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Samenvatting 

Microbiële fermetnaties zijn een essentieel proces in natuurlijke en menselijk gebouwde 
ecosystemen. Microbiële fermentaties spelen een cruciale rol in het verzorgen en verteren van 
ons voedsel en ze zijn bruikbaar in het ontwerpen van bio-processen die biogas, biobrandstof en 
vele andere functionele moleculen kunnen produceren (Hoofdstuk 1). Daarnaast kan het 
bestuderen van de competitie en samenwerking in microbiële fermentatieve ecosystemen 
bijdragen aan het oplossen van de vraag hoe microbiële diversiteit gevormd wordt. Glucose is een 
molecuul dat centraal staat aan de meeste vormen van leven, daarom werd glucose gekozen als 
model substraat om fermentatieve ophopingsculturen mee uit te voeren. Xylose is een belangrijke 
monomeer in vele typen hemicellulose en is daarom gekozen als tweede model substraat. Glucose 
en xylose kunnen gefermenteerd worden naar vluchtige vetzuren, alcoholen of melkzuur. De 
biomassa specifieke opname end productiesnelheid waarbij microbiële fermentaties verlopen 
zijn hoog vergeleken met andere biologische anaerobe koolstof conversies. Dit snelheidsverschil 
is nuttig wanneer men fermentaties bestudeerd door middel van ophopingsculturen. 

Dergelijke fermentatieve ophopingsculturen kunnen gebruikt worden om mengcultuur 
fermentatie technologieën te ontwikkelen. Mengcultuur fermentatie technologieën bieden een 
alternatieve mogelijkheden om grondstoffen en afvalstromen met koolhydraten te verwerken 
(Hoofdstuk 1). Biogas productie is een relatief grote industrie, maar blijft economisch inferieur 
aan aardgas. De markt voor (bio-)waterstof productie is relatief groot, want de waterstof 
economie was in 2017 130 miljard USD waard. Werkende grootschalige bio-waterstof productie 
en opslag door middel van biologische systemen moet zich nog bewijzen. Lactaat en ethanol 
kunnen beiden geproduceerd worden met mengcultuur fermentatie, waarbij ethanol productie 
een uitdagende business case blijft vanwege krappe winstmarges. Middellange keten vetzuren 
zijn ook een potentieel product. Deze moleculen hebben in potentie veel toepassingen, met 
waarschijnlijk een hogere toegevoegde waarde dan biogas of biobrandstof en dus beloven ze een 
gezonde business case te bieden. Vluchtige vetzuren geproduceerd met behulp van een 
mengcultuur fermentatie kunnen gebruikt worden voor het produceren van 
polyhydroxyalkanoaten, wat een gezonde industriële haalbaarheid beloofd. 

 Wanneer men alleen de competitie van substraten in oogpunt neemt, dan zal het limiteren van 
een enkel substraat in een microbieel ecosysteem in verwachting leiden tot één dominant micro-
organisme. De resultaten van Hoofdstuk 2 bevestigen deze hypothese, tot de mate dat >85% van 
het geobserveerde celoppervlak behoort aan één enkel microbiële soort, voor drie van de vier 
ophopingculturen. Een populatie van Enterobacter cloacae en Citrobacter freundii domineerde de 
glucose en xylose gelimiteerde sequentiele batch culturen respectievelijk. Continue glucose 
limitatie toonde de dominantie van Clostridium intestinale. De xylose gelimiteerde 
ophopingscultuur resulteerde in een populatie waarbij een populaties van Citrobacter freundii, 
een Lachnospiraceae en Muricomes co-existeerden. Hoofdstuk 3 heeft als doel om een antwoord 
te vinden hoe duale substraat limitatie een fermentatieve microbiële gemeenschap beïnvloed. 
Duale xylose en glucose limitatie resulteerde in een generalistische populatie van Clostridium 
intestinale in continu voeding, en een generalistische populatie van Citrobacter freundii in 
sequentiële batch verrijking. Geen klaarblijkelijke katabole koolstof repressie was waarneembaar 
wanneer een batch cyclus werd geanalyseerd, of wanneer er een batch experiment werd 
uitgevoerd in de continu duaal gelimiteerde ophopingscultuur. Deze respons is van belang 
wanneer men een grootschalig fermentatief bio-proces ontwerpt, want in de industrie worden 
veelal micro-organismen gebruikt die een katabole koolstof repressie vertonen in mengsels van 
glucose en xylose. 

