, 12 µl aqueously diluted (1:6) 

solution 3 (571 mU hexokinase, 286 mU glucose-6-phosphate dehydrogenase) was added to 

each well, and the plate was incubated while shaking for 15 min at RT and shortly centri-

fuged (1000 rpm, 1 min, 24 °C). The final absorbance (A2) was measured at 340 nm. In 

order to determine the concentration of free glucose present in the sample, the procedure was 

repeated by replacing solution 1 with ultrapure water. Glycogen concentration was calcu-

lated by subtraction of A1 from A2 (ΔA) of measurements with and without solution 1, us-

ing Eq. 14, with “m” as slope of the calibration curve. 

[Glycogen] =
[(∆AAGS+(sample)−∆AAGS−(sample))−(∆AAGS+(blank)−∆AAGS−(blank))]

m
        (Eq. 14) 

2.5.12 Analysis of hepatic protein content 

The protein content of the liver was determined with the DC Protein Kit (Bio-Rad) based on 

the Lowry principle [307]. A volume of 15 µl diluted tissue extracts (1:4, in ultrapure water, 

v/v), standards and blank samples was transferred to a 96-well plate. A volume of 2.8 ml 

reagent A (alkaline copper tartrate solution) was gently mixed with 56 µl reagent S and 25 µl 

of the mixture was added to each well. The plate was shaken and subsequently 200 µl rea-

gent B (diluted folin reagent) was added and shaken again. After an incubation period of 

15 min at RT, the absorbance was measured at 750 nm. Protein concentrations were deter-

mined based on a calibration curve prepared with bovine serum albumin in HB buffer rang-

ing from 0.1 - 1 µg/µl. 

2.5.13 RNA and protein extraction from liver and intestinal mucosa 

 

Extraction of total RNA 

Murine hepatic and mucosal RNA were isolated using the peqGOLD TriFast rea-

gent (Peqlab, Erlangen, Germany) and the guanidinium thiocyanate-phenol-chloroform 

method [308]. In detail, 20 mg grounded liver or intestinal mucosa was combined with 1 ml 

peqGOLD TriFast solution and ten sterile ceramic beads (2.4 - 2.6 mM, Analytik Jena, 

Jena, Germany). The tissue was homogenized and lyzed twice for 1.5 min at 50 Hz (tissue 

lyzer, LT, Qiagen) and subsequently stored on ice. Samples were centrifuged (18,400 x g, 

10 s, 4 °C), and the supernatants were transferred to new tubes. For RNA extraction, the 

beads were washed with 0.1 ml peqGOLD TriFast, centrifuged, and supernatants were com-

bined. Samples were stored at RT for 5 min and afterwards shortly centrifuged again. The 

supernatant was combined with 0.2 ml chloroform, vortexed for 15 s and afterwards vor-

texed every 2.5 min while incubating at RT for 10 min. Samples were again centri-

fuged (18,400 x g, 20 min, 4 °C) and the aqueous phase was transferred into RNase-free 
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tubes containing 500 µl isopropanol, which were six times inverted. The remaining phenol 

phase was stored at -20 °C for subsequent protein isolation.  

The isopropanol mixture was stored for 10 min on ice and centrifuged at 18,400 x g for 

20 min at 4 °C. The supernatant was discarded and the pellet containing the RNA was 

washed with 1 ml of 75% ethanol and afterwards with 1 ml of 100% ethanol. The upper 

ethanol phase was removed, and the pellet was air-dried for 15 min and afterwards resus-

pended in DEPC-treated water (100 µl for mucosa, 150 µl for liver). Samples were incu-

bated for 5 min at 60 °C at 900 rpm in a thermocycler to increase solubility. After determi-

nation of RNA concentrations (EON Microplate Spectrophotometer and Gen5 software, Bi-

oTeK, Winooski, VT, USA), samples were stored at -80 °C until further analysis.  

Elimination of DNA 

Potential genomic DNA contamination was eliminated from RNA samples by treatment 

with DNase I (Thermo Fisher Scientific). The reaction mixture (30 µl) contained 8 µg RNA, 

2 µl DNase I (1 U/µl), 0.75 µl RiboLock RNase-Inhibitor (40 U/µl), 0.25 µl DEPC-treated 

water and 3 µl 10 x reaction buffer with Mg2Cl. Mixtures were incubated for 30 min at 37 °C 

in a thermocycler and afterwards 1 µl 50 mM ethylenediaminetetraacetic acid (EDTA, 

Thermo Fisher Scientific) was added to each sample to stop the reaction followed by another 

incubation step for 10 min at 65 °C. RNA samples were stored at -80 °C until further use.  

RNA quality controls 

The absence of genomic DNA from the extracted RNA was confirmed with qPCR using a 

Taqman probe (5’-6-FAM-AGG CGC GCA AAT TAC CCA CTC CC-TAMRA-3’, Eu-

rofins Genomics). Each reaction mixture contained 5 ng RNA, 0.5 µl 18S rRNA forward and 

reverse primer (both 3 µM, 18S-fwd, 5’-ACC ACA TCC AAG GAA GGC AG-3’; 18S-rev, 

5’-TTT TCG TCA CTA CCT CCC C-3’), 0.5 µl 18S rRNA probe (2 µM) and 2.5 µl Taq-

man gene expression master mix (Life Technologies). The qPCR was run using ViiA™ 7 

Real-Time PCR System as follows: incubation of uracil-N-glycosylase incubation at 50 °C 

for 2 min, activation of DNA polymerase at 95 °C for 10 min, and 40 cycles of denaturation 

(95 °C, 15 s) and annealing/elongation (60 °C, 1 min). Negative controls (n = 6) containing 

DEPC-treated water instead of RNA were included. Their mean cycle threshold (Ct) 

value (number of cycles at which the amplification signal reaches above the background 

noise) was determined. The mean Ct value subtracted by six was considered as the threshold 

for all RNA samples. Ct values below the determined number indicated the presence of DNA 

remainders and DNA degradation was repeated. 

RNA integrity was controlled with horizontal gel electrophoresis. A 1% gel was prepared 

using 3 g agarose (Biozym, Hessisch Oldendorf, Germany), 30 ml 10 x 3-morpholino-pro-

pane-sulfonic acid buffer (MOPS buffer, Appendix, Table A1), 9 ml 37% formaldehyde, 

and 270 ml autoclaved water. Purified RNA (0.5 µg) was mixed with 2 µl 2 x RNA loading 

dye containing ethidium bromide (Thermo Scientific), followed by RNA denaturation at 

70 °C for 10 min using a thermocycler. Samples were subsequently stored on ice for 5 min, 

and loaded on the gel. Electrophoresis was run for 20 min at 120 V in MOPS buffer. RNA 

bands were visualized with ultraviolet trans-illumination (UVIprochemie, Biometra, Göttin-

gen, Germany). 
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Reverse Transcription of RNA into cDNA 

Complementary DNA (cDNA) synthesis was conducted using the RevertAid H Minus first 

strand cDNA synthesis Kit (Thermo Fisher Scientific). First, 1 µg purified RNA, diluted to 

a total volume of 10 µl with DEPC-treated water, was combined with 1 µl random hexamer 

primer solution and incubated in a thermocycler (70 °C, 5 min) for RNA denaturation. Sam-

ples were afterwards stored on ice for 3 min, shortly centrifuged. Afterwards, a mixture of 

4 µl 5 x reaction buffer, 1 µl RiboLock™ RNase inhibitor (20 U/µl), 2 µl deoxynucleoside 

triphosphates (dNTPs, 10 mM) and 1 µl DEPC-water was added for each reaction, followed 

by a short centrifugation (10,000 rpm, 10, RT). Samples were incubated for another 5 min 

at RT and subsequently 1 µl reverse transcriptase (200 U) was added, followed by incubation 

steps of 10 min at 25 °C, for 60 min at 42 °C and for 10 min at 60 °C. Finally, the samples 

were diluted 1:9 (v/v) with DEPC-water and stored at - 80 °C until qPCR analysis. 

Gene-expression analyses in murine tissue with quantitative real-time PCR 

The qPCR was carried out using a Viia 7- Realtime PCR System as described in 2.4.4, with 

individual adjustments regarding master mix composition, annealing and elongation temper-

ature. In detail, SYBR™ green fluorescence dye was used, which intercalates dou-

ble-stranded DNA followed by a fluorescent emission when DNA is amplified. Each qPCR 

reaction was prepared in a total volume of 5 µl with 2.5 µl Power SYBR™ Green PCR Mas-

ter Mix (Applied Biosystems), 0.3 µM forward and reverse primer (Table 3), 0.5 µl 

DEPC-treated water and 1 µl cDNA. DEPC-treated water instead of cDNA was used as neg-

ative control. During processing, samples and master mix were stored in the dark and on ice. 

The following PCR program was used: incubation at 50 °C for 2 min, polymerase activation 

at 95 °C for 10 min, 40 cycles of denaturation at 95 °C for 15 s, annealing and elongation at 

60 °C for 1 min, and a melting curve analysis from 60 to 95 °C. CT values were determined 

using the Viia 7 Software version 1.3 as described above (2.4.4) and relative gene expression 

was determined with the threshold cycle (ΔΔCT) method [309]. Gapdh was used as refer-

ence gene for evaluation of changes in gene expression (Table 3). 

 

 

 

 

 

 

 

 

 

 



MATERIAL AND METHODS 

35 

 

Table 3: Primer sequences used for gene-expression analyses in mouse tissues. Primers were synthesized by Eurofins 

Genomics.     

Target (amplicon size in bp) Accession No. Sequence (5’ to 3’)  

forward primer 

Sequence (5’ to 3’)  

reverse primer 

Tumor necrosis factor al-

pha (Tnf-α) 
NM_013693.3 

GAC CCT CAC ACT 

CAG ATC ATC TTC T 

CCA CTT GGT GGT 

TTG CTA CGA 

Interleukin-6 (Il-6) 
NM_031168.2 

TAG TCC TTC CTA 

CCC CAA TTT CC 

TTG GTC CTT AGC 

CAC TCC TTC 

Glucose transporter mem-

ber 2 (Glut2) NM_031197.2 
CTG TTC CTA ACC 

GGG ATG AT 

ATC CAG GCG AAT 

TTA TCC AG 

Glycogen synthase (Gys2) 
NM_145572.2 

GGA CTG GGC TGA 

TCC TTT CTC 

GCA GTG TGG CAT 

GGG TTG TA 

Fatty acid translocase (Cd36) 
NM_007643.4 

CCA AGC TAT TGC 

GAC ATG AT 

ACA GCG TAG ATA 

GAC CTG CAA A 

Fatty acid-binding pro-

tein 1 (Fabp1) 
NM_017399.5 

TCA CCA TCA CCT 

ATG GAC CCA 

GCT TGA CGA CTG 

CCT TGA CTT T 

Fatty acid-binding pro-

tein 2 (Fabp2) 
NM_007980.3 

GTT GTG TTT GAG 

CTC GGT GT 

AGC AAT CAG CTC 

CTT TCC AT 

Very long-chain acyl-CoA syn-

thetase (Fatp2, Slc27a2) NM_011978.2 

CCA GTT ACG CGA 

GGC CTC GGT TCC 

TGA G 

GTC TAT CGA GTT 

TCT TTC TGG 

Long-chain fatty acid transport 

protein 4 (Fatp4, Slc27a4) 
NM_011989.4 

TTC ATC AAG ACG 

GTC AGG AG 

ACC ATT GAA GCA 

AAC AGC AG 

Fatty acid synthase (Fasn) 
NM_007988.3 

TTG ATG ATT CAG 

GGA GTG GA 

TTA CAC CTT GCT 

CCT TGC TG 

Elongation of very long chain 

fatty acids protein 5 (Elovl5) 
NM_134255.3 

GGT GGC TGT TCT 

TCC AGA TT 

CCC TTC AGG TGG 

TCT TTC C 

Elongation of very long chain 

fatty acids protein 6 (Elovl6) 
NM_130450.2 

TGC AGG AAA ACT 

GGA AGA AGT CT 

AGC GGC TTC CGA 

AGT TCA A 

Acyl-coenzyme A desatu-

rase 1 (Scd1) 
NM_009127.4 

TTC TTC TCT CAC 

GTG GGT TG 

CGG GCT TGT AGT 

ACC TCC TC 

Diacylglycerol O-acyltransfer-

ase 2 (Dgat2) 
NM_026384.3 

TGC TAG GAG TGG 

CCT GCA GTG T 

CAC TGC GAT CTC 

CTG CCA CCT T 

Patatin-like phospholipase do-

main-containing protein  

(Atgl, Pnpla2) 

NM_025802.3 
AAC ACC AGC ATC 

CAG TTC AA 

GGT TCA GTA GGC 

CAT TCC TC 

Hormone-sensitive lipase  

(Hsl, Lipe) 
NM_010719.5 

GCT TGG TTC AAC 

TGG AGA GC 

TGC CTC TGT CCC 

TGA ATA GG 

3-Hydroxy-3-methylglutaryl-co-

enzyme A reductase (Hmgcr) 
NM_008255.2 

GGC CAA CTA CTT 

TGT GTT CAT GAC 

CCT CAC GGC TTT 

CAC GAG AA 

ATP-citrate synthase (Acly) 
NM_134037.3 

TAT GCC AAG ACC 

ATC CTC TCA CT 

TCT CAC AAT GCC 

CTT GAA GGT 

Carnitine O-palmitoyltransfer-

ase 1 (Cpt1a) 
NM_013495.2 

CCA AAC CCA CCA 

GGC TAC A 

GCA CTG CTT AGG 

GAT GTC TCT ATG 

Peroxisome proliferator-acti-

vated receptor alpha (Pparα) 

NM_001113418

.1 

TGG CAA AGT CTT 

AGT GCC AGA 

TCA CTA GGT CAC 

ACA GCC TCT 

Adiponectin (Adipoq) 
NM_009605.5 

GCA GAG ATG GCA 

CTC CTG GA 

CCC TTC AGC TCC 

TGT TCC CAT 

Adiponectin receptor pro-

tein 1 (Adipor1) 
NM_028320.4 

ACG TTG GAG AGT 

CAT CCC GTA T 

CTC TGT GTG GAT 

GCG GAA GAT 

Adiponectin receptor pro-

tein 2 (Adipor2) 
NM_197985.4 

TCC CAG GAA GAT 

GAA GGG TTT AT 

TTC CAT TCG TTC 

GAT AGC ATG A 

Perilipin 2 (Plin2) 
NM_007408.3 

GTG TGT GAG ATG 

GCC GAG AA 

AAC AAT CTC GGA 

CGT TGG CT 

Perilipin 5 (Plin5) 
NM_025874.3 

TGT CCA GTG CTT 

ACA ACT CGG 

CAG GGC ACA GGT 

AGT CAC AC 

Glyceraldehyde-3-phosphate de-

hydrogenase (Gapdh) 
NM_008084.3 

ACC ACC CAC CCC AGC 

AA 

GAA ATT GTG AGG 

GAG ATG CTC AGT 
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2.6 Statistical analysis 

For statistical analysis and graphical presentation of data, the software Graph Pad Prism 

8.2.1 (GraphPad Software, La Jolla, CA, USA) was used. Outliers were detected using the 

ROUT test with an average False Discovery Rate of less than 1% (Q = 1%) and excluded 

[310]. Normality of the distribution of data was tested using the Kolmogorov-Smirnov test. 

In case of normal distribution, the hypothesis was tested based on the difference between 

sample means with Student’s t-test and presented as mean ± standard error of the 

mean (SEM). Normally distributed data were analyzed with the Mann-Whitney U test and 

are shown as median ± 95% CI. For comparison of data with more than two sample means, 

ordinary one-way ANOVA was used with normal distribution (post-hoc test: Bonferroni's 

multiple comparisons test). Non-normally distributed data were analyzed with a Krus-

kal-Wallis test (post-hoc test: Dunn’s multiple comparison test). Data sets were assessed as 

significantly different at *P < 0.05, **P < 0.01, ***P < 0.001 and **** P < 0.0001. Phylo-

genetic β-diversity analysis of 16S rRNA gene sequencing data was performed with gener-

alized UniFrac distances using P values from the PERMANOVA test. The Bonfer-

roni-Hochberg test was used to correct for multiple testing. 
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3 RESULTS 

 

3.1 In vitro testing of human fecal slurries for their ability to convert sul-

fonates and  

To elucidate the role of human gut bacteria in the intestinal sulfonate catabolism, human 

fecal slurries were first tested for their capability to convert dietary and endogenous sul-

fonates under anoxic conditions. Sulfonate-converting strains were then isolated from fecal 

slurries and identified after repeated enrichment and plating. Selected strains were, individ-

ually or in co-cultures, tested for their ability to convert sulfonates and to produce H2S as 

end product of sulfonate degradation.  

3.1.1 Human fecal microbiota degraded taurine, isethionate, SQ and DHPS  

Taurine, isethionate, SQ, and DHPS conversion by bacteria present in the human gut such 

as E. coli has previously been described [8, 154, 249, 251, 311]. To investigate whether 

sulfonate conversion is a common feature of the human gut microbiota, fecal slurries from 

ten healthy donors (Table 4, all omnivores) were individually incubated under anoxic con-

ditions with one of the various sulfonates under a gas phase of N2/CO2 (80/20, v/v, %). So-

dium DL-lactate and formate (40 mM) were used as electron donors.  

Table 4: Characteristics of human fecal donors.  

Donor-Identity Sex Age (years) 

D0 Female 27 

D1 Female 39 

D2 Female 57 

D3 Female 27 

D4 Female 31 

D5 Female 30 

D6 Male 28 

D7 Female 50 

D8 Female 35 

D9 Female 28 

D10 Male 29 

 

The time course of taurine, isethionate, SQ and DHPS utilization by human fecal slurries 

under anoxic conditions was monitored. Individual donors were chosen depending on the 

ability of their fecal microbiota to convert these sulfonates to H2S (Fig. 8). Fecal microbiota 

of different donors utilized taurine, isethionate, SQ, and DHPS within 72 h (Tau + F, Ise + 

F, SQ + F, DHPS + F) (Fig. 5). No conversion was observed in the control incubations (Tau, 

Ise, SQ, DHPS). Degradation of all sulfonates occurred from 24 h to 72 h of incubation, but 

there were differences in the kinetics. After 24 h of incubation, SQ was almost completely 

degraded (95%), while only 58% of taurine, 19% of isethionate, and 40% of DHPS were 

degraded (Fig. 5). This was in line with the results after 72 h, where partial degradation of 

taurine, isethionate and DHPS, but complete depletion of SQ was observed, indicating a 

higher degradation rate of SQ compared to taurine, isethionate, or DHPS. However, a direct 
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comparison has to be drawn with caution because different fecal donors were used. The 

observed slight increase in taurine and SQ concentrations at 48 h and 72 h may be due to 

increased bacterial cellular lysis leading to the release of the corresponding sulfonate. These 

results demonstrate that human fecal microbiota is capable of utilizing various sulfonates 

but that conversion rates differ.  
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Figure 5: Degradation of taurine (Tau, 20 mM), isethionate (Ise, 20 mM), sulfoquinovose (SQ, 4 mM) and 2,3-dihy-

droxypropane-1-sulfonate (DHPS, 4 mM) during 72 h of anoxic incubation with human fecal slurries (F, 1%). Fecal 

microbiota from human donors capable of converting sulfonates to H2S were selected (Fig. 8). The sulfonate content was 

quantified with LC-MS/MS analysis. The sulfonate content is given as percentage with the initial sulfonate concentration 

set to 100%. Fecal donors (D) are indicated by different numbers: Tau + F (D5), Ise + F (D4), SQ + F (D1), DHPS + F (D5). 

Data presented as mean (n = 2 - 3). 

 

The residual concentrations of taurine, isethionate, DHPS or SQ after an incubation time of 

72 h with fecal slurries from ten donors were compared. While SQ (9/10 individuals) and 

DHPS (6/10 individuals) in most cases were completely degraded, taurine and isethionate 

most often (7/10 or 8/10 individuals) were only partially degraded (Fig. 6, Table 5). This 

indicates inter-individual differences in sulfonate degradation by human fecal microbiota. 

Mean values representing all donors showed a significantly reduced sulfonate concentration 

compared to control without fecal slurries (Table 5). 
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Figure 6: Sulfonate content after 72 h of anoxic incubation with human fecal slurries (F, 1%, n = 10). The sulfonate 

content was quantified with LC-MS/MS analysis and is given as percentage with the initial sulfonate concentration set to 

100%. Initial sulfonate concentrations were: taurine (Tau, 20 mM), isethionate (Ise 20 mM), sulfoquinovose (SQ, 4 mM) 

or 2,3-dihydroxypropane-1-sulfonate (DHPS, 4 mM). Data presented as individual values with mean ± SEM (n = 3). Mean 

control (No feces, data in Table 5) vs. corresponding Tau + F, Ise + F, SQ + F or DHPS + F: **** P < 0.0001. 
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Table 5: Quantified sulfonate content (%) after 72 h of anoxic incubation with human fecal slurries (F, 1%) from 

different donors (D1 - D10). Sulfonate concentration measured with LC-MS/MS analysis in fecal incubation with tau-

rine (20 mM), isethionate (20 mM), sulfoquinovose (SQ, 4 mM) or 2,3-dihydroxypropane-1-sulfonate (DHPS, 4 mM) (test 

incubation) or without feces (No feces, control incubation). The sulfonate content is given as percentage with the initial 

sulfonate concentration set to 100%. Data presented as mean (n = 2 - 3). Control vs. test incubations: *P < 0.05, 

**P < 0.01. 

Fecal slurries (from donor) 

 or control (No feces) 
Taurine Isethionate SQ DHPS 

+ F (D1) 42.4 81.2 -15.0 -13.2** 

+ F (D2) 50.8 29.6 -11.2 -20.7** 

+ F (D3) 32.8 -1.3 -9.1 -5.0** 

+ F (D4) 46.7 60.2 -6.0 10.7** 

+ F (D5) 35.7 59.3 27.3 6.6* 

+ F (D6) 36.2 43.4 -6.3 2.3** 

+ F (D7) -1.3* -2.4* -10.5 1.9* 

+ F (D8) 1.5* 35.9 -12.0 2.0* 

+ F (D9) -1.9 22.9 -11.2 33.2* 

+ F (D10) 32.2 17.8 -9.5 50.4 

No feces 112.3 87.5 95.6 110.9 

 

3.1.2 The ability of human fecal microbiota to convert SQ to DHPS and / or H2S was 

donor-dependent 

Human gut bacteria, such as E. coli convert SQ to DHPS by sulfoglycolysis [241, 251]. The 

DHPS thereby formed can be converted to H2S during anaerobic respiration by other gut 

bacteria, such as Desulfovibrio sp. [251]. In the present investigation, human fecal microbi-

ota was tested for the ability to convert SQ to DHPS and further to H2S.   

Fecal microbiota from all tested donors degraded SQ completely and four main SQ-degra-

dation types were observed (Fig. 7): (1) SQ was degraded, but DHPS (at 24 h and 72 h) and 

H2S (until 72 h) were not detected (D5, D8 and D9) (Fig. 7A). (2) DHPS formation from SQ 

was observed at 24 h, followed by complete DHPS degradation until 72 h. H2S was produced 

from 24 to 72 h with non-equimolar concentrations of DHPS formed (D2, D3 and 

D4) (Fig. 7B). (3)  and (4) Either DHPS (D6 and D10, Fig. 7C, 24 h) or H2S (D1 and D7, 

Fig. 7D, within 72 h) was released from SQ. DHPS was not detected in control incubations 

without fecal slurries containing only SQ (Fig. 7E).  
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Figure 7: Patterns of sulfoquinovose (SQ, 4 mM) conversion by human fecal slurries (1%) from various do-

nors (D1 - D10) under anoxic conditions. (A) Complete degradation of SQ, without formation of 2,3-dihydroxypro-

pane-1-sulfonate (DHPS, at 24 h and 72 h) or H2S (within 72 h). (B) DHPS formation from SQ (at 24 h) which was partially 

converted to H2S (from 24 to 72 h). (C, D) Release of either DHPS (C) or H2S (D) as end product from SQ. (E) SQ-incu-

bation without fecal inoculum. Sulfonates were quantified with LC-MS/MS analysis and H2S with the methylene blue 

method. Data presented as mean (n = 2 - 3). 
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3.1.3 Isethionate was not detected as an intermediate in taurine degradation by hu-

man fecal slurries 

Isethionate is highly abundant in mammalian tissues and has been observed as a byproduct 

of taurine-derived nitrogen assimilation by bacteria residing in the mammalian gut [132, 

134, 147, 148]. The ability of human gut bacteria to convert taurine to isethionate was ex-

amined. Therefore, human fecal slurries from ten donors were incubated with taurine and 

samples taken at the time of 72 h were analyzed for their isethionate concentration. No isethi-

onate formation from taurine was observed, all values quantified were below the detection 

limit (<LLOQ) of LC-MS/MS analysis (data not shown). 

3.1.4 Human fecal bacteria converted taurine, isethionate, 3-sulfolacate, SQ, DHPS 

and cysteate to H2S with inter-individual differences 

Formation by intestinal bacteria of H2S as end product of microbial sulfonate degradation 

has been described for taurine, isethionate, 3-sulfolacate, SQ, DHPS, cysteate, but not for 

CoM [189, 251, 312, 313]. H2S has been identified as an important gaseous signaling mole-

cule potentially linked to IBD and colorectal cancer [64, 67, 68]. However, more recently 

H2S has been recognized as a protective agent with anti-inflammatory and antioxidant prop-

erties, counteracting intestinal inflammation [69]. However, this effect of H2S seems to be 

concentration-dependent [70-72]. To elucidate the role of sulfonates in intestinal H2S for-

mation, the time course was analyzed in incubation experiments with human fecal slurries 

as described above (3.1.1). 

Amount and kinetics of the released H2S formed depended on the amount of sulfonate uti-

lized. H2S formation from taurine, isethionate, 3-sulfolactate, SQ and DHPS started at 

0 - 12 h and increased to 72 h only (Fig. 8A - E), while H2S formation from cysteate started 

at 72 h (Fig. 8F). H2S formation from CoM was not observed (Fig. 8G). Remarkably, bacte-

rial H2S release from sulfonates showed high inter-individual differences. While the fecal 

microbiota from all donors (D1 - D10) converted taurine, isethionate and 3-sulfolactate to 

H2S (Fig. 6 and Fig. 8A - C), H2S from SQ, DHPS, and cysteate was only formed by the 

fecal microbiota from some donors (Fig. 6 and Fig. 8D - F; SQ: D1, D3, D4, 

DHPS: D1 - D4, cysteate: D1). Donor identity of fecal microbiota that converted SQ and 

DHPS to H2S were identical (D1, D3, D4). Control incubations of fecal slurries without sul-

fonates released 0.01 - 0.06 mM H2S within 96 h (Fig. 8H). In comparison, the lowest H2S 

concentration measured during incubation of fecal slurries (D4) with a sulfonate was con-

siderably higher (0.3 mM) when incubated with DHPS (Fig. 8E).  

These experiments revealed high inter-individual differences in the conversion of sulfonates 

to H2S by the fecal microbiota of human subjects indicating differences in the presence or 

absence of sulfonate-converting bacteria among the donors. Bacterial strains able to convert 

taurine, isethionate, 3-sulfolactate, or SQ were therefore isolated from those human fecal 

slurries with the highest conversion activity and the isolates were subsequently identified.  
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Figure 8: Time-course of H2S formation in anoxic incubations of sulfonates with human fecal slurries (F, 1%) from 

different donors (D1 - D10). (A - G) H2S concentrations measured with the methylene blue method of fecal incubations 

with sulfonate using the indicated initial concentrations or (H) without sulfonate. Sulfoquinovose = SQ, 2.3-dihydroxypro-

pane-1-sulfonate = DHPS, n.d. = not detected. Data presented as mean (n = 2 - 3). 
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3.2 Identification and sulfonate utilization of human fecal bacteria  

Human fecal donors for the isolation of sulfonate-degrading bacteria were chosen depending 

on the amount of H2S formed in previous experiments (Fig. 8). Taurine-converting bacteria 

were isolated from human fecal slurries from D1 and D0, SQ-converting isolates from fecal 

slurries from D1 and D2, and 3-sulfolactate- and isethionate-converting isolates from fecal 

slurries from D10. D0 was excluded from the above-described experiments, because of the 

intake of antibiotics during the course of the experiments described in 3.1. 

3.2.1 Taurine-utilizing bacteria from human fecal slurries were identified as 

B. wadsworthia and members of Desulfovibrio sp. 

For the enrichment of taurine-converting bacteria from human fecal slurries from D0 and 

D1, various growth conditions were tested: taurine as electron acceptor, DL-lactate (L) or 

formate (F) as electron donor, the addition or exclusion of yeast extract (YE), and a gas 

phase of either N2/CO2 or H2/CO2 (80/20, v/v, %). A total of eight enrichment cultures were 

set up per donor (Table 6). 

A total number of 42 bacteria, able to convert taurine to H2S were isolated from fecal en-

richment cultures of both donors using the following media combinations (Table 6): (1) Lac-

tate or formate as electron donor and a gas phase of N2/CO2, or (2) formate as electron donor, 

the addition of yeast extract and a gas phase of H2/CO2. Isolates were also obtained from D0 

using the following media (Table 6): (1) Lactate or formate as electron donor, the addition 

of yeast extract and N2/CO2 as gas phase, or (2) lactate as electron donor, the addition of 

yeast extract and a gas phase of H2/CO2. No H2S was formed in enrichments without yeast 

extract with a gas phase of H2/CO2.  

All 42 taurine-converting isolates were Gram-negative rods. Of these, 22 isolates were iden-

tified as strains of B. wadsworthia (98 - 100% identity, 95 - 1427 bp) and the residual 20 

isolates as members of Desulfovibrio spp. (410 - 1472 bp) based on 16S rRNA gene se-

quencing (Table 6 and 7). All B. wadsworthia isolates had an identity of 98 - 100% among 

each other, indicating that they are identical, despite their origin from two different donors (≥ 

97% identity, Table 7A). They had a 98 - 100% identity compared to the B. wadsworthia 

type strain CCUG 32349T, and 98 - 99% identity compared to B. wadsworthia DSM11045, 

which has been described to convert taurine to H2S under anoxic conditions [8]. Similarly, 

Desulfovibrio isolates had an identity of 99 - 100% to each other, indicating identity. Desul-

fovibrio isolates were only obtained from one donor (D0, Table 6). Furthermore, they had 

the highest similarity to the type strains Desulfovibrio intestinalis 

DSM 11275T (98 - 99% identity), D. simplex DSM 4141T (96 - 98% identity), and 

D. desulfuricans DSM 642T (95 - 97% identity) (Table 7B). However, the 16S rRNA gene 

sequence of D. intestinalis, D. simplex, and D. desulfuricans (D. intestinalis: Y12254, 

D. simplex: FR733678, and D. desulfuricans: AF192153) showing 97% to 99% identity 

may be considered as highly identical (≥ 97%) (Table 7B). Therefore, the Desulfovibrio iso-

lates could not be assigned unequivocally to one of these species and additional tests were 

required (see below, 3.2.2).  
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Table 6: Enrichment conditions, origin, and assignment (16S rRNA gene sequence) of obtained taurine-converting 

isolates. Enrichment cultures with human fecal slurries (1%) from donor 0 or donor 1 were set up with taurine (20 mM) in 

the indicated media. Isolates were obtained after seven transfers involving streaking of diluted cultures (10-1 - 10-8) and 

anoxic incubation. DNA was extracted, PCR performed and PCR products sequenced as described in 2.4.3. 16S rRNA gene 

amplicons were assembled with SnapGene 5.1.4.1 and aligned to sequences of the 16S rRNA gene-sequence database using 

BLASTn. 

Medium components for  

enrichment 
Numbers of obtained  

taurine-converting isolates  

Isolate identity and origin 

(donor identity: number of obtained isolates) 
Electron 

donor 
(40 mM) 

Yeast  

extract  
(3.5 mg/l) 

Gas phase 
(80/20, v/v, %) 

B. wadsworthia Desulfovibrio spp. 

Formate No N
2
/CO

2
 9 0:3 and 1:5 0:1 

No H
2
/CO

2
 0 - - 

Yes N
2
/CO

2
 9 0:1  0:8 

Yes H
2
/CO

2
 2 0:1 and 1:1 - 

Lactate No N
2
/CO

2
 12 0:1 and 1:6  0:5 

No H
2
/CO

2
 0 - - 

Yes N
2
/CO

2
 6 -   0:6 

Yes H
2
/CO

2
 4 0:4 - 

 

Table 7: Similarity of 16S rRNA gene sequence of fecal taurine-converting B. wadsworthia (A) and Desulfovibrio (B) 

isolates, related type strains and relevant sulfonate-utilizing bacteria. B.w. = Bilophila wadsworthia, D. = Desulfovib-

rio. 

 B.w. isolates B. w. CCUG 3234T B. w. DSM11045 

B. w. isolates 98 - 100% 98 - 100% 98 - 99% 
 

 D. spp. isolates 
D. intestinalis 

DSM 11275T 

D. simplex  

DSM 4141T 

D. desulfuricans  

DSM 642T 

D. spp. isolates 99 - 100% 98 - 99% 96 - 98% 95 - 97% 

D. intestinalis 

DSM 11275 T 
98 - 99% 

97% - 99% 
D. simplex  

DSM 4141T 
96 - 98% 

D. desulfuricans 

DSM 642T 
95 - 97% 

 

The ability of B. wadsworthia to convert taurine to H2S has been well studied in the last 

decades, but knowledge about taurine degradation by Desulfovibrio sp. is scarce. Therefore, 

the obtained Desulfovibrio-isolates were first subjected to their further identification and 

their ability to convert sulfonates. The role of B. wadsworthia in sulfonate conversion was 

also further investigated (3.2.9 and 3.2.10). 

3.2.2 Characteristics of human fecal taurine-converting Desulfovibrio isolates were 

further identified  

Because of the high degree of 16S rRNA gene-sequence similarity among the Desulfovibrio 

isolates, only those with a nearly completely determined 16S rRNA gene se-

quence (≥ 1400 bp) were studied further. All of these 13 Desulfovibrio isolates 

were Gram-negative rods (Fig. 9A) and grew on blood agar plates within 2 - 4 days under 

A 

B 
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strict anoxic conditions at 37°C. Colonies had a diameter of 1 mM after two days and up to 

4 mM after four days. Desulfovibrio spp. are known to be motile using a single polar flagel-

lum [58]. The motility of all 13 isolates was confirmed as being mediated by a polar mono-

trichous flagellum (Fig. 9B).  

Differences at strain level were analyzed using RAPD PCR. RAPD revealed similar patterns 

of genomic DNA amplicons for the isolates 1-13 (Fig. 9C), indicating strain similarity 

among the isolates. Furthermore, Dsr is a key enzyme of sulfate reduction, catalyzing the 

six-electron reduction of sulfite to H2S [137]. It is encoded by the dsrAB genes which all 

SRB, including the Desulfovibrio family, do have in common [314]. The presence of the 

partial dsrA and dsrB gene subunits was investigated and detected in all 13 iso-

lates (Fig. 9D). D. intestinalis, D. simplex, and D. desulfuricans vary in their dsrAB gene se-

quence, which made further identification of the isolates possible. The partial dsrAB gene 

sequence was compared for distinction among D. intestinalis (AF418183), D. sim-

plex (AB061541), and D. desulfuricans (AF273034). Alignment of the corresponding se-

quences (580 - 606 bp) of all 13 isolates showed a 95% identity to the partial dsrAB gene 

sequence of D. intestinalis and D. simplex and a 92% identity to partial dsrAB gene sequence 

of D. desulfuricans (Table 9), indicating that the isolates likely differ from the type 

strains (< 97% identity).  

 

                

 

   

      

 

Figure 9: Phenotypic and genotypic characterization of Desulfovibrio isolates. (A) Gram staining and (B) visualization 

of the flagellum of the Desulfovibrio isolate Tau1 with RYU staining. (C) RAPD-PCR profiles of 13 selected Desulfovibrio 

isolates (M13-core primer, 2% agarose gel in 1 x TAE buffer (Appendix, Table A1)). (D) PCR profiles targeting 

dsrAB gene subunit in 13 selected Desulfovibrio isolates (1% agarose gel in 1 x TAE buffer (Appendix, Table A1)).  

 

Because of the great similarities of the 13 Desulfovibrio isolates among each other (Fig. 9), 

additional tests for further identification were performed with only one Desulfovibrio isolate, 

strain Tau1. Desulfovibrio spp. grow under strictly anoxic conditions in the presence of an 

electron acceptor, such as sulfate, sulfite or nitrate, and an appropriate electron donor, such 

 

 

 

A B 

C D 
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as DL-lactate or succinate (Table 8) [316-323]. D. desulfuricans obtains energy from the re-

duction of sulfite or nitrate in the presence of DL-lactate [318, 320]. D. intestinalis obtains 

energy from an alternative electron acceptor, sulfate, when combined with succinate or from 

sulfite with DL-lactate [318]. D. simplex grows with nitrate in the presence of DL-lac-

tate (Table 8) [317]. The following three growth conditions were tested to compare 

the growth behavior of isolate Tau1 with those of the type strains: 1) Succinate with sulfate, 

2) DL-lactate with sulfite or 3) DL-lactate with nitrate (Table 8).  

The ability of the isolate to convert sulfite to H2S and nitrate to nitrite in the presence of 

DL-lactate was identical to that described for D. desulfuricans (Table 8) [318, 320]. This 

was indicated by a release of ca. 0.5 mM H2S from DL-lactate incubated with sulfite or ca. 

0.4 mM nitrite from DL-lactate incubated with nitrate (Fig. 10). In contrast, incubation with 

succinate and sulfate did not result in the formation of H2S (Fig. 10).  

Table 8: Ability of Desulfovibrio strains to degrade an electron acceptor in the presence of an appropriate electron 

donor (both 20 mM). Bacterial cultures of strain Tau1 were incubated in basal freshwater medium (Appendix, Table A1) 

for 48 h under anoxic conditions. Growth response was scored when H2S or nitrite formation was detected (+) or when 

formation was not observed (-), respectively with the methylene blue method and the Griess Reagent (Fig. 10). SO4
2- = 

sulfate, SO3
2- = sulfite, NO3

- = nitrate. 

Medium  

supplements 

Desulfovibrio 

Tau1 

Desulfovibrio 

desulfuricans 

DSM 642T 

Desulfovibrio 

intestinalis 

DSM 11275T 

Desulfovibrio 

simplex 

DSM 4141T 

Succinate + SO4
2- - - [318, 320] + [318] - [317] 

DL-Lactate + SO3
2- + + [318, 320] + [318] - [317] 

DL-Lactate + NO3
- + + [318, 320]    - [318] + [317] 

 

Succ
 +

 S
O 4

2-

Succ
 +

 S
O 4

2-  +
 T

au
1

L +
 S

O 3
2-

L +
 S

O 3
2-

 + T
au

1

L +
 N

O 3
-

L +
 N

O 3
- + T

au
1

Tau
1

0.0

0.2

0.4

0.6

C
o

n
c
e

n
tr

a
ti

o
n

 (
m

M
)

H2S

Nitrite

n.d.
n.d. n.d.

  

3.2.3 Human fecal taurine-converting isolate Tau1 was identified as Desulfovibrio 

desulfuricans ATCC 27774  

The 16S rRNA gene sequence of all 13 Desulfovibrio isolates was aligned with sequences of 

the 16S rRNA gene at subspecies level using BLASTn. All isolates were 99% identical to 

the subspecies D. desulfuricans ATCC 27774 (M34113) (Table 9). Also, their partial 

dsrAB gene sequence was compared and was 100% identical to the subspecies Desulfovibrio 

desulfuricans ATCC 27774 (Table 9).  

Figure 10: Sulfide and nitrite formation within 48 h by the 

taurine-converting isolate Tau1 under anoxic conditions 

with one electron donor and one acceptor (20 mM both) in 

basal freshwater medium (Appendix, Table A1). H2S con-

centration was measured by the methylene blue method and ni-

trite by the Griess Reagent. Succ = succinate, L = lactate, 

SO4
2- = sulfate, SO3

2- = sulfite, NO3
- = nitrate, n.d. = not de-

tected. Data presented as mean (n = 2 - 3).  
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Furthermore, D. desulfuricans ATCC 27774 is capable of utilizing nitrate as TEA and has 

catalase activity, similar to strain Tau1 [320, 323] (Table 9). However, growth of D. desul-

furicans ATCC 27774 on succinate and sulfate or DL-lactate and sulfite has not been inves-

tigated previously (Table 9).  

Table 9: Comparison of sequence identity (16S rRNA and partial dsrAB gene sequence), growth behavior and cata-

lase activity of Desulfovibrio (D.) isolates, D. desulfuricans ATCC 27774, D. desulfuricans DSM 642T, D. intestinalis 

DSM 11275T and D. simplex DSM 4141T. Growth on various electron donor-electron acceptor combinations (20 mM 

each) and catalase activity only investigated for one of the Desulfovibrio isolates, namely Tau1. For this purpose, strain 

Tau1 was incubated for 48 h under anoxic conditions. Growth was monitored and the cultures were tested for H2S and 

nitrite formation, using the methylene blue method and the Griess Reagent, respectively (Fig. 10). Catalase activity was 

determined as described in 2.2.10. Succ = succinate, L = lactate, n.a. = not analyzed.  

 

16S rRNA  

 

dsrAB (partial)  

 

Growth with electron donor  

+ electron acceptor  

Catalase 

activity 
D. desulfu-

ricans 

ATCC 

27774 

D. spp 

isolates 

D. desul-

furicans 

ATCC 

27774 

D. spp 

isolates 

Succ  

+  

SO4
2- 

L  

+  

SO3
2- 

L  

+  

NO3
- 

D. spp.  

isolate(s) 
99% 100% 100% 100% -  +  +  +  

D. desulfuricans 

ATCC 27774 
100% 99% 100% 100% n.a. n.a. +  

[320] 

+  
[323] 

D. desulfuricans 

 DSM 642T 
100% 

95 - 97

% 
92% 92% -  

[318, 320] 
+  

[318, 320] 

+  
[318, 320] 

- 
[324] 

D. intestinalis 

DSM 11275T 
97% 

98 - 99

% 
95% 95% + 

[318] 
+  

[318] 
   -  
[318] 

+ 
[318] 

D. simplex DSM 

4141T 
97% 

96 - 98

% 
95% 95% -  

[317] 
-  

[317] 
+  

[317] n.a. 

 

Based on the results of the 16S rRNA gene-sequence analysis, the Desulfovibrio isolates are 

phylogenetically closely related to the type strains D. simplex, D. intestinalis and D. desul-

furicans or at substrain level to D. desulfuricans ATCC 27774. Their partial dsrAB gene 

sequence revealed the highest identity to D. desulfuricans ATCC 27774. However, the iso-

late Tau1 was identical to type strain D. desulfuricans DSM 642T and partially to D. desul-

furicans ATCC 27774 with respect to the ability to reduce specific electron acceptors in the 

presence of an electron donor [318, 320]. Catalase activity was similar to that of substrain 

D. desulfuricans ATCC 27774.  

3.2.4 The fecal isolate Tau1 converted taurine and isethionate to H2S 

To investigate whether sulfonates other than taurine could serve as an electron acceptor for 

isolate Tau1, isethionate, TC, cysteate, SQ, DHPS, and 3-sulfolactate were individually 

tested and compared to the control incubations of Tau1 with taurine, Tau1 without sulfonates 

or of one sulfonate, without strain Tau1. 