De kinetische, stoichiometrische en bioenergetische analyse van ophopingsculturen in continu 
gelimiteerde of sequentieel batch milieus laten zien dat sequentiële batch milieus selecteren voor 
snelheid, terwijl continu gelimiteerde systemen selecteren voor efficiëntie (Hoofdstuk 2). 
Snelheid word hier gesteld als de biomassa specifieke substraat opname snelheid (qs

max). 
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Efficiëntie word gesteld als de opbrengst van biomassa per ATP geoogst in het katabolisme (Yx,ATP). 
Deze bevindingen passen in de r- en K-selectie theorie. Daarnaast is het bevonden dat butyraat 
productie gekoppeld is aan een lagere opname snelheid dan gecombineerde acetaat en ethanol 
productie. Potentieel kan er meer energie worden geoogst in butyraat productie vergeleken met 
acetaat en ethanol productie, door middel van elektron bifurcatie. 

Meer microbiële diversiteit (i.e. meer dan één soort) werd gevonden dan er van tevoren was 
verwacht vanuit een puur competitief oogpunt in alle zes ophopingsculturen uitgevoerd in 
Hoofdstuk 2 en 3. Daarom is er in Hoofdstuk 5 gekozen voor een complementaire aanpak van 
metabolomics, metagenomics en isolatie studies, die het genereren van een op bewijs gebaseerde 
hypothese mogelijk maakte hoe de Enterobacteriaceae en Clostridiales populaties in de continu 
gelimiteerde xylose ophopingscultuur interacteerden. The metagenoom analyse resulteerde in 
drie dominante bins, één voor Citrobacter freundii, één voor “Ca. Galacturonibacter soehngenii” en 
één voor een Ruminococcus soort. De interactie tussen Citrobacter freundii en “Ca. 
Galacturonibacter soehngenii” wordt gesteld om voor een deel te bestaan uit het delen van biotine, 
pyridoxine en alanine van Citrobacter freundii met “Ca. Galacturonibacter soehngenii”. Een 
differentiële ophopingscultuur-studie liet zien dat inderdaad de fractie van “Ca. Galacturonibacter 
soehngenii” steeg en de fractie Enterobacteriaceae daalde, wanneer aan het inkomende medium 
deze drie metabolieten werden toegevoegd. Dus, het is waarschijnlijk dat commensalisme en 
competitie beiden verantwoordelijk zijn voor het vormen van microbiële diversiteit in deze 
cultuur. 

Hoofdstuk 4 had als doel om de ecologie van melkzuurbacteriën te bestuderen. Bacteriën kunnen 
melkzuur produceren vanuit glucose, wat een ander metabolisme is dan het produceren van 
acetaat en butyraat vanuit glucose. Sequentiële batch reactoren zijn gebruikt om te verrijken, 
waarbij een mineraal en complex medium werden vergeleken. De media waren identiek, behalve 
dat er aan het complexe medium 9 B-vitaminen en een peptide mengsel waren toegevoegd. 
Glucose werd gefermenteerd naar een mengsel van melkzuur en ethanol wanneer er verrijkt werd 
in een complex medium, ofwel een heterofermentatie. Met het minerale medium werd glucose 
gefermenteerd naar een mengsel van acetaat, butyraat en waterstof, met kleinere hoeveelheden 
melkzuur en ethanol. Een populatie van Lactobacillus, Lactococcus en Megasphaera werd verrijkt 
met complex medium. Met mineraal medium domineerde een populatie van Ethanoligenens, met 
een kleine fractie Clostridium. Melkzuur producerende bacteriën worden gesteld de fermentatie 
over te nemen door een hogere biomassa specifieke substraat opname snelheid (qsmax was 94% 
hoger), welke leidt naar een hogere groeisnelheid. De verhoging van groeisnelheid wordt gesteld 
te worden veroorzaakt door middel van resource allocation, waarbij melkzuurbacteriën hun 
enzym niveaus hebben geoptimaliseerd in het anabolisme en katabolisme. Hierdoor behalen ze 
een hogere groeisnelheid dan mineraal-minnende fermenterende micro-organismen, zoals 
Ethanoligenens. 