Strain Tau1 was able to grow in isethionate reaching a maximal OD600 of 0.23 after 48 h 

(Fig. 11A). This is higher than the maximal OD600 of 0.17 observed for taurine after 96 h 

(Fig. 11A). Isethionate resulted in a decreased doubling time in comparison to taurine, indi-

cating a faster growth on this substrate [3.4 (± 1.0) h vs. 5.2 (± 0.2) h, Table 10]. No increase 

in OD600 was detected during incubation of strain Tau1 with TC, cysteate, SQ, DHPS, or in 
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the control incubations (Fig. 11A). A slightly increased OD600 was detected in incubations 

of strain Tau1 with 3-sulfolactate (Fig. 11A). 

Growth of strain Tau1 was accompanied by black iron sulfide (FeS) precipitation, which 

interfered with OD600 measurements. Therefore, additional CFU/ml were determined over 

time. With taurine and isethionate cell numbers of strain Tau1 outnumbered those in controls 

(only Tau1, without sulfonate) by 101 CFU/ml (Fig. 11B). CFU/ml of incubations containing 

strain Tau1 with TC, cysteate, SQ, DHPS or 3-sulfolactate did not differ from the control 

incubations (data not shown). The time course confirmed that isethionate enabled a bet-

ter growth than observed for taurine, with the highest CFU/ml reached at 24 h for isethionate 

and at 96 h for taurine (Fig. 11B). However, the numbers did not reach statistical signifi-

cance in comparison to the control incubations.  

The growth of strain Tau1 with taurine or isethionate led to the depletion of both sulfonates 

and the simultaneous release of H2S (Fig. 11C). Degradation of taurine was detected after 

24 h of incubation, which is consistent with the increase in OD600 (Fig. 11A). Approximately 

70% of the taurine was converted to H2S after 96 h, while the residual 30% of taurine re-

mained undegraded. In the case of isethionate, strain Tau1 released from this sulfonate H2S 

directly after inoculation, which parallels the bacterial growth observed (Fig. 11A). Up to 

48% of the isethionate was depleted after 72 h (Fig. 11C).  

Depletion of SQ, TC, or DHPS was not observed (data not shown). No H2S was formed in 

incubations of isolate Tau1 with TC, SQ, DHPS, cysteate, or 3-sulfolactate (data not shown). 

Strain Tau1 did not convert taurine to isethionate (tested at 72 h of taurine degradation, data 

not shown). In conclusion, the human fecal isolate Tau1 is a member of the genus Desul-

fovibrio, capable of converting taurine and isethionate to H2S during anoxic growth.  
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Figure 11: Taurine-converting isolate Tau1 utilized taurine and isethionate (both 20 mM) during anoxic incubation 

while releasing H2S. (A) Growth (OD600) during incubation of strain Tau1 with taurine, isethionate, sulfoquinovose (SQ, 

4 mM), 2,3-dihydroxypropane-1-sulfonate (DHPS, 4 mM), 3-sulfolactate (4 mM), cysteate (20 mM), taurocho-

late (20 mM) or without sulfonate. (B) Growth of cultures with taurine (Tau + Tau1) or isethionate (Ise + Tau1) compared 

to growth of only isolate Tau1 without sulfonates (Tau1) based on colony-forming units (CFU). Formed CFU/ml of isolate 

Tau1 during incubations with TC, cysteate, 3-sulfolactate, SQ, or DHPS were identical with growth of strain Tau1 without 

sulfonates (data not shown). (C) Sulfonate and H2S concentrations during anoxic incubations of strain Tau1 with taurine 

or isethionate compared to sulfonate incubation without isolate Tau1. H2S was measured with the methylene blue method, 

taurine with the NBD-F assay and isethionate with LC-MS/MS analysis. Data expressed as mean ± SEM (n = 3). n.d. = not 

detected. 

Table 10: Doubling time during incubation of strain Tau1 with taurine or isethionate. Data expressed as mean ± 

SEM (n = 3). 

 

 

 

 

3.2.5 Desulfovibrio simplex DSM 4141T utilized the sulfite moiety of taurine 

Anoxic growth of Desulfovibrio spp. was primarily reported with isethionate and / or cyste-

ate, but not with taurine. Therefore, the ability of Desulfovibrio spp. to utilize taurine and to 

convert it to H2S was further examined using the type strains of D. simplex, D. intestinalis, 

D. desulfuricans, and D. piger.  

From all tested Desulfovibrio sp. (D. simplex, D. intestinalis, D. desulfuricans, and 

D. piger), only D. simplex utilized taurine as TEA and converted its sulfite moiety to 

H2S (Fig. 12, Table 11). The OD600 of D. simplex increased from 24 h to 96 h to a final OD600 

 Doubling time (h) 

Taurine (20 mM) + Tau1  5.2 (± 0.2) 

Isethionate (20 mM) + Tau1  3.4 (± 1.0) 
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of 0.12 (Fig. 12A). In contrast, the OD600 of D. intestinalis, D. desulfuricans, and D. piger 

cultures did not increase (Fig. 12A). Growth of D. simplex was confirmed by the CFU in-

crease within 96 h, with the highest number of 108 CFU/ml observed at 72 h (Fig. 12B). 

D. intestinalis, D. piger, and D. desulfuricans grew under these conditions (Fig. 12B), but 

did not release H2S from taurine (Table 11).  

On the contrary, D. simplex was able to convert taurine to H2S (Fig. 12C). The initial taurine 

concentration (20 mM) was continuously reduced between 0 to 96 h with a residual sul-

fonate content of 74% at 96 h (Fig. 12C). The formation of H2S from taurine started at 24 h, 

with a release of 6.5 mM H2S after 96 h (32.5% of the initial molar taurine concentration, 

Fig. 12, Table 11). 
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Figure 12: D. simplex converted taurine to H2S under anoxic conditions. (A) Growth (OD600) of Desulfovibrio (D.) 

simplex during anoxic incubation in the presence or absence of taurine (20 mM). D. intestinalis, D. desulfuricans, D. sim-

plex, and D. piger tested under these conditions did not respond with an increase in OD600 (data not shown). (B) Growth is 

based on an increase in colony-forming units (CFU). No CFU were observed in incubations of cultures without taurine (data 

not shown). n.d. = not detected. (C) Taurine and H2S concentrations measured with the NBD-F assay and the methylene 

blue method, respectively.  
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Table 11: H2S formation (mM) measured with the methylene blue method in anoxic incubations of SRB with tau-

rine (Tau) or sulfate (SO4
2-) (both 20 mM). Control incubations contained only bacteria, taurine or sulfate. Data are 

presented as mean ± SEM (n = 3). 

SRB + TEA or control 
Time (h) 

0 24 48 72 96 

D. intestinalis + Tau 

D. intestinalis + SO4
2- 

D. intestinalis 

0.01 ± 0.00 

0.01 ± 0.00 

0.00 ± 0.00 

-0.01 ± 0.00 

0.24 ± 0.03 

-0.01 ± 0.00 

-0.01 ± 0.00 

1.23 ± 0.97 

-0.01 ± 0.00 

-0.01 ± 0.00 

2.48 ± 2.69 

-0.01 ± 0.00 

-0.01 ± 0.00 

2.43 ± 3.12 

-0.01 ± 0.00 

D. desulfuricans + Tau 

D. desulfuricans + SO4
2- 

D. desulfuricans 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

-0.01 ± 0.01 

0.16 ± 0.00 

-0.01 ± 0.00 

-0.01 ± 0.00 

0.46 ± 0.09 

-0.01 ± 0.00 

-0.01 ± 0.00 

2.41 ± 0.42 

-0.01 ± 0.00 

-0.01 ± 0.00 

5.26 ± 2.99 

-0.01 ± 0.00 

D. simplex + Tau 

D. simplex + SO4
2- 

D. simplex  

0.01 ± 0.00 

0.01 ± 0.00 

0.01 ± 0.00 

0.07 ± 0.01 

0.12 ± 0.16 

-0.01 ± 0.00 

0.69 ± 0.36 

0.80 ± 0.23 

-0.01 ± 0.00 

2.94 ± 1.12 

0.83 ± 0.33 

-0.01 ± 0.00 

6.51 ± 2.52 

0.67 ± 0.54 

-0.01 ± 0.00 

D. piger + Tau 

D. piger + SO4
2- 

D. piger 

0.00 ± 0.00 

0.02 ± 0.00 

0.00 ± 0.00 

0.03 ± 0.02 

0.85 ± 0.23 

0.01 ± 0.01 

0.00 ± 0.00 

0.08 ± 0.09 

0.00 ± 0.00 

0.01 ± 0.00 

0.03 ± 0.02 

0.01 ± 0.00 

0.01 ± 0.00 

0.01 ± 0.00 

0.01 ± 0.00 

Tau  

SO4
2- 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.01 ± 0.00 

0.01 ± 0.00 

0.01 ± 0.00 

0.01 ± 0.00 

3.2.6 SQ-converting human fecal isolates were identified as E. coli 

For the enrichment of SQ-utilizing bacteria, 2% fecal slurries from D1 were incubated in 

MSM under oxic and anoxic conditions. Control cultures contained fecal slurries only. After 

three transfers, H2S formation was detected in the anoxic enrichment culture (Fig. 13), but 

not in the oxic culture. Thus, isolation of bacteria was done from the anoxic enrichment 

culture.  

SQ
 +

 O
2

SQ
 - 

O 2

SQ
 +

 O
2

SQ
 - 

O 2

SQ
 +

 O
2

SQ
 - 

O 2

0.00

0.05

0.10

0.15

S
u

lf
id

e
 c

o
n

c
e
n

tr
a

ti
o
n

(m
M

)

1rst

2nd

3rd

n.d.

 
A total of five isolates (SQ6, SQ10, SQ11, SQ12, SQ13) were obtained from anoxic cultures 

after the third transfer. All isolates were characterized as Gram-negative rods (Fig. 14A, iso-

late SQ6) and identified based on their 16S rRNA gene sequence as members of the E. coli 

taxonomic group (99% identity with E. coli, E. albertii, Shigella boydii, S. dysenteriae, S. 

flexneri, S. sonnei, 474 - 1040 bp) (Table 12). Alignment of the 16S rRNA gene sequence of 

the obtained isolates implied 98 - 100% identity, as well as 99 - 100% identity to the 

E. coli DSM30083T type strain or to E. coli MG1655. The latter is known to degrade SQ to 

DHPS [251]. RAPD revealed similar patterns of genomic DNA amplicons for the isolates, 

but a pattern distinct from that of E. coli MG1655, indicating strain similarity among the 

isolates but distinct to the E. coli MG1655 (Fig. 14B).  

 

Figure 13: Sulfide concentrations measured by the methylene blue 

method in anoxic (-O2) and oxic (+O2) enrichment subcultures with 

human fecal slurries from D1 (1%) and SQ (4 mM) during three se-

quential culture transfers. Data presented as individual value. 

n.d. = not detected. 
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The isolates were further analyzed with PCR with primers specific for E. coli K12 strains, 

E. coli, E. albertii, and E. fergusonii. All isolates were confirmed as E. coli, but the PCR 

band patterns of the isolates were not similar to that of E. coli MG1655 (data not shown).  

Sulfoquinovosidase (yihQ) catalyzes the hydrolysis of SQDG to SQ and has been detected 

in E. coli MG1655 [239]. SQ can be degraded further to DHPS by enzymes encoded in a 

ten-gene cluster. Herein, yihS is responsible for the first step of the sulfoglycolytic reaction, 

namely the isomerization of SQ to 6-deoxy-6-sulfofructose [249]. Genes encoding these two 

enzymes (yihQ and yihS) were present in all isolates (data not shown). 

 

 

 

 

 

 

 

 

Figure 14: Phenotypic and genotypic identification of sulfoquinovose (SQ)-converting isolates SQ6, SQ10, SQ11, 

SQ12 and SQ13. (A) Gram staining of isolate SQ6. (B) RAPD-PCR profiles of isolates SQ6, SQ10, SQ11, SQ12, and 

SQ13 in comparison to E. coli MG1655 (Ec) using primer M13-core in a 2% agarose gel in 1 x TAE buffer (Appendix, 

Table 1A). M = marker.  

Table 12: Identification and alignment of SQ-converting isolates SQ6, SQ10, SQ11, SQ12 and SQ13 with 

E. coli DSM30083T (type strain) and E. coli MG1655 (able to degrade SQ to DHPS) based on their 16S rRNA gene 

sequence using BLASTn. 

 

 

 

3.2.7 SQ utilization by human fecal isolates was dependent on the presence or absence 

of oxygen 

The degradation of SQ to DHPS by E. coli under anoxic and oxic conditions has previously 

been tested [249, 251]. Therefore, SQ conversion by the SQ-converting isolates was com-

pared to that of E. coli MG1655 under both conditions. As SQ is a derivative of glu-

cose, growth on the latter was also tested as a reference. 

All SQ-converting isolates and E. coli MG1655 (Fig. 15A, B), rapidly degraded glucose, no 

matter whether oxygen was present or not. The isolates depleted glucose completely within 

8 h, while E. coli MG1655 depleted glucose completely within 22 h, indicating a lower deg-

radation rate for E. coli MG1655. Findings are consistent with a higher determined doubling 

time of 4 h for E. coli MG1655 and 2 - 2.5 h for the tested isolates (Table 13). The doubling 
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time of all bacteria was largely increased when glucose was replaced by SQ and also de-

pended on the presence or absence of oxygen (Table 13). The doubling times were 3 - 8 

times higher under oxic conditions and 4 - 25 h times higher under anoxic conditions with 

SQ than with glucose (Table 13).  

Bacterial growth with SQ was accompanied by the conversion of SQ to 

DHPS (Fig. 15C - H). While the isolates SQ6, SQ11, SQ12 and SQ13 were able to convert 

SQ to DHPS under oxic and anoxic conditions (Fig. 15C, E-G), strain SQ10 and E. coli 

MG1655 were only able to produce DHPS when oxygen was absent (Fig. 15D, H). Isolates 

SQ6, SQ11, SQ12 and SQ13 converted SQ to DHPS within 22 - 24 h of anoxic incubation, 

requiring a longer period of incubation (24 - 48 h) in the presence of oxygen (Fig. 15C, 

E - G). 
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Figure 15: Glucose (4 mM) degradation and conversion of sulfoquinovose (SQ, 4mM) to 2,3-dihydroxypro-

pane-1-sulfonate (DHPS) by E. coli isolates (SQ6, SQ10 - SQ13) in comparison to E. coli MG1655. (A+B) Glucose 

concentrations quantified with the DNS method during (A) oxic (+ O2) and (B) anoxic (- O2) incubations of the fecal 

isolates SQ6, SQ10, SQ11, SQ12, SQ13 or E. coli MG1655 with glucose. (C - I) SQ and DHPS concentrations measured 

with LC-MS/MS analysis during oxic (+ O2) and anoxic (- O2) incubation of the fecal isolates SQ6, SQ10, SQ11, SQ12, 

SQ13 or E. coli MG1655 with SQ. Control incubation (I) contained only SQ. Data presented as mean (n = 1 - 2). 

n.g. = no growth detected. 

 

Table 13: Growth (doubling time) of isolated E. coli strains (SQ6, SQ10 - SQ13) in comparison to E. coli MG1655 

incubated with glucose (g, 4 mM) or sulfoquinovose (SQ, 4 mM) under oxic (+ O2) or anoxic (- O2) conditions. Data 

presented as mean (n = 1 - 2). n.g. = no growth detected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Growth conditions 
Doubling time (h) 

+O2 -O2 

E. coli MG1655 + g  3.8 4.1 

SQ6 + g  1.7 2.5 

SQ10 + g  1.8 2.6 

SQ11 + g  1.9 1.8 

SQ12 + g  1.6 2.4 

SQ13 + g  1.8 2.5 

E. coli MG1655 + SQ  n.g. 51.8 

SQ6 + SQ  13.2 8.8 

SQ10 + SQ  n.g. 20.0 

SQ11 + SQ  16.8 8.8 

SQ12 + SQ  14.4 9.5 

 SQ13 + SQ  15.9 8.9 
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3.2.8 Human fecal bacteria able to convert isethionate- or 3-sulfolactate were identi-

fied as B. wadsworthia or E. coli respectively 

Previous incubation experiments with human fecal slurries and isethionate or 3-sulfolactate 

had shown that the fecal microbiota of all donors (n = 10) converted both sulfonates to 

H2S (Fig. 8). To identify the bacteria responsible for these conversions, human fecal enrich-

ment-cultures (1%) from D10 containing either isethionate or 3-sulfolactate as electron ac-

ceptor and both formate and DL-lactate as electron donors were set up.  

Five bacterial strains were isolated from the enrichment cultures with isethionate (Ise1 to 

Ise5) and three from enrichment cultures with 3-sulfolactate (3-SL1 to 3-SL3). Of these, two 

isethionate- and two 3-sulfolactate-utilizing isolates (Ise2, Ise3, 3-SL1 and 3-SL2) converted 

the respective sulfonate to H2S (Fig. 16A). The isolates Ise2 and Ise3 converted 75% of the 

initial isethionate (20 mM) to H2S within 48 h (Fig. 16A). The isolates 3-SL1 and 3-SL2 

released 42.5% of the initial 3-sulfolactate concentration (4 mM) as H2S within 48 h 

(Fig. 16A). All isolates were identified as Gram-negative rods (Fig. 16B, C).  
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Figure 16: Isethionate- and 3-sulfolactate-utilizing bacteria able to convert both sulfonates to H2S during anoxic 

incubation were identified as Gram-negative rods. (A) H2S concentration in anoxic cultures of isolates Ise1 to Ise5 with 

isethionate (Ise, 20 mM) or isolates 3-SL1 to 3-SL3 with 3-sulfolactate (3-SL, 4 mM). Ise1 to Ise5 and 3-SL1 to 3-SL3 

were isolated from fecal anoxic enrichment cultures growing on isethionate (20 mM) or 3-sulfolactate (4 mM), respec-

tively. Human fecal slurries (1%) from donor 10 were used. (B) Gram staining of one isethionate-converting isolate (Ise2) 

and (C) one 3-sulfolactate-converting (3-SL2) isolate. Data are expressed as mean (n = 2). 
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16S rRNA gene sequencing and alignment with BLASTn identified the isethionate-convert-

ing isolates (Ise2 and Ise3) as being identical to each other and to B. wadsworthia type 

CCUG 32349T (99 - 100% identity, 1329 - 1369 bp) (Table 14A). The ability of 

B. wadsworthia to convert isethionate in this study is in accordance with previous investiga-

tions, in which B. wadsworthia RZATAU (DSM 11045) and B. wadsworthia 3.1.6 con-

verted isethionate to H2S [8, 136, 312]. The 16S rRNA gene sequence of B. wadsworthia 

isolates Ise2 and Ise3 was 99% identical to that of B. wadsworthia RZATAU (DSM 

11045) (Table 14A). 

3-Sulfolactate-converting isolates were closely related to the E. coli taxo-

nomic group (98 - 100%, isolate 3-SL1: 554 bp, 3-SL2: 1064 bp) (Table 14B). Both isolates 

were 98 - 99% identical to type strain E. coli DSM30083T and to the SQ-utilizing strain 

E. coli MG1655 (Table 14B). Both isolates were 99% identical to each other and to previ-

ously isolated SQ-converting isolates (SQ6, SQ10, SQ11, SQ12 and SQ13) (Table 14B). 

Table 14: (A) Identification and alignment of isethionate- and (B) 3-sulfolactate-converting isolates based on their 

16S rRNA gene sequence using BLASTn. B. wadsworthia CCUG 32349T and E. coli DSM30083T are the type strains 

and B. wadsworthia RZATAU (DSM 11045) and E. coli MG1655 are known to degrade isethionate to H2S or SQ to DHPS, 

respectively [8, 136, 251, 312]. 

 

 

 

 

 

 

 

 

However, RAPD fingerprint patterns of E. coli MG1655, isolates SQ6 and 3-SL2 implied 

strain differences (Fig. 17).  

 

  

 

 

 

Fig. 17: RAPD-PCR profiles of the isolates 3-SL2, SQ6 and E. coli MG1655 using M13-core primer and a 2% aga-

rose gel in 1 x TAE buffer (Appendix, Table A1).  
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Previous investigations have shown that 3-sulfolactate serves next to DHPS as an interme-

diate in microbial SQ-to-H2S degradation (Fig. 2). While from E. coli it is well known that 

the bacterium converts SQ to DHPS, it has never been investigated if E. coli is also able to 

convert 3-sulfolactate or DHPS directly to H2S [251]. Therefore, the ability of the E. coli 

isolates SQ6 (Fig. 14A), 3-SL2 (Fig. 16C) and E. coli MG1655 to convert DHPS or 3-sul-

folactate to H2S was examined. 

Growth of all bacteria increased in the presence of 3-sulfolactate and H2S was simultane-

ously released (Fig. 18). DHPS did not stimulate the growth of the bacteria, nor the release 

of H2S (Fig. 18). E. coli MG1655 incubated with 3-sulfolactate had the shortest doubling 

time (5.4 ± 1.9 h) compared to isolates incubated with 3-sulfolactate (isolate 

3-SL2: 6.3 ± 0.01 h and isolate SQ6: 7.4 ± 3.6 h) (Table 15). A slight increase of the OD600 

was detected for cultures of isolate 3-SL2 incubated without sulfonate: maximally 0.01 

within 48 h. This was 15 times lower than the highest OD600 observed for isolate 3-SL2 

during incubation with 3-sulfolactate (Figure 18). 
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Fig. 18: Growth (OD600) and H2S formation during anoxic incubation of the isolates 3-SL2, SQ6 or strain E. coli 

MG1655 with 3-sulfolactate (4 mM) or 2,3-dihydroxypropane-1-sulfonate (DHPS, 4 mM) in comparison to cultures 

without sulfonates. Formate (40 mM) was used as electron donor. The gas phase was N2/CO2 (80/20, v/v, %). H2S was 

quantified with the methylene blue method. Data are expressed as mean (n = 2). 

Table 15: Growth (doubling time) during anoxic incubation of E. coli MG1655, the isolate 3-SL2 or the isolate SQ6 

with 3-sulfolactate (3-SL, 4 mM). Data are expressed as mean ± SEM (n = 2). 

 

 

 

 

3.2.9 In vitro cultures of B. wadsworthia converted TC, taurine, isethionate, and 

DHPS to H2S  

Anoxic respiration of TC, taurine, isethionate, cysteate, and DHPS to H2S by B. wadsworthia 

has been described earlier [8, 9, 136], which was confirmed in this study (Fig. 19). 

Growth (OD600) and H2S formation was detected from 24 h to 96 h during incubation with 

Growth conditions Doubling time (h) 

E. coli MG1655 + 3-SL  5.4 ± 1.9 

Isolate 3-SL2 + 3-SL  6.3 ± 0.01 

Isolate SQ6 + 3-SL  7.4 ± 3.6 
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TC, isethionate, and taurine (Fig. 19A). A small increase of OD600 and H2S was observed 

for DHPS when compared to the control incubation without B. wadsworthia. While the high-

est OD600 with isethionate was reached at 48 h (OD600 = 0.25), the incubation with TC or 

taurine led to a continuous growth (OD600 = 0.30) to 96 h (Fig. 19A). In contrast, growth 

with DHPS was weaker, with the highest value of 0.005 at 96 h, which is approximately 60 

times less than observed for taurine and TC and 50 times less than observed for isethionate. 

Doubling times of B. wadsworthia with TC (5.6 h), taurine (4.8 h) or isethionate (4.2 h) were 

similar, but 1.8 to 2.5 times higher with DHPS (10.3 h) (Fig. 19C).  

TC, taurine, and isethionate (initially 20 mM each), were completely converted to 

H2S (Fig. 19A). In contrast, only 1.25% of the initial DHPS (4 mM) was released as H2S. 

An incubation time of 120 h of B. wadsworthia with DHPS revealed no further increase in 

H2S concentration in comparison to after 96 h (data not shown). H2S release from taurine or 

isethionate increased continuously to 96 h, while the highest concentration of H2S released 

from TC or DHPS was observed at 72 h (Fig. 19A). No growth and release of H2S were 

detected within 96 h in cultures containing cysteate, CoM, SQ or 3-sulfolactate (Fig. 19A).  

Due to interference of FeS in H2S-forming cultures with the OD600 measurements, bacte-

rial growth was in addition determined based on cell counting using the Thoma chamber. 

The results confirmed that taurine, isethionate, TC, and DHPS stimulated the growth of 

B. wadsworthia, while cysteate, CoM, SQ or 3-sulfolactate did not do so (Fig. 19B). Since 

the results for cysteate are in conflict with previous findings, the incubation time for this 

sulfonate was extended to 207 h. The enumeration of the cells with the counting chamber 

and the amount of H2S released, revealed an increase of cells from 48 h (106 cells /ml) to 

207 h (108 cells/ml). Similarly, H2S was released from cysteate between 80 and 207 h of 

incubation, with a final concentration of 12 mM at 207 h, indicating a partial conver-

sion (30%) of cysteate to H2S.  
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Figure 19: B. wadsworthia converted taurocholate, taurine, isethionate and 2,3-dihydroxypropane-1-sul-

fonate (DHPS) to H2S during anoxic respiration within 96 h. (A) Growth (OD600) and H2S formation by 

B. wadsworthia (B.w.) exposed to taurocholate, taurine, isethionate (all 20 mM), DHPS, cysteate (20 mM), Coenzyme 

M (CoM), sulfoquinovose (SQ), or 3-sulfolactate (all 4 mM) under anoxic conditions in comparison to control incuba-

tions (each sulfonate without B. wadsworthia or B. wadsworthia without sulfonate). (B) Cell numbers during anoxic incu-

bation with taurocholate, taurine, isethionate, DHPS, cysteate, CoM, SQ, or 3-sulfolactate, determined with the Thoma 

counting chamber. (C) Doubling time (td) of incubations of (A). H2S was quantified with the methylene blue method. Data 

presented as mean (± SEM).  

3.2.10 Anoxic co-culturing of the E. coli isolate SQ6 and B. wadsworthia led to the 

conversion of sulfoquinovose to H2S 

A co-culturing model of the gut bacterium B. wadsworthia with a member of the Enterobac-

teriaceae, namely E. rectale DSM 17629, degrades SQ to H2S via DHPS under anoxic con-

ditions [325]. Whether a co-culture of another member of the Enterobacteriaceae, namely 

E. coli isolate SQ6, and B. wadsworthia converts SQ to DHPS was tested in this 

study (Fig. 20A).  

SQ conversion by strain SQ6 has previously been tested in MSM (Appendix, Table A1), 

whereas DHPS conversion by B. wadsworthia has been in a basal medium (Appendix, Ta-

ble A1). To provide the same growth conditions for both bacteria, the growth of strain SQ6 

with SQ in basal medium was tested (Fig. 20B). Strain SQ6 grew in this medium within 

24 h, a prerequisite to proceed with the co-culturing experiment.  

To ensure that only SQ enabled strain SQ6 and only DHPS enabled B. wadsworthia growth, 

the following control incubations were included: 1) incubation of each bacterium with SQ 

or DHPS, 2) inoculated medium without addition of SQ, and 3) medium containing SQ and 

DHPS. When strain SQ6 and B. wadsworthia were incubated together with SQ, bacte-

rial growth of both strains was enhanced (Fig. 20C). Cell numbers increased to 101 cells/µl 

for both B. wadsworthia and isolate SQ6 during co-culture when compared to the control 

incubations (Fig. 20C). These findings were consistent with the calculated doubling 
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time: The co-culture had a doubling time of 3.6 ± 0.4 h, while single incubations of strain 

SQ6 + SQ led to a doubling time of 8.1 ± 0.8 h and of B. wadsworthia + DHPS to 

15.2 ± 0.5 h (Table 16). 

The co-culture converted SQ via DHPS to H2S (Fig. 20D). SQ was no longer detectable after 

24 h even though only 80% of the DHPS was converted (Fig. 20D). The highest DHPS con-

centration was measured at 24 h and 75% was recovered as H2S within 72 h (Fig 20D). H2S 

formation increased from 1.25% for the incubation of B. wadsworthia with DHPS, to 

75% for the co-culture with E. coli (Fig. 20D). 
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Figure 20: A co-culture of Bilophila wadsworthia (B.w.) and a fecal E. coli isolate completely degraded sulfoquino-

vose (SQ) to sulfide (H2S). (A) Scheme of the investigated experiment. (B) Growth (OD600) of isolate SQ6 with SQ tested in 

basal medium (Appendix, Table A1). (C) Growth of the SQ-converting isolate SQ6 and B. wadsworthia co-cultured for 72 h 

under anoxic conditions with SQ or 3-dihydroxypropane-1-sulfonate (DHPS) (both 4 mM). Growth was measured with qPCR. 

Underlined bacteria indicate the cell number of the specific bacterium in this incubation. Included controls were SQ + strain 

SQ6, SQ + B. wadsworthia, DHPS + strain SQ6, DHPS + B. wadsworthia, SQ + DHPS or single incubation of strain SQ6 or 

B. wadsworthia. (D) Sulfonate and H2S concentrations measured in the anoxic co-culture experiments. SQ was also degraded 

during incubation with isolate SQ6, but not during incubation with B. wadsworthia or during incubation of SQ without bacterial 

cultures (data not shown). No H2S was released when either B. wadsworthia or strain SQ6 were cultivated in the absence of 

any sulfonate. SQ was measured with LC-MS/MS analysis and H2S with the methylene blue method. Data presented as mean 

± SEM (n = 3). 

 

Isolate SQ6

SQ

DHPS

B.w.

H2S

OH
OH

OH

OHO
SO3

-

SO3

-

OH

OH



RESULTS 

61 

 

 

Table 16: Growth (doubling time) of Bilophila wadsworthia (B.w.) and the E. coli isolate SQ6 during anoxic co-culturing 

with sulfoquinovose (SQ, 4 mM) in comparison to individual incubations with SQ or 2,3-dihydroxypropane-1-sul-

fonate (DHPS, 4 mM) or SQ (4mM). Data presented as mean ± SEM (n = 3). 

 

 

 

 

 

  

3.3 Spirulina feeding experiment in conventional mice 

Sulfonates serve as sulfite source in the gut and thereby may stimulate the growth of colito-

genic bacteria such as B. wadsworthia [9]. Knowledge about the fate of dietary sulfonates in 

the intestinal tract after ingestion and their effect on the gut microbiota composition is scarce. 

This although sulfonates, such as SQDG are present in salad, spinach or parsley, and there-

fore part of the daily human nutrition. SQDG are also highly abundant in Spirulina which is 

used as a nutrition supplement. To investigate whether SQDG enhance the growth of pro-in-

flammatory bacteria such as B. wadsworthia, conventional C57BL/6J mice were fed a sem-

isynthetic diet supplemented with 20% Spirulina (SD) or a semisynthetic control diet (CD) 

for three weeks. Body-weight development, feed and water intake, macroscopic and histo-

logical organ parameters, intestinal inflammation and gut microbiota composition were in-

vestigated and related to sulfonate levels in the gastrointestinal tract. 

3.3.1 Spirulina diet feeding initially increased body weight and led to fat tissue accu-

mulation, a decreased liver weight and a smaller stomach surface 

The body weight of the SD-fed mice was approximately 4% elevated at day two compared 

to CD-fed mice, but increased in both groups to a similar extent thereafter (Fig. 21A). Sim-

ilarly, daily food intake from day 0 to day 2 was 30% higher in SD-fed mice than in CD-fed 

mice, but converged thereafter (Fig. 21B). To illustrate the effect of food intake on the 

body-weight increase in the first two days of intervention, the ratio of body-weight gain (%) 

per 1 g consumed diet during this timeframe was determined. This ratio was approximately 

four times higher in SD-fed compared to CD-fed mice (Fig. 21C), illustrating that food in-

take is not or not the only reason for the body-weight gain. Other parameters previously 

associated with body-weight gain that might be affected by the intake of SQDG-containing 

SD will be discussed below (3.3.6 ff.). 

SD-fed mice had a significantly reduced liver weight relative to body weight (CD: 5.92 ± 

0.80%; SD: 5.37 ± 0.42%, Fig. 21D) and a reduced stomach surface (CD: 2.14 cm² ± 0.53; 

SD: 1.63 ± 0.32 cm², Fig. 21E), while eWAT (1.5 times), sWAT (1.5 times), mWAT (1.5 

times) and pWAT (2.5 times) relative to body weight in comparison to CD-fed mice was 

elevated (Fig. 21F). Shortening of the colon or splenomegaly, which has previously been 

linked to an infection by B. wadsworthia and inflammation [326, 327], was not observed. 

 

Growth conditions Doubling time (h) 

SQ6 + B.w. + SQ  3.6 ± 0.4 

SQ6 + SQ  8.1 ± 0.8 

B.w. + DHPS  15.2 ± 0.5 
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Figure 21: Body-weight increase, liver-weight and stomach surface reduction and fat tissue accumulation in con-

ventional C57BL/6J mice after intake of an SQDG-containing diet. (A) Body-weight development (mean ± SEM, 

n = 16 - 18), (B) time course of food intake, (C) ratio of % weight increase per g food intake from day 0 to day 2 (mean ± 

SEM, n = 17 - 18), and (D - F) organ weight, length and size (mean ± SEM, one symbol per mouse) after 3 weeks intake 

of a semisynthetic diet supplemented with 20% Spirulina of conventional C57BL/6J mice (SD) vs. C57BL/6J mice fed a 

semisynthetic diet without Spirulina (CD). Stomach and cecum surface were measured by length × width. eWAT = epidid-

ymal white adipose tissue, sWAT = subcutaneous white adipose tissue, mWAT = mesenteric white adipose tissue, 

pWAT = perirenal white adipose tissue. CD vs. SD: *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. 

3.3.2 SQDG of Spirulina were converted to SQ during small intestinal transit  

SQDG were reported to make up 32% of total lipids of Spirulina [328]. Intestinal bioavaila-

bility and digestibility of ingested macronutrients encapsulated by a plant cell, such as 

SQDG, depend on the breakdown of the cell wall. Cell walls are largely made from polysac-

charide and glycoproteins, which are often resistant to digestive enzymes of the gastrointes-

tinal tract [329, 330]. Therefore, the microscopic appearance of macronutrients in Spirulina 
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powder, prepared SD, and fecal samples of mice fed SD (20 days) was compared (Fig. 22A). 

The microscopic inspection suggests that the preparation and processing of the SD did not 

lead to a breakdown of the cellular wall of Spirulina. In contrast, the cell integrity after pas-

sage through the gastrointestinal tract was diminished, indicating the availability of cellular 

components from Spirulina such as SQDG for gut bacteria as substrates.  

SQ and DHPS in gastrointestinal contents and feces of SD-fed mice were quantified and 

compared to those of CD-fed mice. After 16 days of intervention, SQ in cecal con-

tents (n = 7/15) and feces (n = 12/12) of mice fed SD was higher than of mice fed 

CD (Fig. 22B). However, in cecal contents SQ was only observed in seven out of 15 SD-fed 

mice. Therefore, different cecal SQ concentration between CD- and SD-fed mice did not 

reach significance. The SQ- and DHPS-concentrations did not differ in stomach, small in-

testinal, and colonic contents between the two groups, despite of single mice having higher 

levels (Fig. 22B). This might indicate that SQ is released from SQDG but conversion to 

DHPS did not occur. 

The release of SQ from SQDG seems to predominantly occur in the cecum. The observed 

differences in sulfonate conversion among individual mice may be due to differences in mi-

crobiota composition which will be examined below (3.3.5). 
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Figure 22: Cell wall breakdown and gastrointestinal release of sulfoquinovose (SQ) in conventional C57BL/6J mice 

fed a semisynthetic diet supplemented with 20% Spirulina (SD). (A) Representative microscopic images of samples of 

Spirulina as present in freeze-dried powder, in SD and in murine feces after 20 days (d) of feeding. Samples were examined 

microscopically at a 100 x magnification. (B) SQ and 2,3-dihydroxypropane-1-sulfonate (DHPS) concentrations measured 

in indicated gastrointestinal contents after 21 d and in feces after 16 d of SD- or semisynthetic control diet (CD)-fed mice 

with LC-MS/MS analysis (n = 12 - 15, mean ± SEM, one symbol per mouse). Values < LLOQ (detection limit) were set 

as 0 (SQ: small intestine_CD and colon_CD n = 15 < LLOQ, small intestine_SD and colon_SD, n = 13 < LLOQ, ce-

cum_CD n = 15 < LLOQ, cecum_SD n = 7 < LLOQ. DHPS: stomach_SD n = 1< LLOQ, and small intestine, cecum, co-

lon, feces in both groups all tested samples were < LLOQ). CD- vs. SD-fed mice: ****P < 0.0001. 

3.3.3 SQDG-containing diet influenced the expression of SQ- and DHPS-degrading 

enzymes of bacteria in intestinal contents and tissues.  

To investigate whether the elevated SQ levels in cecal contents and feces of SD-fed mice 

promoted the growth of SQ- and / or DHPS-degrading gut bacteria, gene copies of two bac-

terial key enzymes involved in the utilization of these sulfonates were analyzed: the isomer-

ase (yihS), catalyzing the first step in bacterial SQ degradation, and the dsrABC, responsible 

for the six-electron reduction of SO3
2- to H2S in the last step of DHPS degradation [9, 249, 

251, 331]. The isomerase yihS was not present in feces of SD-fed mice and only detected in 

few CD-fed mice at the beginning of the study and at day six of intervention (Fig. 23A). 

However, a clear difference in yihS abundance was observed in the cecal contents of SD- and 

A 

B 
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CD-fed mice (Fig. 23C). A reduced gene yihS abundance in SD-fed mice indicates a lower 

SQ degradation, which is consistent with elevated SQ concentrations observed in this part 

of the gut (3.3.2). dsrA abundance in feces of CD-fed mice did not change over time, but 

decreased in abundance in feces of SD-fed mice until day nine and recovered almost com-

pletely until day 16 (Fig. 23B). There were no differences in dsrA levels in cecal con-

tents (Fig. 23C). 

3.3.4 Spirulina feeding evoked a mild immune response in the ileum 

The growth of the colitogenic bacterium B. wadsworthia is enhanced by the presence of in-

testinal sulfonates, inducing colitis [9]. Potential pro-inflammatory effects of the sul-

fonate-containing SD were analyzed in the intestinal mucosa (Fig. 23D). The pro-inflamma-

tory cytokines interleukin (IL)-6 and tumor necrosis factor (TNF)-α were considered as 

markers of inflammatory conditions in the intestine. Il-6 expression was higher in the ileal 

mucosa of SD-fed mice, but was not affected in jejunal or colon mucosa (Fig. 23D). Simi-

larly, Tnf-α was not differently expressed in mucosa in response to the diet, but an increased 

trend was detected in the ileum (Fig. 23D). 
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Figure 23: Fold change in the expression of bacterial genes involved in SQ degradation in feces and cecal contents 

and relative gene expression of inflammatory markers in intestinal mucosa of mice fed a semisynthetic diet supple-

mented with 20% Spirulina (SD) versus mice fed a semisynthetic control diet (CD) for 21 days. (A, B) Relative fold 

change of the sulfoquinovose isomerase (yihS) and the dissimilatory sulfite reductase subunit A (dsrA) in feces or (C) in 

cecal contents. Values were normalized to (CD)-fed mice at day 0. Data presented as mean ± SEM (n = 14 - 18). *: CD 

versus SD-fed mice for each point in time or tissue; #: SD-fed mice at day 0 versus SD-fed mice at different points in 

time. (D) Gene expression of the inflammatory markers interleukin (Il)-6 and tumor necrosis factor (Tnf)-α in intestinal 

mucosa of CD- vs. SD-fed mice after 21 days of intake. Data presented as mean ± SEM (n = 10). Each dot represents one 

mouse. Quantified gene-expression levels below the detection limit are not shown. *: CD-fed mice versus SD-fed mice. 

*, # P < 0.05, **, # #P < 0.01, ***, # # #P < 0.001 and ****, # # # #P < 0.0001.  
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3.3.5 The fecal and cecal microbiota diversity were altered due to Spirulina diet  
 

3.3.5.1 Spirulina changed the α- and ß-diversity 

α-Diversity, species richness and evenness of murine samples, were estimated using the 

Shannon-Wiener index, the Simpson index, the OTUs, the richness and the evenness of each 

sample. 

The Shannon-Wiener index describes the evenness and abundance of species (richness) 

within one sample [332]. The Simpson-index represents the probability of two randomly 

selected bacterial sequences to belong to the same bacterial species [333, 334]. After 16 days 

of intervention, the OTUs and the richness were significantly increased in feces of SD-fed 

mice compared to feces of CD-fed mice (Fig. 24C, D). No differences were detected in the 

Shannon-Wiener index, the Simpson-index, and the evenness in feces (Fig. 24A, B, E). In 

cecal contents of SD-fed mice, the OTUs and the richness revealed a significantly increased 

bacterial α-diversity compared to CD-fed mice (Fig. 24F, G). Also, the evenness was in-

creased (Fig. 24 G). 
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Figure 24: Alpha (α)-diversity, species richness and evenness of fecal (A - E) and cecal (F, G) microbiota of mice fed 

a semisynthetic diet supplemented with 20% Spirulina (SD) compared to mice fed a semisynthetic control diet (CD). 

The α -diversity was estimated using the Shannon-Wiener index, the Simpson-index, number of observed species (OTUs), 

the richness and the evenness of each sample. The Shannon-Wiener index describes the evenness and abundance of spe-

cies (richness) within one sample. The Simpson-index represents the probability of two randomly selected bacterial se-

quences to belong to the same bacterial species. F = feces. Diets were given for 21 days. CD vs. SD: * P < 0.05 and 

***P < 0.001; n = 5 - 7 per group.  
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ß-Diversity describes the spatial differences in microbiota composition among the animals 

[306]. No differences in the fecal microbiota profile were observed among the mice at the 

start of the intervention (Fig. 25A). After 16 days, the fecal microbiota profile of SD-fed 

mice was significantly different compared to baseline (day 0) (P = 0.001) (Fig. 25C), while 

the microbiota composition of CD-fed mice did not change over time (Fig. 25B). Further-

more, microbiota profiles of feces collected at day 16 (Fig. 25D, P = 0.003) and cecal con-

tents collected at day 21 (Fig. 25E, P = 0.002) of SD-fed mice were significantly different 

from those of CD-fed mice. 
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Figure 25: NMDS plots of generalized Unifrac distances 

visualizing the spatial distribution of fecal (A - D, 

CD- and SD-Feces) and cecal (E, CD- and SD-Cecum) mi-

crobiota of mice fed a semisynthetic diet supplemented 

with 20% Spirulina (SD) and mice fed a semisynthetic 

control diet (CD). (A) CD-Feces at day 0 vs. SD-Feces at 

day 0, (B) CD-Feces at day 0 vs. CD-Feces at day 16, (C) 

SD-Feces at day 0 vs. SD-Feces at day 16, (D) CD-Feces at 

day 16 vs. SD-Feces at day 16, (E) CD-Cecum vs. SD-Ce-

cum. Each dot represents the microbiota profile of one mouse. 