Hoofdstuk 6 heeft als doel om verder onderzoek te sturen, wat ligt in het bestuderen van het 
effect van verschillende parameters op fermentatieve ecosystemen. Deze parameters zijn de 
concentraties van: gasvormige stoffen (I), pH-neutraliserende kationen (II), en nutriënten zoals 
B-vitaminen (III). Daarnaast wordt het bestuderen van zeer lage pH milieus (pH<3.5) als 
onderzoek kans gezien (IV). Als laatste wordt het analyseren van de compositie van “echte” 
fermenteerbare stromen en hun effect op het product spectrum van de fermentatie van belang 
geacht (V). Kinetiek en bio-energetica worden hier bediscussieerd aan den hand van 
enzymatische Michaelis-Menten kinetiek en van het concept resource allocation. Op deze manier, 
kunnen pogingen in het mogelijk sturen van product formatie in fermentatieve ecosystemen a 
priori voorspeld worden. Toekomstige experimenten worden aangemoedigd uitgevoerd te 
worden op vier niveaus. Bruikbare experimenten om enkele concepten in deze dissertatie te 
toetsen zijn hier beschreven. Als laatste zal toekomstig werk moeten uitwijzen of commensalisme 
en/of mutualisme beiden relevante coöperatieve mechanismen zijn in open microbiële 
gemeenschappen.  



  

Summary  

Microbial fermentations are a key process in naturally and man-made ecosystems. Microbial 

fermentations play a key role in creating and digesting our food and they are useful in designing 

bioprocesses that can produce biogas, biofuels, bioplastics, and many other functional molecules 

(Chapter 1). Furthermore, studying the competition and cooperation in microbial fermentative 

ecosystems can help to solve the question how microbial diversity is shaped. Glucose is a molecule 

central to most forms of life, therefore glucose was chosen as a model substrate to perform 

fermentative enrichment studies. Xylose is an important monomer in many types of hemicellulose 

and was therefore chosen as second model substrate. Glucose and xylose can be fermented to 

volatile fatty acids, alcohols or lactic acid. The biomass specific uptake and production rates at 

which microbial fermentations are performed are high compared to other biological anaerobic 

carbon conversions. This rate difference is useful when studying fermentation using an 

enrichment culture approach.  

Such fermentative enrichment cultures can be used to develop mixed culture fermentation 

technologies, which offer alternative technological possibilities for processing feedstocks and 

residual streams containing carbohydrates (Chapter 1). Biogas production is a relatively well-

established industry, but remains to be economically outcompeted by natural gas. The market for 

(bio)hydrogen production is relatively big, as the hydrogen economy stood for 130 billion USD in 

2017. Actual large-scale hydrogen production and capture using biological systems has yet to 

prove itself. Lactate and ethanol can both be produced using mixed culture fermentation, where 

ethanol production remains to be a challenging business case due to small profit margins. Medium 

chain fatty acids are also a potential product. These molecules are expected to have many 

applications, with a likely higher value than biogas or biofuel, thus promising a healthy business 

case. Producing polyhydroxyalkanoates from volatile fatty acids produced by mixed culture 

fermentation promises a healthy industrial feasibility. 

When assuming solely competition on substrates to occur, limiting a single substrate in a 

microbial ecosystem is expected to result in one dominant species. The results of Chapter 2 

confirm this hypothesis, to the extent of >85% of the observed cell surface belonging to a single 

species for three out of the four enrichment cultures. A population of Enterobacter cloacae and 

Citrobacter freundii dominated the glucose and xylose limited sequencing batch cultures 

respectively. Continuous glucose limitation showed the dominance of Clostridium intestinale. A 

xylose limited continuous enrichment culture resulted in the coexistence of Citrobacter freundii, 

and a Lachnospiraceae and Muricomes population. Chapter 3 aims to answer the question how 

dual substrate limitation influences a fermentative microbial community. Dual xylose and glucose 

limitation led to a generalist population of Clostridium intestinale in continuous feeding, and a 

generalist population of Citrobacter freundii in sequencing batch culturing. No apparent carbon 

catabolite repression was observed when analysing a batch cycle or when performing a batch 

experiment in the continuous dual limited enrichment culture. This response is of value when 

designing large scale fermentative bioprocesses, as in industry, typically microorganisms are used 

which show carbon catabolite repression in mixtures of glucose and xylose. 

The kinetic, stoichiometric and bioenergetic analysis of enrichment cultures in continuously 

limited or sequencing batch environments showed that sequencing batch enrichments select for 

rate, while continuous limited enrichments select for efficiency (Chapter 2). Rate is considered 

as the biomass-specific substrate uptake rate (qsmax) and efficiency is considered as yield of 



Summary 

 

10 

biomass on ATP harvested in catabolism (Yx,ATP). These findings fit within the r- and K-selection 

theory. Furthermore, it was found that butyrate production is linked to a lower uptake rate than 

combined acetate and ethanol production. Potentially, more energy is harvested in butyrate 

production than in combined acetate and ethanol production, through electron bifurcation.  

More microbial diversity (i.e. more than one species) was observed than what was expected from 

a competitive point of view in all six enrichments performed in Chapter 2 and 3. Therefore, in 

Chapter 5 a complementary approach of metabolomics, metagenomics and isolation studies 

where performed to generate an evidence based hypothesis on how the Enterobacteriaceae and 

Clostridiales populations in the continuous xylose limited enrichment culture interacted. The 

metagenomic evaluation resulted in three dominant bins, one for Citrobacter freundii, one for “Ca. 

Galacturonibacter soehngenii” and one for a Ruminococcus sp. The interaction between 

Citrobacter freundii and “Ca. Galacturonibacter soehngenii” is proposed to be a sharing of biotin, 

pyridoxine and alanine by Citrobacter freundii with “Ca. Galacturonibacter soehngenii”. A 

differential enrichment study showed that indeed the fraction of “Ca. Galacturonibacter 

soehngenii” increased and Enterobacteriaceae decreased, when these three metabolites were 

directly supplemented to the enrichment culture. Thus, commensalism and competition were 

likely to driving microbial diversity in this culture. 

Chapter 4 aimed to study the ecology of lactic acid bacteria. Bacteria can produce lactic acid from 

glucose, which is a different metabolism than producing acetate and butyrate. Sequencing batch 

reactors were used to enrich, comparing a mineral and complex medium. The media were 

identical, except for the addition of peptides and 9 B vitamins in the complex medium. Glucose 

was fermented to a mixture of lactic acid and ethanol when using the complex medium, thereby a 

heterofermentation. Using the mineral medium, glucose was fermented to a mixture of acetate, 

butyrate and hydrogen, with smaller amounts of lactic acid and ethanol. A population of 

Lactobacillus, Lactococcus and Megasphaera was enriched on complex medium. On mineral 

medium, a population of Ethanoligenens dominated the enrichment with a small fraction of 

Clostridium. Lactic acid producing bacteria are hypothesised to have taken over the fermentation, 

due to a 94% increase in biomass-specific substrate uptake rate, leading to a higher growth rate. 