Diets were fed for 16 days (fecal samples) or 21 days (cecal 

samples). Microbiota profiles were assessed by 16S 

rRNA gene sequencing and significance was tested using 

PERMANOVA test.  
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3.3.5.2 Spirulina-containing diet resulted in taxonomic differences  

The predominant phyla in feces, before (day 0) and after intervention (day 16), and in cecal 

contents after 21 days of intervention of all tested subjects were Bacteroidetes, Firmicutes, 

Proteobacteria, and Verrucomicrobia (Fig. 26A - E). The phylum composition in feces of 

all mice was identical at start of the intervention (Fig. 26A, C). When the mice were fed CD 

the fecal phylum composition was stable over time (Fig. 26A, B). In mice fed SD, the rela-

tive abundance of fecal Bacteroidetes increased (Fig. 26B, D: CD-feces_16 d vs. SD-fe-

ces_16 d: P = 0.03; Fig. 26C, D: SD-feces 0 d vs. SD-feces_16 d: P < 0.001). This also ap-

plies to cecal contents (Fig. 26E: CD-cecum vs. SD-cecum: P < 0.001). In contrast, fecal 

and cecal Firmicutes decreased (Fig. 26B, D: CD-feces_16 d vs. SD-feces_16 d: P = 0.0027; 

Fig. 26C, D: SD-feces 0 d vs. SD-feces_16 d: P < 0.001; Fig. 26E: CD-cecum vs. SD-ce-

cum: P < 0.001).  

The difference in relative abundance of bacterial taxa of the fecal or cecal microbiota in mice 

receiving CD or SD was determined in order to identify taxonomic differences in response 

to SQDG-containing diet (Fig. 27, 28). Members of six bacterial families in feces and seven 

in cecal contents of SD-fed mice were increased in comparison to CD-fed mice (Fig. 27). In 

feces and cecum these were most notably Porphyromonadaceae (feces: P < 0.0001; ce-

cum: P = 0.0001), Bacteroidaceae (feces: P = 0.0004; cecum: P = 0.0005), Lactobacil-

laceae (feces: P = 0.0051; cecum: P = 0.0298), and Rikenellaceae (feces: P = 0.0303; ce-

cum: P = 0.0177, Fig. 27). Unclassified Clostridiales were significantly increased in fe-

ces (P = 0.0051, Fig. 27A) and Prevotellaceae in cecum (P = 0.0480, Fig. 27B). Seven bac-

terial families were reduced in feces and five in cecal contents of mice fed SD (Fig. 27). In 

both matrixes, particularly Erysipelotrichaceae were decreased (feces: P = 0.0032; ce-

cum: P < 0.0001, Fig. 27). In addition, SD led to a significant reduced level of Sutter-

ellaceae (P = 0.0480) in feces (Fig. 27A) and a significant reduction of Desulfovibri-

onaceae in cecal contents (P = 0.0025) (Fig. 27B).  

At genus level, nine bacterial genera in feces and ten genera in cecal contents were increased 

in mice fed SD (Fig. 28), particularly Bacteroides (both: P = 0.0025), Lactobacil-

lus (both: P = 0.0051), and Alistipes (feces: P = 0.0303; cecum: P = 0.0177). In feces, also 

the numbers of Parabacteroides (P = 0.0480) and an unclassified member of the Clostrid-

iales (P = 0.0051) was significantly increased (Fig. 28A), while in cecum an unclassified 

member of the Porphyromonodaceae (P = 0.0480) and Alloprevotella (P = 0.0480) were 

significantly increased (Fig. 28B). In mice fed SD, eight bacterial genera were reduced in 

feces and six in cecal contents (Fig. 28). In both matrixes, Allobaculum (feces: P = 0.0061; 

cecum: P = 0.0480, Fig. 28) and in fecal samples Clostridium IV (P = 0.0025) and Para-

sutterella (P = 0.0480, Fig. 28A) were significantly reduced, while an unclassified member 

of the Lachnospiraceae (P = 0.0025) and of the Desulfovibrionaceae (P = 0.0025) were sig-

nificantly decreased in cecal contents (Fig. 28B). Desulfovibrionaceae, which 

B. wadsworthia belongs to, were also reduced in feces but this was not statistically signifi-

cant. 
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Figure 26: Relative abundance of bacterial phyla in feces (A - D) and cecal contents (E) of mice fed a semisynthetic 

diet supplemented with 20% Spirulina (SD) and mice fed a semisynthetic control diet (CD) at different times of 

the experiment. Feces were obtained at day 0 and day 16 of the intervention. Cecal contents were obtained after 21 days 

of the intervention. n = 5 - 7 per group.  
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Figure 27: Family-level differences in fecal (A) and cecal (B) microbiota composition between mice fed semisyn-

thetic diet supplemented with 20% Spirulina (SD) and mice fed semisynthetic control diet (CD). Data are presented 

as mean normalized to CD-fed mice (n = 5 - 7). Fecal samples were collected at day 16 and cecal contents at day 21 of 

intervention. CD-fed mice vs. SD-fed mice. **P < 0.01, ***P < 0.001 and ****P < 0.0001. 
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Figure 28: Genus-level differences in fecal (A) and cecal (B) microbiota composition between mice fed semisynthetic 

diet supplemented with 20% Spirulina (SD) and mice fed semisynthetic control diet (CD). Fecal samples were col-

lected at day 16 and cecal contents at day 21 of intervention. Data are presented as mean normalized to CD-fed 

mice (n = 5 - 7). CD- versus SD-fed mice. *P < 0.05, ***P < 0.001 and ****P < 0.0001.  
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3.3.5.3 The Spirulina induced decrease of fecal of B. wadsworthia was time-dependent 

This study demonstrates that the colitogenic bacterium B. wadsworthia degrades DHPS to 

H2S and therefore, is important for the complete degradation of SQ. Accordingly, the abun-

dance of B. wadsworthia in feces and cecal contents of CD- and SD-fed mice was quantified 

using qPCR (Fig. 29). SD-feeding reduced the levels of fecal B. wadsworthia to 75% from 

day 0 to day 9, but levels recovered afterwards (Fig. 29A).  In cecal samples there were no 

differences in cell numbers at day 21 (Fig. 29B). Consistently, the cell-number pattern of 

B. wadsworthia in feces of SD-mice over time was similar to the abundance of fecal 

dsrA (Fig. 23B). 
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Figure 29: Abundance of B. wadsworthia in (A) feces and (B) cecal contents of mice fed semisynthetic diet supple-

mented with 20% Spirulina (SD) and mice fed semisynthetic control diet (CD). Cell counts were determined with 

qPCR and data is presented as mean ± SEM. Each dot represents one mouse. *CD- versus SD-fed mice. #SD-fed mice at 

day 0 versus SD-fed mice at given points in time. *P < 0.05, ***, # # #P < 0.001 and ****, # # # #P < 0.0001, n = 18 per group.  

 

3.3.6 Energy intake and food efficiency of SD-fed mice were elevated  

In a final step, this study aimed to investigate the increase in body weight observed for mice 

receiving SD in comparison to CD (3.3.1). Bomb-calorimetry of the diets (CD: 16.9 kJ/g 

and SD: 17.3 kJ/g; CD: n = 2; SD: n = 1), as well as dietary macronutrient analysis based on 

the Weender analysis (Table 17) did not reveal major differences in energy and macronutri-

ent content between CD and SD. Energy intake (kJ/day) and food efficiency (mg body 

weight gain/kJ) of SD-fed mice were compared with those of CD-fed mice (Table 18). Both 

parameters were higher in SD-fed than in CD-fed mice between day 0 and day 2 (energy 

intake: 1.7 times higher, food efficiency: 6 times higher). This considerable difference was 

not observed for the time between day 2 and day 21 (energy intake: 1.1 times higher, food 

efficiency: 1.3 times lower) (Table 18). The fecal energy contents were similar for 

both groups (CD: 14.25 ± 0.05 kJ/g and SD: 15.72 ± 0.52 kJ/g; mean ± SEM; n = 4, Ta-

ble 18). 

Analyses revealed that both diets were isocaloric, showed similar macronutrient composi-

tions and that fecal energy contents were similar. Furthermore, energy intake and food effi-

ciency did not differ in between both groups from day 2 and day 21 of intervention. Thus, 

the differences in energy intake and food efficiency within the first 48 h might be responsible 
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for the significant weight gain of SD mice, which is consistent with the body-weight gain 

during the first two days of intervention (3.3.1). 

Table 17: Macronutrient composition of control diet (CD) and semisynthetic diet supplemented with 20% Spirulina 

(SD) according to Weender analysis (also known as proximate analysis). All diet batches used in the animal experi-

ments were analyzed (CD: n = 2; SD: n = 1). 

Analyzed macronutrients Content in 

CD (%) 

Content in 

SD (%) 

Water  10.7 10.8 

Raw ash 4.8 5.1 

Raw protein  18.3 20.2 

Raw fat  4.5 4.4 

Raw fiber 1.2 1.5 

Nitrogen-free extract 60.7 58.0 

 
Table 18: Biometric parameters of mice fed a semisynthetic diet supplemented with 20% Spirulina (SD) or a sem-

isynthetic control diet (CD) for three weeks. Food efficiency was determined from body-weight gain (mg) per consumed 

energy (kJ). Energy intake and food efficiency were both determined for the period between day 0 and day 2 as well as 

between day 2 and day 21 and compared with each other (mean ± SEM, n = 16 - 18). CD- versus SD-fed mice 

day 0 → day 2: ****P < 0.0001 and CD- versus SD-fed mice day 2 → day 21: ###P < 0.001.  

 CD 

day 0 → day 2 

SD 

day 0 → day 2 

CD 

day 2 → day 21 

SD 

day 2 → day 21 

Energy intake (kJ/d) 53.66 ± 2.86 90.77 ± 6.94**** 51.91 ± 0.87 58.04 ± 0.99### 

Food efficiency (mg/kJ) 6.08 ± 3.11 35.98 ± 3.75**** 1.64 ± 0.87 1.18 ± 0.70 

 

To elucidate possible causes responsible for the body-weight gain of SD-fed mice, these 

body parameters potentially linked to obesity were analyzed in the following: blood-glucose 

level, adipocyte size and number, gene expression of key enzymes linked to the intestinal 

and hepatic lipid metabolism and transport, hepatic triglyceride concentrations and liver tis-

sue histology.  

3.3.7 Spirulina diet feeding did not affect the glucose metabolism  

Fat-tissue accumulation and body-weight gain may correlate with increased blood-glucose 

levels and an impaired glucose tolerance [335]. The glucose transporter type 2 (GLUT2) fa-

cilitates the transmembrane glucose transport in many tissues. In liver, the main storage form 

of glucose is glycogen, biosynthesized by the hepatic glycogen synthase (GYS2). An altered 

abundance of GLUT2, GYS2 and glycogen is associated with glucose intolerance [337-340].  

Plasma-glucose levels of heart blood and of portal vein blood detected in SD-fed and CD-fed 

mice were similar (Fig. 30A). The intestinal and hepatic Glut2 mRNA levels in SD mice 

were not significantly different from those of controls (Fig. 30B). The hepatic gene expres-

sion of Gys2 and the glycogen concentration did not differ between the groups (Fig. 30C, 

D). 
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Figure 30: Blood-glucose levels and storage as glycogen of mice fed semisynthetic diet supplemented with 20% Spir-

ulina (SD) and mice fed semisynthetic control diet (CD). (A) Plasma glucose level of heart blood and of blood from the 

hepatic portal vein (Vena portae hepatis, VP). Data is presented as mean ± SEM (n = 18 per group). (B) Gene-expression 

level of the glucose transporter type 2 (Glut2) in intestinal and hepatic tissue (mean ± SEM, n = 6 - 10 per group) and (C) 

of the hepatic glycogen synthase (Gys2) (mean ± SEM, n = 17 - 18 per group). (D) Hepatic glycogen level (mean ± SEM, 

n = 18 per group). Each symbol represents one mouse. Samples were obtained after 21 days of intervention. 

3.3.8 Spirulina feeding led to hypertrophic obesity  

Two forms of obesity correlate with the adipocyte phenotype: namely hypertrophic and hy-

perplastic obesity [340, 341]. The first type illustrates an increase in adipocyte size in mod-

erate state of obesity and the second an increased adipocyte cell number in a more severe 

form of obesity [340, 341]. The mean adipocyte area of the mWAT was approximately 

90% larger in SD-fed mice than in CD-fed mice (Fig. 31A, B). Due to adipocyte hypertro-

phy, the adipocyte number per stained slide in SD-fed mice was reduced (ca. 

55%) (Fig. 31A, C), indicating a moderate state of obesity.  



RESULTS 

76 

 

 

   

CD SD
0

500

1000

1500

A
d

ip
o
cy

te
 a

re
a
 (

µ
m

2
)

****

CD SD
0

50

100

150

A
d

ip
o
c
y
te

 n
u

m
b

er

p
e
r
 s

ta
in

e
d

 s
li

d
e ***

 
Figure 31: Adipocyte analysis of the mesenteric white adipose tissue (mWAT) of mice fed semisynthetic diet supple-

mented with 20% Spirulina (SD) and mice fed semisynthetic control diet (CD). (A) Representative images of adipo-

cytes visualized with H&E staining of mWAT. (B, C) Adipocyte area and number of the mWAT quantified with ImageJ 

Plug-in Adiposoft (mean ± SEM, n = 16 - 18 per group). CD- versus SD-fed mice: ***P < 0.001 and ****P < 0.0001. 

Samples were obtained after 21 days of intervention. Each symbol represents one mouse. 

3.3.9 SD feeding reduced the intracellular lipid availability in jejunal tissue 

To further clarify the obesogenic effect of SD, gene expression of key enzymes involved in 

intestinal lipid metabolism was analyzed (Fig. 32). The selected enzymes are responsible for 

lipid transport (fatty acid translocase, Cd36; fatty acid-binding protein, Fabp2), lipid syn-

thesis (fatty acid synthase, Fasn), triglycerides synthesis (Acyl-CoA desaturase 1, Scd1), li-

pid catabolism (hormone-sensitive lipase, Lipe), and lipid homeostasis (Perilipin 2, Plin2).  

Mice fed SD displayed lower mRNA levels of Cd36, Scd1 and Plin2 in jejunal mucosa than 

CD-fed mice, indicating a reduced cellular uptake and availability of lipids in the SD-fed 

mice in the jejunum (Fig. 32A). There were no significant differences in the expression 

of genes related to the intestinal lipid metabolism and transport in ileum and colon, indicat-

ing that SD did not affect the lipid metabolism in the distal intestine (Fig. 32B, C). 

A 

B C 
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Figure 32: Gene-expression levels of enzymes of the intestinal lipid metabolism in (A) jejunal, (B) ileal and (C) co-

lonic mucosa of mice fed semisynthetic diet supplemented with 20% Spirulina (SD) and mice fed semisynthetic con-

trol diet (CD). Data is presented as mean ± SEM, n = 6 - 10 per group. *P < 0.05 and **P < 0.01. Samples were obtained 

after 21 days of intervention. Each symbol represents one mouse. 

3.3.10 SD reduced gene-expression levels of key enzymes for hepatic lipid uptake and 

synthesis 

The liver has a crucial function in fat metabolism, including lipid uptake, synthesis, storage 

and consumption [342]. In obesity, hypertrophic adipocytes of white adipose tissue increase 

in their lipid content over time, resulting in an excess of lipids. Lipids that cannot be stored 

in the adipose tissue are released into the systemic circulation and deposited in organs such 

as the liver, which may lead to hepatic formation of lipid droplets and elevated triglyceride 

levels [342, 343]. Furthermore, hepatic inflammation has previously been linked to obesity 

[344]. 
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No differences in hepatic tissue histology were detected between SD- and CD-fed 

mice (Fig. 33). No lipid droplet formation or signs of inflammation, tissue damage, fibrosis 

or steatosis were observed (Fig. 33). Concentration of triglycerides in the liver did not differ 

between the groups, while the mRNA level of Tnf-α was significantly higher in mice fed 

SD (Fig. 34A, B). 

 

Figure 33: Representative images of hepatic tissue of mice fed semisynthetic diet supplemented with 20% Spirulina 

(SD) and mice fed semisynthetic control diet (CD). Liver sections were stained with H&E and inspected microscopically 

at a 400 x magnification. Scale = 10 µM. Samples were obtained after 21 days of intervention. 
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Figure 34: (A) Hepatic triglycerides and (B) gene expression levels of tumor necrosis factor (Tnf)-α of mice fed sem-

isynthetic diet supplemented with 20% Spirulina (SD) and mice fed semisynthetic control diet (CD). Data are pre-

sented as mean ± SEM (n = 15 - 18 per group). Each symbol represents one mouse. Liver was obtained after 21 days of 

intervention. CD- vs. SD-fed mice: **P < 0.01. 

To further characterize the weight-gain effects of SD, the gene expression of key enzymes 

of the hepatic lipid metabolism was analyzed in both groups (Fig. 35). The enzymes chosen 

are involved in lipid uptake (fatty acid translocase, Cd36; very long-chain acyl-CoA synthe-

tase, Slc27a2; long-chain fatty acid transport protein 4, Slc27a4), cholesterol uptake (fatty 

acid-binding protein 1, Fabp1), lipid synthesis (fatty acid synthase, Fasn; elongation of very 

long chain fatty acids protein 5 and 6, Elovl5 and Elovl6), cholesterol synthesis (3-hy-

droxy-3-methylglutaryl-coenzyme A reductase, Hmgcr), in de novo cholesterol and lipid 

synthesis (ATP-citrate synthase, Acly), triglycerides synthesis (acyl-CoA desaturase 1, Scd1; 

diacylglycerol acyltransferase 2, Dgat2), lipid catabolism (hormone-sensitive lipase, Lipe; 
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carnitine O-palmitoyltransferase 1, Cpt1a; peroxisome proliferator-activated receptor alpha, 

Pparα; adiponectin receptor protein 1 and 2, Adipor1 and Adipor2; adiponectin, Adipoq), 

triglycerides hydrolysis (patatin-like phospholipase domain-containing protein 2, Pnpla2) 

and lipid homeostasis (perilipin 5, Plin5). 

Mice fed SD displayed lower mRNA levels of Cd36, Elovl5 and Scd1 compared to mice fed 

CD. In addition, besides Dgat2, expression of all other genes responsible for lipid uptake 

and anabolism, tended to be decreased in SD-fed mice, indicating that hepatic lipid uptake 

and availability was decreased (Fig. 35A). Gene-expression analysis did not reveal any dif-

ferences between the groups with regard to lipid catabolism. Plin5, responsible for the 

maintenance of hepatic balance between lipogenesis and lipolysis, was significantly reduced 

in SD-fed mice. Plin5 deficiency decreases also fatty acid uptake and storage [345]. 
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Figure 35: Gene-expression levels of key enzymes of the hepatic lipid metabolism of mice fed semisynthetic diet 

supplemented with 20% Spirulina (SD) and mice fed semisynthetic control diet (CD). (A) mRNA expression of genes 

responsible for lipid uptake and synthesis and (B) mRNA expression level of genes facilitating lipid degradation and ho-

meostasis in hepatic tissue derived from CD- and SD-fed mice. Samples for analysis were obtained after 21 days of inter-

vention. Each symbol represents one mouse. Data are presented as mean ± SEM (n = 14 - 18 per group). CD vs. 

SD: *P < 0.05 and ****P < 0.0001.  
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4 DISCUSSION 

 

Knowledge about the microbial dissimilation of sulfonates has increased during the last 

thirty years (Fig. 2). Sulfonates are present in soil, water, human diet and endogenously 

within our gut, therefore sulfonate dissimilation by enteric bacteria could be expected [9, 

101, 134, 146, 220, 239]. However, most of the studies approaching bacterial sulfonate uti-

lization did not focus on intestinal bacteria, but on environmental bacteria. Information about 

intestinal sulfonate utilization, especially by human beings, is scarce. In mice, a study of 

Devkota et al. demonstrated that the diet-induced increased availability of TC in the diges-

tive tract stimulates the growth of the sulfite-reducing pathobiont B. wadsworthia. The 

bloom of B. wadsworthia was linked to an exacerbated colitis in IL-10-/- mice, which was 

even more enhanced, when TC was orally applied [9]. H2S has been recognized as signaling 

molecule in a wide range of physiological, as well as pathological processes in human be-

ings. It has been linked to IBD and colorectal cancer, but appears to have beneficial health 

effects as well, such as the prevention of intestinal inflammation, among others [64-69]. 

In vitro experiments demonstrated the ability of B. wadsworthia to release H2S from taurine 

while utilizing formate as an electron donor [8]. H2S formation from sulfonates by environ-

mental bacteria is well understood, but knowledge of sulfonate utilization by colitogenic 

bacteria, other than B. wadsworthia, is still missing. In order to investigate the role of sul-

fonates on intestinal inflammation, this study examined first the ability of the human fecal 

microbiota to convert sulfonates to H2S, second the identity of human fecal bacteria that are 

able to convert sulfonates to H2S, and third, whether sulfonates are available in the gut after 

ingestion of a SQDG-rich diet in conventional mice. 

4.1 Sulfonate conversion by human gut microbiota  

4.1.1 Human gut microbiota converted sulfonates to H2S with inter-individual differ-

ences 

Microbial H2S formation from sulfonates reflects bacterial utilization of the sulfonate-sulfite 

moiety and is used as an indicator for anoxic sulfonate degradation [8, 139]. The present 

study revealed that human fecal slurries were able to convert the sulfonates taurine, isethio-

nate, cysteate, 3-sulfolactate, SQ, and DHPS to H2S during anoxic incubation. This is the 

first scientific report demonstrating H2S formation by human fecal slurries from sulfonates 

other than SQ. In a previous study a mixture of fecal slurries from eight vegetarians was able 

to convert SQ to the intermediate DHPS and then further to H2S within 96 h, which is in line 

with the present study [325]. The ability of human fecal slurries to degrade taurine was only 

investigated under oxic, not under anoxic conditions [346]. Fecal samples from eight humans 

were individually cultivated with taurine, but no H2S was released [346]. 

Furthermore, the present study is the first one investigating the conversion of sulfonates by 

human fecal microbiota in a single-batch fermentation systems, allowing to investigate an-

oxic sulfonate utilization by human fecal bacteria under growth conditions identical to the 

intestinal environment. H2S formation could be compared among individuals to make as-

sumptions for the human population. The present study showed inter-individual differences 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/bilophila-wadsworthia
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in sulfonate utilization by human fecal bacteria. Fecal slurries from all tested donors con-

verted taurine, isethionate and 3-sulfolactate to H2S, while cysteate, SQ and DHPS were only 

converted by the fecal microbiota from some donors. Fecal microbiota from all donors 

degraded SQ within 48 h of anoxic incubation, while DHPS and H2S formation was only 

observed for fecal slurries from four out of ten donors. This might be explained by inter-in-

dividual differences in gut microbiota composition of the tested subjects and might indicate 

that intestinal sulfonate utilization in the human population differs. Especially intestinal uti-

lization of taurine, isethionate and 3-sulfolactate seems to be more common within the pop-

ulation, while cysteate, SQ and DHPS degradation might be scarcer. Fecal slurries that con-

verted DHPS to H2S were also able to convert SQ to H2S. This suggests that DHPS is linked 

to H2S formation from SQ, which is in line with previous reports about SQ degradation by 

human fecal bacteria [325]. 

The ability of fecal slurries from all donors to degrade taurine, isethionate, and 3-sulfolactate 

could suggest that bacterial degradation pathways of all three sulfonates are similar to each 

other. Earlier findings demonstrate that the microbial degradation of taurine and isethionate 

are linked to each other. Isethionate is a degradation product of taurine, as reported for 

B. wadsworthia or Clostridium butyricum BL5262 [8, 119, 136, 146, 147]. However, a con-

nection of both sulfonates to 3-sulfolactate has never been documented before. 

Contrary to previous reports that identified isethionate as an intermediate in taurine 

degradation by B. wadworthia this was not confirmed for human fecal slurries in this study 

[8, 119, 136]. While the present study tested samples after 72 h of incubation for isethionate 

formation, a previous study reported isethionate formation immediately after inoculation and 

almost complete exhaustion of isethionate after 48 h of incubation [276]. However, the latter 

study was published after the experiments described here had been carried out. In future 

studies, isethionate should be quantified 0 - 48 h after inoculation.  

CoM plays a major role in the metabolism of methanogenic archaea, which are common 

members of the human gut microbiota [196]. In the present study, H2S formation from CoM 

was not detected. H2S formation from CoM by human fecal slurries has never been investi-

gated before. However, previous fermentation experiments using pure cultures of intestinal 

bacteria such as B. wadsworthia or Desulfovibrio sp. IC1 had been tested for their ability to 

convert CoM to H2S with negative results [8, 161].  

4.1.2 Human fecal Desulfovibrio spp. converted taurine and isethionate to H2S 

Taurine is after glutamine the second most abundant amino acid in colonic mu-

cosa (2.5 mMol/kg specimen weight) [117]. Gut bacteria, such as B. wadsworthia, Desul-

fovibrio sp. RZACYSA and the Veillonellaceae 2C, degrade taurine to H2S under anoxic 

conditions [9, 137-140]. However, these bacteria were not isolated from the human gut. Most 

intensively studied Enterobacteriaceae so far, represented by seven strains of E. coli, were 

reported to utilize taurine under oxic conditions [153, 194]. The present study confirms the 

ability of human fecal bacteria to convert taurine to H2S, but no E. coli strains were isolated 

[8, 136, 137, 139, 140]. 

One human fecal isolate was identified as Desulfovibrio sp., and demonstrated to convert 

taurine and isethionate to H2S under anoxic conditions. The sulfonates served as TEA for 
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anaerobic respiratory growth, while lactate was used as an electron donor. The ability to 

ferment taurine and / or isethionate by Desulfovibrio sp. has previously been described for 

D. desulfuricans DSM 12129, D. sp. GRZCYSA, and D. sp. RZACYSA. It may be con-

cluded that this ability is quite common for this genus [3, 8, 134, 139, 161, 162, 164]. How-

ever, only D. sp. RZACYSA was described to convert taurine and isethionate to H2S, while 

D. desulfuricans DSM 12129 and D. sp. GRZCYSA only converted isethionate to H2S [3, 

8, 134, 139, 161, 162, 164]. Even though Desulfovibrionaceae are common residents of the 

human gut, none of the SRB tested previously for this ability were directly isolated from the 

human gut, but from environmental sources (such as compost soil or lake sediment). Thus, 

the present study led to the first Desulfovibrio spp., directly isolated from human feces, and 

capable of converting both sulfonates to H2S, indicating a role of this SRB in the human 

intestinal sulfonate-sulfur cycle.  

These results suggest that the sulfidogenic respiration of taurine beside that is more wide-

spread among Desulfovibrio spp. than initially expected. Therefore, various Desulfovib-

rio spp. were tested for their ability to utilize taurine. Indeed, D. simplex DSM 4141T con-

verted taurine to H2S. Hence, D. simplex was identified as another bacterium belonging to 

Desulfovibrio spp. able to utilize taurine and to release H2S, in addition to the isolated Desul-

fovibrio sp. and D. sp. RZACYSA. Further investigations are necessary to fully reveal the 

function, intestinal niches, and significance of Desulfovibrio spp. in the intestinal sul-

fonate-sulfur cycle.  

4.1.3 SQ utilization differed among fecal E. coli strains  

Microbial SQ utilization involves DHPS and / or 3-sulfolactate as intermediates. While the 

SQ-EMP sulfoglycolytic pathway in E. coli K-12 results in the formation of DHPS, leads 

the SQ-ED pathway in Pseudomonas putida SQ1 to 3-sulfolactate [248, 249]. Similar to 

E. coli, another member of the Enterobacteriaceae (Klebsiella sp. ABR11), employs the 

SQ-EMP pathway for the breakdown of SQ, but DHPS is just an intermediate, whereas 

3-sulfolactate is the end product [241, 253]. In addition, SQ degradation to DHPS was also 

demonstrated for a Citrobacter sp. strain, also a member of the Enterobacteriaceae [251]. 

Co-culturing models of SQ- and DHPS-degrading gut bacteria, such as of E. coli with Desul-

fovibrio sp. DF1 or E. rectale with B. wadsworthia, degraded SQ to H2S via the intermedi-

ates DHPS and / or 3-sulfolactate [251, 325]. These results suggest that SQ degradation is a 

common property among Enterobacteriaceae, involving DHPS and / or 3-sulfolactate as an 

intermediate and H2S as end product. 

In the current study, anoxic enrichment cultures on SQ inoculated with human feces led to 

the isolation of E. coli strains. There were no SQ-degrading bacteria isolated from oxic en-

richment cultures with SQ, which is somewhat in conflict with the previous isolation of 

Klebsiella sp. ABR11 from sewage sludge on SQ under oxic conditions [347]. Intestinal 

bacteria other than E. coli, able to utilize SQ, could not be isolated from human fecal slurries. 

In contrast, earlier studies showed the ability of various Enterobacteriaceae to utilize SQ, as 

already described above. However among these, only E. coli and E. rectale were directly 

isolated from the human intestinal tract, while P. putida SQ1, Klebsiella sp. ABR11, 

Citrobacter sp., Desulfovibrio sp. and B. wadsworthia were obtained from indirect intestinal 

(sewage sludge) or environmental sources (lake sediment or garden compost) [241, 248, 249, 
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251, 253, 325]. The current study confirms the ability of human intestinal E. coli to utilize 

SQ under anoxic conditions and might imply that E. coli is the main driver for intestinal SQ 

degradation in human beings. 

BLASTn alignment analysis implied a 98 - 100% identity of the obtained fecal E. coli iso-

lates (SQ6, SQ10, SQ11, and SQ12) among each other, as well as a 99 - 100% identity to 

the known SQ-utilizing strain E. coli MG1655, indicating identity at species level. However, 

the ability to convert SQ to DHPS differed among the E. coli isolates and E. coli MG1655 

under oxic and anoxic conditions. E. coli MG1655 and isolate SQ10 were not able to degrade 

SQ under oxic conditions and consequently, no DHPS formation was observed in these cul-

tures. However, intriguingly under anoxic conditions, E. coli MG1655 and isolate SQ10 re-

leased DHPS from SQ. All other fecal E. coli isolates (SQ6, SQ11, SQ12, SQ13) tested were 

able to degrade SQ to DHPS under both oxic and anoxic conditions. This is in conflict with 

previous studies that demonstrated both oxic and anoxic SQ degradation for E. coli MG1655 

[249, 251].  

In the currents study, SQ conversion proceeded faster under anoxic conditions (isolates SQ6, 

SQ11, SQ12, SQ13: 8 - 22 h; SQ10: 22 - 46 h; E. coli MG1655: 22 - 72 h) in comparison to 

oxic conditions (isolates SQ6, SQ11, SQ12, SQ13: 22 - 46 h; SQ10 and E. coli MG1655: no 

SQ degradation). This is in conflict with previous findings [249, 251]. The conversion of SQ 

to DHPS by E. coli MG1655 took 5 - 18 h under oxic conditions, and 12 - 20 h under anoxic 

conditions [249, 251].  

Whether key enzymes of SQ formation and degradation are responsible for the differences 

in the ability and time course of SQ conversion among the different E. coli strains was further 

investigated in the current study. The bacterial sulfoquinovosidase (YihQ) of E. coli 

MG1655 catalyzes the release of SQ from SQDG [239]. The first step of SQ degradation, 

which was also detected in E. coli MG1655, is the isomerization of SQ to 6-de-

oxy-6-sulfo-D-fructose catalyzed by SQ isomerase (YihS) [249]. However, in the present 

study gene expression of yihQ and yihS was observed in all E. coli isolates (SQ6, SQ10, 

SQ11, SQ12, SQ13) as well as in E. coli MG1655. This might indicate that genes other than 

yihQ or yihS are responsible for the observed differences in SQ utilization. The sulfoglyco-

lytic pathway is encoded by a ten-gene cluster, including yihS. This gene cluster was previ-

ously found to be present in > 91% of all commensal E. coli, as well as in pathogenic 

E. coli (such as EHEC) and supposed to be part of the core-genome of E. coli strains. [249]. 

While DHAP enters the carbon metabolism for energy conservation, DHPS is excreted and 

utilized by other bacteria [249]. Sulfoglycolysis is controlled by a transcriptional regula-

tor (CsqR) that inhibits the expression of sulfoglycolytic enzymes when the SQ concentra-

tion is low [250]. Therefore, future studies should clarify whether anyone of these genes is 

responsible for the differences in SQ utilization among E. coli strains. Isolation of SQ-uti-

lizing bacteria from a larger number of fecal samples than ten donors might be useful to fully 

understand the ability and diversity of the gut microbiota to utilize SQ as TAE. 

 

https://biocyc.org/compound?orgid=ECOLI&id=CPD-16501
https://biocyc.org/compound?orgid=ECOLI&id=CPD-16501
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4.1.4 Human fecal E. coli strains converted 3-sulfolactate to H2S 

As described above (4.1.3), another intermediate in intestinal microbial SQ degradation be-

sides DHPS might be 3-sulfolactate. Therefore, the ability of E. coli to utilize 3-sulfolactate 

was tested in the present study and compared to their ability to degrade SQ. The fecal E. coli 

isolates (SQ6 and 3-SL2), as well as E. coli MG1655 were able to reduce the sulfonate moi-

ety of 3-sulfolactate to H2S, which had not been reported previously for 3-sulfolactate. Thus, 

a novel finding of anoxic sulfonate degradation by one of the most intensely studied gut 

microorganisms is illustrated in this study.  

The present study demonstrates a potential link between the microbial conversion of SQ and 

3-sulfolactate under anoxic conditions, as both sulfonates were degraded by the same Enter-

obacteriaceae under these conditions. Human fecal slurries from all above tested donors 

were able to degrade SQ or 3-sulfolactate, as described in 4.1.1. 3-Sulfolactate has been 

previously demonstrated as an intermediate in microbial SQ degradation, but only under oxic 

conditions resulting in the release of sulfate as end product. For example, a co-culture of 

Pseudomonas putida SQ1 (DSM 100120) and Paracoccus pantotrophus NKNCYSA (DSM 

12449) the former first converted SQ to 3-sulfolactate and the latter the sulfonate moiety of 

3-sulfolactate subsequently to sulfate [347]. However, the present study might indicate a link 

between SQ and 3-sulfolactate utilization under an intestinal anoxic environment. 

4.1.5 A co-culture of B. wadsworthia with E. coli enhanced H2S formation 

In this study, a novel co-culturing model is presented, able to degrade SQ via DHPS to H2S. 

For the conversion of SQ to DHPS, the SQ-degrading E. coli strain SQ6 isolated from human 

feces in this study was used. This strain probably uses the sulfoglycolytic pathway, as pre-

viously described for E. coli MG1655 [249]. B. wadsworthia (DSM 11045) converted DHPS 

to H2S. The described co-culture used in this study is the third example demonstrating SQ 

degradation via DHPS to H2S by bacteria complementing those of E. coli MG1655 and 

Desulfovibrio sp. strain DF1 or of E. rectale DSM17629 and B. wadsworthia 3.1.6 [251, 

325].  

However, the time courses of SQ conversion into DHPS, followed by H2S release from 

DHPS differed among these co-cultures. E. coli MG1655 degraded SQ within 10 - 22 h, 

while E. rectale degraded SQ within 0 - 144 h, both under anoxic conditions [251, 325]. In 

the present study, anoxic breakdown of SQ by the E. coli isolate SQ6 occurred from 0 - 24 

h, which is similar to previous findings for E. coli MG1655 [249]. In addition, E. coli 

MG1655 formed DHPS from SQ within 18 - 25 h whereas E. rectale DSM17629 did so 

within 20 - 50 h [251, 325]. In the present study, DHPS formation by the E. coli isolate SQ6 

proceeded from 0 - 24 h. Finally and in previous studies, Desulfovibrio sp. DF1 converted 

DHPS within 100 - 144 h to H2S, whereas B. wadsworthia 3.1.6 required 18 - 60 h [251, 

325]. In the present study, B. wadsworthia (DSM 11045) converted DHPS to H2S within 

24 - 27 h.  

These results indicate that the conversion of DHPS to H2S proceeds faster in a co-culture of 

E. coli and B. wadsworthia than in a co-culture of E. coli MG1655 and Desulfovibrio sp. 

strain DF1 or of E. rectale DSM17629 and B. wadsworthia 3.1.6. This suggests that the time 

course of anoxic SQ degradation and, DHPS and H2S formation depends on the presence of 
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bacterial strains. This is in line with earlier studies of our research group in which a simpli-

fied human intestinal microbiota (SIHUMI) model consortium was co-cultured with 

B. wadsworthia in an SQ-containing medium under anoxic conditions [276, 348]. In this 

model, H2S formation was already detected after 3 h [276]. The SIHUMI community con-

tains next to E. coli of Anaerostipes caccae, Bacteroides thetaiotaomicron, Bifidobacterium 

longum, Blautia producta, Clostridium ramosum, and Lactobacillus plantarum [348].  

Combinations of bacteria does not only seem to affect the time course of DHPS and H2S 

formation and / or degradation during SQ utilization, but also the amount of DHPS and H2S 

formed. E. coli MG1655 and E. rectale converted only 50% of the initially added SQ to 

DHPS [251, 325], while in the present study 80% of the initially added SQ was recovered 

as DHPS. Similar observations were made for the H2S formation. While Desulfovibrio sp. 

DF1 converted 100% of the DHPS, formed from SQ, to H2S, B. wadsworthia 3.1.6 released 

only 40% of the DHPS as H2S, which corresponds to 20% of the initial SQ [251, 325]. In 

the present study, 75% of the DHPS was recovered as H2S. However, growth conditions and 

laboratory circumstances of the different co-culturing experiments differ and therefore it 

might be difficult to compare the ability of sulfonate utilization among the combined bacte-

rial strains.  

The present study also revealed that H2S formation by B. wadsworthia increased considera-

bly in the presence of E. coli. Incubation of B. wadsworthia with DHPS led to a recovery of 

only 2.5% of the initially added DHPS as H2S, while co-culturing with the isolated E. coli 

strain SQ6 resulted in approximately 50% recovery as H2S. Therefore, it can be concluded 

that the presence of E. coli strains in combination with B. wadsworthia not only stimulates 

the onset of H2S formation as end product of SQ degradation, but also the amount of H2S 

produced.  

Altogether, sulfonate utilization and conversion to H2S by the human intestinal microbiota 

exhibits inter-individual differences, which seems to be dependent on the individual gut 

microbiota composition. Furthermore, even though B. wadsworthia is able to convert 

sulfonates such as taurine, isethionate and DHPS to H2S in pure culture, co-culturing with 

human Enterobacteriaceae such as E. coli stimulates the release of H2S, indicating a 

synergistic effect in the gut environmental sulfonate-sulfur cycle.  

4.2 The effects of a SQDG-rich Spirulina supplemented diet in mice  

Sulfonates are part of the daily human diet, which contains among others taurine and SQDG. 

Taurine can be found in meat, fish and life style beverages, and SQDG in thylakoid mem-

branes of chloroplasts in leafy green vegetables, including salad, spinach, and parsley [4, 5, 

219, 220]. Intestinal taurine availability determined by the dietary taurine uptake by entero-

cytes in the small intestinal tract, its synthesis by the liver, and its reabsorption by the kidney 

[107, 110]. After uptake, taurine is carried via the portal vein to the liver and conjugated 

with the primary bile acid cholate to form TC [107, 110, 349, 350]. With each ingested 

lipid-containing diet, TC cycles with glycocholate repeatedly from the gall bladder through 

the small intestine to the ileal section [114-116, 352] and reaches in small amounts (5%) the 

distal ileal and the colonic sections undergoing bacterial utilization [114-116, 352]. While 
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the intestinal availability of taurine is well understood, details of the intestinal availability of 

SQDG or its degradation products after ingestion are hardly known. So far, only one study 

demonstrated the fate of SQDG after ingestion, using radioactively labelled [35S]SQDG that 

was orally administered to guinea pigs. Only 3 h after administration, most of the 

SQDG (60%) was deacelated and observed as SQG, while only 1 - 5% of the radioactivity 

was detected as SQDG in the intestinal mucosa. Hence, a stepwise deacelation of SQDG to 

SQG was assumed to occur in the animal tissues [238]. However, SQ and DHPS were not 

known to be metabolites of microbial SQDG degradation that time and therefore not in-

cluded as substrates in this study. To elucidate the effects of SQDG on gut microbiota com-

position and SQDG degradation, in the present study conventional mice were fed a semisyn-

thetic diet supplemented with Spirulina which is rich in SQDG. 

4.2.1 Spirulina reduced the stomach surface in mice 

SD led to stomach surface reduction by approximately 25%. The primary function of the 

stomach is to mix and grind gastric contents and then to release them into the duodenum via 

the pyloric sphincter [360, 361]. The stomach first empties small particles and liquids, while 

larger particles are retained in the stomach until the digestive period is over and a fasting 

state is reached [362-364]. It has been demonstrated that gastric emptying is not only de-

pendent on the size, but also on the density of the particles. The researchers concluded that 

high-density particles lead to an extended period of gastric emptying and that low-density 

particles may be homogenously mixed during the gastric digestion state and easily released 

to the small intestines [364]. It was assumed that the size of the stomach might be dependent 

on the nature of the food. In the present study, the SD, which contained the SQDG, was more 

friable than the CD, indicating that gastric digestion of SD may lead to smaller particles in 

comparison to CD. Gastrointestinal morphology is also dependent on the way how the food 

is administered, the frequency of dietary intake, and body size and / or shape [365]. Animals 

with a smaller stomach, eat smaller meals but do so more frequently [360]. In the present 

study the frequency of the dietary intake by the mice was not analyzed.  

4.2.2 Spirulina increased the quantity of intestinal SQ 

The lipid fraction of Spirulina contains 11.4 ± 0.71% of SQDG [234-238]. Based on the total 

lipid fraction of 7.35 ± 0.30% for the Spirulina powder used in the present study, the SQDG 

content was estimated to be 0.84%. Hence, the SD supplemented with 20% Spirulina con-

tained approximately 170 mg SQDG/100 g diet, and the daily intake of SQDG per mouse 

was approximately 9 mg. 

Spirulina is known as superfood due to its anti-cancer and anti-obesity effects [355-357, 

367-371]. Beside lipids, Spirulina is rich in proteins and micronutrients, such as vitamins 

and minerals, known to have positive effects in the human body [371, 372]. Absorption of 

the ingested nutrients depends on the bioavailability of these components in the gastrointes-

tinal tract [373, 374]. Bioavailability is determined based on the permeability of the 

plant-cell wall of Spirulina, digestive enzymes within the gut, and the interaction of the nu-

trients with each other [374]. To which extent the cell wall has an impact on accessibility 

and digestion of the intracellular nutrients, depends mainly on the stability of the cell-wall 

structure after food processing and mastication [375, 376]. Intact cell walls may prevent 

availability and utilization of intracellular nutrients [377]. In a study with juvenile fish Nile 
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tilapia (Oreochromis niloticus) fed marine microalgae Nannochloropsis gaditana, digesti-

bility of protein (16%) and lipids (32%) increased after bead milling of the diet before ad-

ministration [378]. In addition, pasteurization, freezing or freeze drying increased the bioa-

vailability up to fourfold [378]. To enhance the bioavailability of nutrients contained in 

Spirulina cells, degradation of the cell wall seems to be essential. There already is con-

siderable knowledge about the bioavailability of intracellular components in Spirulina 

after ingestion. For example, the bioavailability of iron in Spirulina was compared with 

that in whole egg, whole wheat and iron sulfate. Iron absorption from Spirulina was lower 

than that from ferrous sulfate or whole egg, but higher than from whole wheat [379]. A study 

with Caco-2 cells demonstrated even a 6.5-fold higher cellular ferritin accumulation from 

Spirulina compared with that from beef meat, indicating a higher bioavailability of iron con-

tained in Spirulina [380]. Spirulina is also known as potential calcium source for human 

beings. Rats fed a diet supplemented with Spirulina retained a higher serum calcium level 

compared to rats fed a diet supplemented with milk rich in calcium or calcium carbonate 

[381]. In view of this high availability of nutrients from Spirulina, it is suggested that Spir-

ulina is an adequate source of a number of important nutrients. This indicates that Spirulina 

cells are lyzed in the gastrointestinal tract of mammals making also SQDG available for 

intestinal absorption.  

In the present study, the cell wall of Spirulina, which consists of four layers (LI - LIV), was 

not ruptured during food processing. However, it was demonstrated that the cell-wall integ-

rity in fecal samples after SD-intake was diminished. This suggests a partial break-down of 

the cell wall of Spirulina in the gastrointestinal tract and release of plant-based nutrients such 

as SQDG. 

As described above (4.2), the fate of SQDG after ingestion has been investigated only 

once [238]. Despite the ability of the commensal gut bacterium E. coli, to convert SQDG 

in vitro to SQ and SQ to DHPS, in vivo experiments are missing. Therefore, the degradation 

of SQDG in relation to SQ and DHPS formation in different sections of the gastrointestinal 

tract was investigated in the present study. Cecal contents (n = 7/15, 21 days) and feces 

(n = 12/12, 16 days) of SD-fed mice contained higher levels of SQ than those of CD-fed 

mice. This supports the assumption that the cell wall was broken down during intestinal 

passage and that SQDG were available in the gastrointestinal tract. It is assumed that the 

release of SQ from SQDG in conventional mice predominantly occurred in the cecum, with 

inter-individual differences. The varieties of SQ formation from SQDG might depend on the 

presence or absence of bacterial strains within the intestinal tract. Although, E. coli seems to 

be the main player responsible for SQ-utilization within the gut, the ability of SQ utilization 

among E. coli strains differs, as above described (4.1.4). Furthermore, an ovine rumen iso-

late, Butyrivibrio sp. S2, degrades SQDG, but SQ formation was not investigated [382]. In-

testinal SQDG degradation in relation to the present intestinal bacteria which may be respon-

sible for the observed inter-individual differences in the utilization of SQDG in this study 

will be discussed in 4.2.4 to 4.2.6.  

In the present study, no SQ was detected in the colonic contents, which suggests that the 

cecum is not only the main site of SQ release from SQDG, but also of its complete 
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degradation. However, discrepancies in the observed SQ concentrations in fecal samples, 

but not in colonic contents, may be due to differences in the point in time of sample collec-

tion (namely 16 days versus 21 days of the intervention). No differences in DHPS concen-

trations were observed throughout the gastrointestinal tract. DHPS was neither observed in 

the colonic contents nor in feces, which supports the hypothesis that SQ is completely de-

graded in the cecum.  

4.2.3 Spirulina stimulated the gene expression of pro-inflammatory cytokines in ileal 

sections  

SD-fed mice displayed a higher relative expression of Il-6 and a trend of an increased ex-

pression of Tnf-α in ileal mucosa. However, expression levels were lower when compared 

with previous studies [383, 384], indicating a mild inflammation within the ileum. Also, 

shortening of the colon, an indicator of the severity of acute gastrointestinal inflammation, 

was not observed [327, 385]. In sum, SD led to a mild activation of the immune system.  

Spirulina might have an immuno-stimulatory effect after Ingestion [386], as an aqueous ex-

tract of Spirulina increases serum levels of TNF-α, such as in Balb/C female mice [387]. 

Also, a diet supplemented with 5% Spirulina resulted in an increased gene expression of ileal 

Il-6 in C57BL/6J mice [359]. Expression of Tnf-α in the cecal mucosa of conventional 

IL-10-/- mice after intake of SD was elevated as reported in a recent study of our re-

search group [388].  

However, most studies report anti-inflammatory and antioxidant effects of Spirulina in the 

intestine [386]. In rats suffering from colitis induced by trinitrobenzene sulfonic acid, Spir-

ulina reduced the lymphocyte infiltration and the histopathological score [389]. Spirulina 

supplementation in rats with colitis induced by acetic acid reduced in the severity of diarrhea 

and bleeding in the colon and inhibited colon shortening. Furthermore, the levels of the cy-

tokines TNF- α and IL-6 in colonic tissue were decreased [390]. The same effects were ob-

served in animal models for ulcerative colitis (UC) induced by dextran sodium sul-

fate (DSS). In DSS-treated, colitic Wistar rats, hydroalcoholic extracts of Spirulina, which 

had been administered for 15 days, reduced the TNF- α and IL-6 expression levels in colonic 

tissue [391]. C57BL/6 mice with DSS-induced colitis daily received aqueous extracts from 

Spirulina. This reduced the TNF- α expression in colonic tissue, rectal bleeding, diarrhea, 

colon shortening and had a protective effect on the intestinal barrier as deduced from an 

elevated expression of colonic Hsp-25, occludin and claudin-4 [392].  

In general, Spirulina is considered as a safe nutritional supplement and non-toxic for human 

beings [393, 394]. It contains functional substances, such as vitamins, phenolics, C-phycocy-

anins, and essential amino acids, which mediate these anti-inflammatory and other 

health-promoting effects [395, 396].  

Also SQDG are linked to numerous health-promoting effects, such as anti-viral, anti-bacte-

rial and antitumor effects [397, 398]. SQDG purified from the n-butanol fraction of the green 

alga Caulerpa racemosa had an antiviral effect against the herpes simplex virus 

type 2 (50% inhibition at a concentration of 15.6 µg ml-1) and also a moderate inhibition of 

herpes simplex virus type 1 and Coxsackie virus B3. Furthermore, SQDG reduced 

the growth of E. coli JM109 in vitro by inhibiting the activity of its DNA polymerase I, also 
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indicating an anti-bacterial effect of SQDG [397]. In vitro experiments with colon cancer 

cells (Caco-2 cell line) demonstrated the inhibitory effect of SQDG on tumor cell prolifera-

tion within 48 h after administration [399]. Furthermore, the oral application of the 

SQDG-containing glycolipid fraction to mice reduced the tumor size of an adenocarcinoma 

in the colon (colon-26 cell line) and suppressed angiogenesis and cell proliferation mark-

ers (such as Ki-687) in vivo [400]. Interestingly, the SQ-moiety seems to be essential for the 

anti-cancer activity of SQDG [240]. 

4.2.4 Spirulina modulated the α- and β-diversity of the cecal and fecal microbiota 

Spirulina ameliorates detrimental effects on the gut microbiota composition caused by ab-

normalities, such as pulmonary fibrosis, or after the intake of a high-fat or a high-fat high-su-

crose diet [402-406]. In the present study, feeding Spirulina was linked to an increased α-di-

versity, an enhanced number of OTUs and a higher richness of bacteria in cecal contents. 

The bacterial richness of observed species was also increased in feces. The diet further af-

fected the ß-diversity. However, findings of the present study are in conflict with previous 

studies. 24-month-old C57BL/6J mice fed a 5% Spirulina diet for six weeks had a decreased 

number of OTUs and a reduced richness in cecal contents, whereas the ß-diversity was not 

affected [359]. The gut microbiota of C57BL/6J mice fed a low-fat chow diet supplemented 

with 5% Spirulina for 4 weeks did not undergo changes in microbial α-diversity as deduced 

from unaltered Shannon’s or Simpson’s indices [406]. Similarly, administration of a pro-

tein-rich diet supplemented with Spirulina (1 or 2 g/kg diet, given ad libitum) did not have 

strong effects on gut microbiota composition in Japanese quail chicks [407]. That these ob-

servations do not match the results of the present study might be explained by the differences 

in amounts of Spirulina supplemented. 

In the present study, Spirulina reduced the relative abundance of members of the phylum 

Firmicutes, while that of the phylum Bacteroidetes was increased in both cecal contents and 

feces (Appendix, Table A5). These observations are common to the majority of studies. For 

example, the relative abundance of intestinal Firmicutes in rats fed a high-fat diet supple-

mented with 3% Spirulina for 14 weeks decreased, while that of Bacteroidetes in-

creased [402]. It has to be noted though that most studies that demonstrated an effect of 

Spirulina on intestinal phyla used pure compounds extracted from Spirulina, including phy-

cocyanin, polysaccharides, or Spirulina ethanolic extracts, not with Spirulina itself [402, 

405, 409-411]. For example, C57BL/6 mice, 4 - 6 weeks of age, underwent a single X-ray 

dose irradiation to induce pulmonary fibrosis. After administration of phycocya-

nin (50 mg/kg/d), which is a key regulator for photosynthesis in Spirulina, an increase of the 

relative abundance of intestinal Bacteroidetes and a decrease of that of Firmicutes was de-

tected [401]. The same effect was observed for mice given polysaccharides (50 - 200 mg per 

kg body weight per day) extracted from Spirulina for seven days [408]. In contrast, broiler 

chicks fed a diet supplemented with 0.1% of Spirulina microalgae extract increased the in-

testinal ratio of Firmicutes to Bacteroidetes, while a 0.05% supplementation had no effect 

on this ratio [411]. This may indicate that concentration differences of Spirulina, which is 

identical to above assumptions, may lead to different effects on the relative abundance of 

Firmicutes and Bacteroidetes. 
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In the present study, the reduction of Firmicutes in cecal contents and feces is due to a re-

duced abundance of the family Erysipelotrichaceae and its genus Allobaculum (Appendix, 

Table A5). In addition, Lachnospiraceae and Ruminococcaceae showed a trend to lower 

numbers in both matrices (Appendix, Table A5). Genera of the clusters Clostridium IV and 

Clostridium XIVa (both belonging to the family Clostridiaceae) were reduced in feces, 

which however was only significant for Clostridium IV members (Appendix, Table A5). 

Findings of the present study are in accordance with previous studies. Rats fed a high-fat 

diet supplemented with 3% Spirulina showed the reduction in Firmicutes due to a reduced 

number of Ruminococcaceae and Erysipelotrichaceae [402]. However, the majority of stud-

ies that reported similar effects at family level used again only constituents extracted from 

Spirulina. Phycocyanin in mice reduced the numbers of members of Lachnospi-

raceae (Lachnoclostridium), Erysipelotrichaceae (Turicibacter), and Clostridiaceae (Intes-

tinimonas) [401]. Spirulina polysaccharides reduced the number of intestinal Clostridium 

and of Ruminococcaceae in mice [408]. A reduction of Lachnospiraceae and Ruminococca-

ceae was also reported for C57BL/6 mice after oral administration of Spirulina maxima-de-

rived pectin and pectin nanoparticles [412].  

Other studies also produced results that differ from the observations made in the present 

study. It has to be noted that the decreased abundance of Firmicutes in C57BL/6 mice in 

response to phycocyanin administration, was mainly due to a reduction of Erysipelotricha-

ceae, whereas Lachnospiraceae and Ruminococcaceae were increased [403]. The reduction 

of Firmicutes in response to the administration of ethanolic Spirulina extract was mainly due 

to corresponding changes in Lachnospiraceae, Clostridium XlVa, and Allobaculum (family 

Erysipelotrichaceae), while Ruminococcaceae were increased [409, 410].  

Despite the Spirulina-induced reduction of the number of Firmicutes, which Lactobacillus 

belong to, the number of Lactobacillus and the corresponding family Lactobacillaceae in 

feces and cecal contents were enriched (Appendix, Table A5). This is in accordance with 

earlier findings. For example, feeding C57BL/6J mice a diet containing 5% Spirulina for six 

weeks, resulted in a 15-fold increase of intestinal Lactobacillus [359]. Similarly, in broiler 

chickens the count of cecal Lactobacillus increased linearly with increasing amounts of ap-

plied Spirulina (0.25 - 1.0%) [353].  

In the present study, the increased number of Bacteroidetes was a result of the higher abun-

dance of Bacteroidaceae, Porphyromonadaceae and Rikenellaceae (Appendix, Table A5). 

In cecal contents, the abundance of the family Prevotellaceae and of its genus Alloprevotella 

was also increased (Appendix, Table A5). The effect of Spirulina on Bacteroidetes reported 

in previous studies is highly variable. For example, dry pellets containing 20% Spirulina fed 

to African catfish (Clarias gariepinus) increased the abundance of Bacteroidaceae [413]. In 

contrast, administration of Spirulina microalgae extract (0.05 - 0.1%) to broiler chicks, re-

sulted in a reduction of Bacteroidetes due to a decreased abundance of Bacteroidaceae [411]. 

In a study of our research group, the fecal microbiota of IL-10-/- mice fed SD for three weeks 

were enriched with Porphyromonadaceae after 18 days [388]. 

In conclusion, a semisynthetic diet supplemented with 20% of Spirulina strongly affected 

the intestinal microbiota composition in conventional mice (Appendix, Table A5). However, 
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Spirulina contains various bioactive components which makes it difficult to assign the ob-

served effects to specific constituents of Spirulina, such as SQDG. Spirulina-induced 

changes of the microbiota composition were partially in accordance with previous findings, 

but most studies were performed with constituents extracted from Spirulina, not with Spir-

ulina itself, which makes it difficult to draw conclusion in comparison to the present study.  

4.2.5 Spirulina did not stimulate the growth of SQDG- or SQ-converting bacteria 

SQDG can be found in leafy green vegetables, such as spinach and salad. Anoxic SQDG 

conversion to SQ has been previously described by E. coli which in turn can be converted to 

DHPS by the same bacterium [239, 249, 328]. Other studies demonstrated the ability of a 

Citrobacter strain and E. rectale DSM 17629 to form DHPS from SQ [251, 325]. Under oxic 

conditions, SQ conversion to sulfate, DHPS, or 3-sulfolactate has been demonstrated for 

various bacteria: 1) Conversion to sulfate by Agrobacterium sp. ABR2, 2) conversion via 

3-sulfolactate to sulfate by Pseudomonas putida DSM 100120, 3) conversion to DHPS by 

E. coli and Klebsiella oxytoca DSM 16963, 4) conversion via DHPS to sulfate and 3-sul-

folactate by Klebsiella sp. ABR11, and 5) conversion to DHPS and 3-sulfolactate by Rhizo-

bium leguminosarum bv. trifolii SRDI565 [241, 248, 249, 252, 253, 347]. 

These SQDG and SQ-utilizing bacteria belong to the following families (and phyla): Eubac-

teriaceae (Firmicutes), Enterobacteriaceae (Proteobacteria), Rhizobiaceae (Proteobacte-

ria), Pseudomonadaceae (Proteobacteria), or Lachnospiraceae (Firmicutes). Feeding a 

Spirulina diet containing SQDG was postulated to promote the growth of those bacterial 

strains. However, besides a trend of increased numbers of unclassified Lachnospiraceae in 

cecal contents and of reduced numbers of unclassified Lachnospiraceae in feces, unchanged 

numbers of the other taxa were observed in the present study (Appendix, Table A5). In ad-

dition, as indicated above (3.3.5.2), Firmicutes and Proteobacteria were reduced, rather than 

enriched (Appendix, Table A5). Therefore, it may be concluded that Spirulina supplemen-

tation did not stimulate the growth of SQDG or SQ-converting bacteria in conventional 

mice. 

4.2.6 Sulfonates stimulated the growth of potentially colitogenic bacteria in vitro, 

while Spirulina did not do so in vivo 

One aim of the present study was to investigate whether sulfonates stimulate the growth of 

pro-inflammatory gut bacteria such as the pathobiont B. wadsworthia. Indeed, in the present 

study B. wadsworthia was isolated from human fecal enrichment cultures using taurine or 

isethionate as substrates. This also applies to Desulfovibrio that was isolated from fecal en-

richment cultures on taurine and isethionate.  

Desulfovibrio sp. and other SRB have been considered as major risk factor for IBD and they 

contribute to the formation of the potentially toxic H2S [417-419]. For example in patients 

with acute and chronic UC, which is one form of IBD, the counts of colonic Desulfovib-

rio spp. were elevated [414]. In another study, colitic germ-free mice colonized with D. in-

donesiensis displayed an increased cell infiltration in the lamina propria, an enhanced H2S 

formation, and an upregulated immune response in the colon [415]. However, SRB are also 

part of the common gut microbiota and even though H2S has been linked to IBD, it has also 

been recognized as a protective agent with anti-inflammatory and cytoprotective functions, 
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preventing intestinal inflammation [60, 69, 419-422]. Interestingly, both the pro-inflamma-

tory effect of SRB and the toxic effect of H2S seem to be concentration-dependent. While 

SRB are common intestinal bacteria with an incidence of approximately 50% in healthy hu-

mans, an increased abundance was observed in IBD patients [414, 415, 417]. Similarly, H2S 

concentrations higher than 20 or 50 µM are considered to be cytotoxic [70-72]. 

In the present in vivo study, the SQ concentration in cecal contents and feces of SD-fed mice 

was elevated. But neither the abundance of B. wadsworthia nor of the family Desulfovibri-

onaceae were enriched in both matrices. Moreover, the abundance of B. wadsworthia was 

approximately three orders of magnitude reduced in feces until day nine of intervention and 

recovered afterwards almost completely. In cecum, there were no differences in 

B. wadsworthia numbers in SD-fed versus CD-fed mice. The family Desulfovibrionaceae 

(phylum Proteobacteria) had a reduced abundance in cecal contents of SD-fed mice and a 

reduced trend in feces. Interestingly, not only SRB, but also B. wadsworthia belong to the 

family Desulfovibrionaceae. The unchanged abundance of B. wadsworthia in cecum, but 

reduced abundance of cecal Desulfovibrionaceae might indicate that Desulfovibrionaceae 

other than B. wadsworthia were reduced due to the presence of SQ. The decreased abun-

dance of Desulfovibrionaceae is in accordance with previous findings, as daily gavage of 

Spirulina (1.5 or 3.0 g/kg body weight) lowered the cell number of Desulfovibrio spp. in 

cecal contents of Balb/c mice [422]. A reduced number was also observed in cecal contents 

of a colitis-prone murine animal model (IL10-/-) fed SD for three weeks [388]. In contrast, 

oral gavage of a 95% ethanolic extract of Spirulina (150 mg/kg/day) increased the counts of 

cecal Desulfovibrionaceae after eight weeks of treatment in rats, indicating that intact cells 

of Spirulina and extracts thereof may have different effects on the intestinal growth of Desul-

fovibrionaceae [410].   

Other intestinal bacteria that may be commensal or pathogenic are E. coli strains. While 

adherent-invasive E. coli (AIEC) and extraintestinal pathogenic E. coli strains (ExPEC) are 

pathobionts, E. coli MG1655 is a commensal gut bacterium. Pathobionts are linked to IBD, 

while commensal E. coli strains are not [423]. Commensal E. coli strains able to utilize SQ 

were also isolated in the present in vitro study from human fecal slurries. No pathogenic E. 

coli strain were isolated from enrichment cultures of fecal slurries incubated with sulfonates. 

However, co-culturing of an isolated commensal E. coli strain (SQ6) with B. wadsworthia 

enhanced the growth and the H2S formation from DHPS of the pathogenic B. wadsworthia 

in comparison to single-cultures of B. wadsworthia with DHPS. Co-abundance of commen-

sal E. coli with SRB has earlier been linked to an enhanced apoptosis of colon epithelial cells 

[424]. Whether E. coli also enhance the inflammatory characteristics of B. wadsworthia is 

not known yet. Furthermore, no increase in the relative abundance of Enterobacteriaceae, 

to which E. coli belong to, after SD intake was observed in conventional mice in the present 

study (Appendix, Table A5).  

Furthermore, IBD is characterized by a lowered bacterial diversity and richness [426-428], 

which is in contradiction to the present in vivo study. But IBD has also been linked to a 

diminished abundance of Firmicutes, which is consistent with the present study (Appendix, 

Table A5). The reduced relative abundance of Firmicutes in IBD was previously described 

to be a result of decreased populations of butyrate-producing Clostridiaceae, such as 
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members of Clostridium clusters IV, XIVa, and XVIII, which was also observed in the pre-

sent study (Appendix, Table A5) [428]. IBD also correlates with a declined number of Bac-

teroidetes combined with higher numbers of Proteobacteria and Actinobacteria, as observed 

in mucosal biopsies of IBD patients compared to those of healthy controls [426]. This is in 

conflict with the trends observed for Bacteroides, Proteobacteria and Actinobacteria in the 

present study (Appendix, Table A5). 

In sum, while the in vitro experiments implied that intestinal sulfonates might stimulate the 

proliferation of potentially colitogenic bacteria, increased SQ availability in Spirulina-fed 

conventional mice did not lead to an enrichment of such bacteria in the gut.  

 

4.2.7 Spirulina increased body- and fat-tissue weight in mice 

As an unexpected side-effect of the present study, an increased body weight was observed 

in SD-fed mice in comparison to CD-fed mice. The body weight of the SD-fed mice was 

approximately 5% increased after two days of intervention when compared to CD-fed mice, 

but the body-weight gain was not dependent on the amount of ingested food, as the ratio of 

body-weight increase per 1 g food intake was four times higher in SD-fed mice than in the 

CD-fed mice. This corresponds to a sixfold higher food efficiency. Afterwards (day two to 

day 21), the body weight increased by the same rate in both groups and food efficiency was 

identical. Furthermore, SD led to a 1.5 to 2 times increased weight of eWAT, sWAT, 

mWAT, and pWAT. However, bomb-calorimetry, as well as the Weender analysis identified 

both diets as isocaloric and no major differences in the macronutrient composition were de-

tected.  

Only a minority of studies reported a weight increase after the intake of Spirulina. Spirulina 

supplementation led to body-weight gain (averaged 9%) and an elevated body mass in-

dex (BMI) in undernourished human immunodeficiency virus (HIV)-positive patients after 

12 weeks, who simultaneously received an antiretroviral treatment. However, in the same 

study Spirulina also resulted in a decrease of fat tissue in these patients [352]. Whether these 

changes were due to the Spirulina intake or the antiretroviral treatment could not be clarified, 

because no control group only receiving antiretroviral treatment was included in the study 

[352]. In another study, up to 1% Spirulina supplementation led to a body-weight increase 

in broiler chicken after three and five weeks of diet administration [353].  

In most studies, Spirulina has been reported to have obesity-preventing effects by reducing 

body fat and weight. These findings are inconsistent with the results of the present study. 

For example, 64 obese individuals received twice daily 500 mg Spirulina which significantly 

reduced the BMI and the appetite [354, 355]. In another study, obese and overweight indi-

viduals on a restricted-calorie diet received daily four doses of 500 mg Spirulina. This treat-

ment reduced the body weight, waist circumference, body fat and BMI [356]. However, 

Spirulina has also been reported to not have an effect on parameters of obesity. Yang et 

al. (2011) fed male and female C57BL/6J mice an American Institute of Nutrition Rodent 

Diet (AIN-93G and AIN-93M) supplemented with 2.5% or 5% of Spirulina for six months 

to test the toxicity of the ingested cyanobacteria. The body-weight increase between inter-

vention and control group did not differ [357]. Similar results were obtained with 24-month 
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old male C57BL/6J mice fed a diet supplemented with 5% Spirulina for six weeks or with 

Sprague-Dawley rats fed a diet supplemented with 20% Spirulina for one month [358, 359].  

In summary, the majority of studies report either a decreased or unchangeg/stable body 

weight after Spirulina intake, which is in conflict with the present study. It may be concluded 

that the consumption of SD was not responsible for the weight gain. It may be speculated 

that SD affected pathways involved in glucose metabolism, lipid uptake and / or lipid syn-

thesis.  

4.2.8 Spirulina enhanced the expression of key enzymes for lipid uptake and synthesis 

Since obesity and an impaired glucose tolerance are linked to each other [429], the hypoth-

esis that SD-fed mice developed alterations in glucose metabolism, was tested in the present 

study. No differences in the expression of genes responsible for intestinal and hepatic glu-

cose transport (Glut2 mRNA level) and hepatic glycogen synthesis (Gys2 mRNA level) 

were detected between the groups. Similarly, glucose storage (mg glycogen/g protein), and 

blood-glucose levels were not affected by SD. It is concluded that SD did not alter the glu-

cose metabolism, which disagrees with previous findings. Studies demonstrated that Spir-

ulina administration has beneficial effects on blood sugar homeostasis. For example daily 

Spirulina doses of 2 g for two months or 8 g for 3 months administered to diabetes mellitus 

type 2 patients lowered the blood-glucose levels [430, 431]. Similar effects on blood-glucose 

levels were reported for diabetic Wistar rats, which were daily gavaged with an aqueous 

Spirulina solution for four weeks (50 mg/kg/day) [432]. Discrepancies with the present 

study might be due to differences in the health condition of the previously investigated hu-

man subjects and animal models. While earlier studies report results of experiments with 

diabetic human subjects and animals, the present study performed the experiments with 

healthy mice.  

In the present study, Spirulina-induced fat-tissue accumulation was characterized by an en-

larged adipocyte size. This form is considered to be a moderate form of obesity, referred to 

as hypertrophic obesity, as an increased number of adipocytes was not detected [340, 341]. 

These results are in contradiction with previous studies, as Spirulina has been linked to 

anti-obesity effects resulting in a reduction of fat-tissue weight. For example, obese Spra-

gue-Dawley rats fed a high-fat diet and Spirulina maxima for four weeks (62 - 250 mg/kg) 

showed a trend for a reduction of the tissue weights of eWAT, pWAT, and mWAT compared 

to the control group, which only received the high-fat diet [433]. Interestingly, fat-tissue 

accumulation decreased relative to an increasing Spirulina concentration [433].  

To examine further why previous results regarding the lipid metabolism were in conflict 

with outcomes of the current study, the lipid metabolism of SD-fed versus CD-fed mice was 

investigated in detail. In humans, lipid absorption mainly takes place in the jejunum, but 

there is also evidence that lipid uptake occurs in the ileum with increasing dietary fat load 

[434]. Accordingly, in mice the ileum is the central site of lipid absorption [435]. In the 

present study, SD-fed mice displayed a reduced expression of genes responsible for lipid 

transport (Cd36 mRNA level), triglyceride synthesis (Scd1 mRNA level) and lipid homeo-

stasis (Plin2 mRNA level) in jejunal mucosa, while there were no differences in ileal or 
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colonic mucosa. In hepatic tissue, Spirulina led to a reduction of Cd36 and Scd1 mRNA 

levels and a lowered expression of genes for lipid synthesis (Elovl5 mRNA level).  

The fatty acid translocase (CD36) facilitates the absorption of long-chain fatty acids and is 

located in various mammalian tissues such as adipose tissue, liver and the whole gastroin-

testinal tract [436, 437]. In the gut, CD36 is highly expressed in the small intestine at the 

apical membrane of enterocytes, which indicates its role in lipid transport across the brush 

border membrane [438, 439]. There is evidence that Cd36-deficiency leads to a diminished 

intestinal lipid and cholesterol uptake in mice [437, 440]. In humans, CD36 expression was 

linked to the liver-fat content [441]. In addition, Cd36 also correlated with the severity of 

hepatic steatosis in obese Zucker rats [442]. The Spirulina-induced down-regulation of Cd36 

in jejunum and liver in the present study might indicate that Spirulina intake results in a 

reduced lipid uptake by enterocytes and hepatocytes.  

The acyl-CoA desaturase 1 (SCD1) catalyzes the insertion of double bonds at the delta-9 

position in acyl-CoA substrates, such as palmitoyl-CoA and stearoyl-CoA [443]. The en-

zyme is located at the membrane of the endoplasmic reticulum of hepatocytes and of the 

intestinal epithelium, next to other mammalian tissues [444-447]. In previous studies, SCD1 

has been linked to obesity [446, 447]. Moreover, in gut-specific Scd1 knockout mice, the 

desaturase was linked to an increased lipid absorption [446]. Furthermore, liver-specific 

Scd1 knockout mice were protected from high-fat diet-induced adiposity [447]. Therefore, 

SCD1 is suggested to play a pivotal role in lipid biosynthesis and fat accumulation in the 

body. The reduced gene-expression levels of intestinal and hepatic Scd1 of SD-fed mice in-

dicates that Spirulina feeding not only diminished lipid uptake, but also lipid anabolism.  

Perilipin 2 (PLIN2) enables intracellular lipid storage by coating lipid droplets and therefore 

is responsible for fat homeostasis [448]. Plin2 knockout mice show an intestinal lipid uptake 

and decreased formation of cytoplasmic lipid drops in enterocytes [449]. Furthermore, per-

ilipins have been linked to increased liver-fat content in humans [441]. The lower Plin2 

expression level in the jejunum of SD-fed mice compared to CD-fed mice might be the result 

of a reduced lipid uptake, which is normally facilitated by CD36.   

The elongation of very long chain fatty acids protein 5 (ELOVL5) is involved in microsomal 

elongation of fatty acids, such as of mono- and polyunsaturated fatty acids, by the addition 

of two carbon atoms. The function of ELOVL5 in liver metabolism has been described in 

several studies. As an example, Elovl5 knockout mice displayed increased liver triglyceride 

levels and steatosis [450]. This is in agreement with lower liver triglyceride levels in mice 

with an increased activity of hepatic Elovl5 [451]. However, some findings of the present 

study are in conflict with previous results. The Spirulina-induced Elovl5 reduction in the 

present study did not correlate with an increased triglyceride concentration in the liver or 

pathogenic modifications of the liver.  

In addition, mRNA levels of further key genes related to hepatic lipid uptake and synthesis 

tended to be decreased in SD-fed mice. No lipid droplets, signs of fibrosis or steatosis, and 

no differences in triglyceride levels between SD- and CD-fed mice were observed in the 

liver.  
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Taken together, Spirulina intake clearly reduced the expression of Cd36, Scd1, Plin2 in je-

junal mucosa and of Cd36, Scd1 and Elovl5 in the liver of conventional mice. These findings 

indicate that Spirulina affects the expression of genes responsible for the intestinal and he-

patic lipid uptake and metabolism. Despite the Spirulina-induced weight gain and fat-tissue 

accumulation observed in the present study in the early period of the experiment, 

the gene-expression level of genes involved in intestinal and hepatic intracellular lipid up-

take and availability were lowered, which in consideration of the above relationships is dif-

ficult to explain. Further investigations on the lipid metabolism at protein level could help 

to clarify these discrepancies.  
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5 CONCLUSIONS AND PERSPECTIVES  

 

The gut microbiota has a crucial impact on host health. Diet is the main driver shaping the 

intestinal microbiota, as diet is the main source of bacterial substrates [35]. Therefore, it is 

important to unravel the fate of ingested dietary components and how they affect composi-

tion and activity of the gut microbiota. In a previous study, the intake of unsaturated fatty 

acids was associated with a higher release of intestinal TC and a higher abundance of the 

colitogenic bacterium B. wadsworthia [9]. In IL10-/- mice the TC-induced bloom of 

B. wadsworthia led to an exacerbation of colitis. B. wadsworthia is able to convert sulfonates 

such as taurine, present in TC, isethionate, cysteate and DHPS to H2S which might be linked 

to IBD [8]. Therefore, this PhD-project aimed to clarify, whether dietary sulfonates or their 

sulfonated metabolites stimulate the growth of colitogenic bacteria such as B. wadsworthia 

and whether these bacteria convert sulfonates to H2S. 

Human fecal slurries converted several dietary sulfonates to H2S with inter-individual dif-

ferences in the ability to form H2S. Taurine and isethionate-converting isolates from these 

fecal cultures, able to release H2S, are potentially pathogenic bacteria (B. wadsworthia and 

Desulfovibrio strains). Nevertheless, not only pathogenic human intestinal bacteria are able 

to utilize sulfonates and to release H2S, as commensal E. coli strains isolated from human 

fecal slurries in this project were able to convert SQ to DHPS and 3-sulfolactate to H2S. 

Presence or absence of such bacteria may explain the inter-individual differences in sul-

fonate conversion.  

The ability to ferment taurine by Desulfovibrio strains was previously only described for 

D. sp. RZACYSA isolated from sewage, while isethionate utilization is quite common for 

this genus [3, 8, 134, 139, 161, 162, 164]. Therefore, the present study led to the first Desul-

fovibrio strain, directly isolated from human feces, and capable of converting taurine and 

isethionate to H2S. In addition D. simplex DSM 4141T was identified as another bacterium 

belonging to Desulfovibrio spp. able to utilize taurine and to release H2S. These results sug-

gest that the sulfidogenic respiration is more widespread among Desulfovibrio spp. than in-

itially expected. 

The present study describes also the third co-culture model of E. coli and B. wadsworthia 

which completely converted SQ via DHPS to H2S. Previously, two co-culture models were 

reported to degrade SQ using the same pathway, namely E. coli with a Desulfovibrio strain 

or E. rectale with B. wadsworthia [251, 325]. In this study, H2S formation by B. wadsworthia 

increased considerably in the presence of E. coli (from 2.5 to 50% of the initially added 

DHPS). Therefore, it can be concluded that the presence of E. coli strains in combination 

with B. wadsworthia stimulates the amount of H2S produced and that co-culturing with 

human Enterobacteriaceae such as E. coli stimulates the release of H2S from pathogens, 

indicating a synergistic effect in the gut environmental sulfonate-sulfur cycle.  
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Feeding a low-fat diet supplemented with Spirulina did not affect the relative abundance of 

potentially colitogenic bacteria such as B. wadsworthia and Desulfovibrionaceae, but nev-

ertheless was accompanied by a mild inflammation. The abundance of B. wadsworthia de-

creased initially (from day 2 – 9), but recovered afterwards until the end of the intervention 

in feces, while the number of Desulfovibrionaceae in cecum was reduced. However, an ex-

tended ingestion of Spirulina might further increase the abundance of B. wadsworthia and 

might lead to a more severe inflammation over time. The Spirulina-containing diet did also 

not affect the relative abundance of known SQDG- or SQ-converting, as the number of En-

terobacteriaceae was not affected, but altered the gut microbiota composition and resulted 

in higher SQ-concentrations in cecal content and feces. Feeding Spirulina was linked to a 

reduction of Firmicutes and an increased number of Bacteroidetes in feces and cecum. Fir-

micutes were decreased due to a reduced abundance of the family Erysipelotrichaceae and 

its genus Allobaculum, while the increased number of Bacteroidetes was a result of the 

higher abundance of Bacteroidaceae, Porphyromonadaceae and Rikenellaceae. This means 

that the Spirulina-supplemented diet neither stimulated the growth of potentially colitogenic 

bacteria nor of previously identified bacteria capable of converting SQDG to SQ. Therefore, 

gut bacteria other than those already known seem to be responsible for the conversion of 

SQDG to SQ, probably the enriched Bacteroidetes might play a role.  

Interestingly, SD feeding was also paralleled by an unexpected fat-tissue accumulation and 

an increase in body weight. Food intake was not considered as the main cause for the ob-

served body-weight gain. The ratio of body-weight gain (%) per 1 g of consumed diet was 

four times higher in SD-fed compared to the CD-fed mice indicating differences in food 

efficiency. However, gene-expression levels of genes involved in the glucose metabolism 

were not altered and of those involved in lipid uptake and availability were lowered. These 

findings do not correspond to previous observations [6-8]. It cannot be excluded that gene 

expression levels did not correspond to the amounts of encoded proteins. For example, post-

translational factors can influence the synthesis of proteins. Therefore, determination of pro-

tein levels may clarify these discrepancies.   

In summary, the conversion of sulfonates by fecal slurries differed considerably among the 

human donors. Desulfovibrio strains and B. wadsworthia isolated from human feces were 

affiliated with taxa known to encompass potential pathogens or commensal gut bacteria. 

Differences in the conversion of various sulfonates by human fecal slurries might be the 

result of inter-individual differences in gut microbiota composition. In mice, a diet supple-

mented with Spirulina did affect the intestinal microbiota composition, but did not alter the 

abundance of B. wadsworthia and Desulfovibrionaceae. This indicates that not only these 

potential colitogenic but also other gut bacteria might utilize sulfonates for growth.  
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Table A1: Media and solutions used. 

Medium / solution Components and preparation  

Anoxic phosphate 

buffered  

saline (aPBS), 1 l 

NaCl 8.5 g  

Na2HPO4 0.6 g  

KH2PO4 0.3 g  

Peptone (Oxoid, Wesel, Germany) 0.1 g 

Resazurin (Fluka) 1.0 mg 

Sodium formate (Fluka) (40 mM) 

Sodium DL-lactate (Sigma-Aldrich) (40 mM) 

pH 7.0 

N2/CO2 (80/20, v/v, %) 

Autoclaved at 121 °C for 15 min 

Titanium(III) nitrilotriacetate (NTA, 3.18 mM, [271]), sterile filtered (syringe filter, 

0.20 µM pore size, Sarstedt) just before inoculation. 

NTA 1. NTA (Sigma-Aldrich) 9.6 g in 300 ml anoxic distilled water 

2. Add NaOH 40 g/100 ml to reach pH 9.0 

3. Add 9.6 ml TiCl3 (Acros Organics, geel, Belgium) 20%; pH was hold > 2.0 with 

Na2CO3 in anoxic distilled water, 8 g/100 ml 

4. Add Na2CO3 in anoxic distilled water, 8 g/100 ml to reach pH 7.0 

5. Volume was filled up to 500 ml with anoxic distilled water  

6. Sterile filtered (syringe filter, 0.2 µM pore size, Sarstedt) 

Base medium,  

modified [272] 

NH4Cl 19 mM 

NaCl 17 mM 

MgCl2 2 mM 

KCl 7 mM 

CaCl2 0.3 mM 

K2HPO4 0.1 mM 

1,4-Naphtochinon (Sigma-Aldrich) 1.26 µM 

Resazurin (Fluka) 2 µM 

Yeast extract (Roth) 3.5 mg/l 

Selenite-tungstate solution (DSMZ medium 385) 1 ml/l 

Trace elements solution SL-10 (DSMZ medium 320) 1 ml/l 

Sodium DL-lactate and / or sodium formate 40 mM  

pH was adjusted to 7.8; medium was dispersed into Hungate tubes, gas flushed 

N2/CO2 or H2/CO2 (80/20, v/v, %), autoclaved (121 °C,15 min) and stored at RT. 

Prior to inoculation supplementation of: 

NTA 3.18 mM [271] 

Seven vitamins solution (DSMZ medium 503) 1 ml/l 

NaHCO3 (Merck) 0.25%, 120 °C, 15 min 

One sulfonate 4 mM or 20 mM  

Mineral salts me-

dium (MSM),  

modified [273] 

Potassium phosphate salt solution (KPP) 10 mM, pH 7.0 

NH4Cl 20 mM 

MgSO4 0.25 mM 

Trace element solution, modified 500 µl/l 

HCl (25%, v/v) 200 ml/l 

FeCl2 0.719 mM  

ZnCl2 0.035 mM  

MnCl2 0.015 M 

H3BO3 0.49 mM   

CoCl2 0.084 mM   

CuCl2 0.0059 mM   
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NiCl2 0.0085 mM 

Na2MoO4 0.12 mM 

pH was adjusted to 7.2; medium was dispersed into a two-liter flask and autoclaved 

(121 °C,15 min) and stored at RT. 

Freshwater basal  

medium, modified  

[195] 

 

NaCl 17 mM 

NH4Cl 19 mM 

CaCl2 0.3 mM 

MgCl2 2 mM 

K2HPO4 0.1 mM 

Yeast extract 3.5 mM 

Resazurin 4 µM 

pH was adjusted to 7.8; medium was dispersed into Hungate tubes, gas flushed N2, 

autoclaved (121 °C,15 min) and stored at RT. 

Prior to inoculation supplementation of: 

NTA 3.18 mM [271] 

Seven vitamins solution (DSMZ medium 503) 1 ml/l 

FeCl2 (Riedel de Häen) 1 mM 

An electron donor and an electron acceptor 

Selenite-tungstate  

solution (DSMZ  

medium 385) 

NaOH 12.5 mM 

Na2SeO3 11.4 mM  

Na2WO4 12.1 mM  
Trace elements 

solution SL-10  

(DSMZ  

medium 320) 

FeCl2 0.75 M in HCl (25%; 7.7 M; 10.00 ml) 

ZnCl2 0.5 mM  

MnCl2 0.5 mM  

H3BO3 0.1 mM 

CoCl2 0.8 mM  

CuCl2 0.01 mM 

NiCl2 0.1 mM  

Na2MoO4 0.15 mM  

Seven vitamins solu-

tion (DSMZ me-

dium 503) 

Vitamin B12 (Roth) 0.1 g/L 

p-Aminobenzoic acid (Sigma-Aldrich) 0.08 g/L 

D(+)-Biotin (Roth) 0.02 g/L 

Calcium pantothenate (Fluka) 0.1 g/L 

Nicotinic acid (Roth) 0.2 g/L 

Pyridoxine hydrochloride (Roth) 0.3 g/L 

Thiamine-HCl x 2 H2O (Serva, Heidelberg, Germany) 0.2 g/L 

Sterile filtered (syringe filter, 0.2 µM pore size, Sarstedt) 

HB buffer Sodium dihydrogen phosphate (Merck) 10 mM 

EDTA (Roth) 1 mM 

Polyoxyethylene (10) tridecyl ether (Sigma-Aldrich), 1% v/v 

pH was adjusted to 7,4 and solution was stored at 4 °C. 

MOPS buffer 3-Morpholino-propane-sulfonic acid (Roth) 0.2 M 

Sodium acetate (Merck) 0.05 M 

EDTA (Roth) 0.01 M 

pH was adjusted to 5,5 - 7,0; solution was autoclaved and stored at 4 °C. 

TRIS-acetate-EDTA 

buffer (TAE buffer)  

TRIS (Roth) 40 mM 

Glacial acetic acid (Merck) 20 mM 

EDTA (Roth) 1 mM 

pH 8.3 

RYU flagella stain 
[274] 

Two parts of the mordant solution  

Phenol 0.3 M,  

Tannic acid (Sigma-Aldrich) 0.06 M  

Aluminum potassium sulfate 0.15 M 

One part of saturated crystal violet solution (0.3 mM in 95% ethanol).  

Stain precipitation was eliminated by filtering the RYE stain solution through a filter 

paper (150 mM, Macherey-Nagel) and a 0.22 µM pore size syringe filter membrane. 
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