The increase in growth rate is argued to be caused due to resource allocation, whereby lactic acid 

bacteria optimise their enzyme levels in anabolism and catabolism, attaining a higher growth rate 

than mineral-type fermenters such as Ethanoligenens. 

Chapter 6 aims to direct further research, which lies in studying the effect of different parameters 

on fermentative ecosystems. These parameters are concentrations of: gaseous compounds (I), 

cations used to neutralise (II), nutrients, such as B vitamins (III). Also, very low pH environments 

(pH<3.5) are considered an opportunity (IV). Finally, analysing the composition of “real” 

fermentable streams and their effect on the arising product spectra is of interest (V). Kinetics and 

bioenergetics are discussed using enzymatic Michaelis-Menten kinetics and the concept of 

resource allocation. In this way, efforts can be directed into the ability to predict product 

formation a priori in fermentative ecosystems. Future experimentation is guided to take place on 

four distinct levels, and useful experiments to verify concepts in this thesis are outlined. Finally, 

commensalism and/or mutualism might both be relevant in open microbial ecosystems which 

remains to be settled by future work. 
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ABC ATP-binding cassette 

Adh  Alcohol dehydrogenase 

ADP Adenosine diphosphate 

ATP Adenosine trisphosphate 

B.V. Besloten vennootschap (private limited company) 

BLASTn Basic Local Alignment Search Tool (for nucleotides) 

cAMP Cyclic adenosine monophosphate 
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COD Chemical oxygen demand 

CSTR Continuous-flow stirred tank reactor 

DAPI 4′,6-diamidino-2-phenylindole 

DGGE Denaturing gradient gel electrophoresis 

DNA Deoxyribonucleic acids 
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ETC Electron transport chain 

Fd Ferredoxin 

FISH Fluorescent in situ hybridisation 
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HPLC High performance liquid chromatography 

HRT Hydraulic retention time 

KEGG  Kyoto Encyclopedia of Genes and Genomes 

LamB Lambda receptor protein B 

Ldh  Lactate dehydrogenase 

MCF Mixed culture fermentation 

MCFA Medium chain fatty acids 

Mgl Methyl-galactoside transport system, an ATP-binding protein 

MS Mass spectrometer 

NADH Nicotinamide adenine dinucleotide 

NCBI National Center for Biotechnology Information 

OmpC Outer membrane protein C 

OTU Operational taxonomic unit 

PCR Polymerase chain reaction 

PEP Phosphoenolpyruvic acid 

Pfo  pyruvate:ferredoxin-2-oxidoreductase 

PHA Polyhydroxyalkanoates 

PKP Phosphoketolase pathway 

PLA Polylactic acid 

PPP Pentose phosphate pathway 

PTS Phosphotransferase system 

QUIPS Quantimet interactive programming system 

RbsB Ribose ABC transport system 

RNA Ribonucleic acids 

RP Reversed phase 

rRNA ribosomal RNA 
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SBR Sequencing batch reactor 

SLP Substrate level phosphorylation 

smf Sodium motive force 

SRT Solids retention time 

TOF Time of flight 

TSS Total suspended solids 

USD US Dollars 

VFA volatile fatty acid 

VSS volatile suspended solids 

WWTP Wastewater treatment plant 

List of symbols 

Kinetics 

µ Biomass specific growth rate 

µmax Maximum biomass specific growth rate 

Yx,s Biomass yield on substrate 

qs Biomass specific substrate uptake rate 

qsmax Maximum biomass specific substrate uptake rate 

ms Maintenance coefficient 

Cs Residual substrate concentration 

Ks Affinity constant for substrate (Monod kinetics) 

Thermodynamics 

Cmol Carbon mole 

ΔG Gibbs energy change of a reaction 

ΔG0 
Standard Gibbs energy change of a reaction  
(p = 1 atm,T = 298.15 K and 1M of reactants) 

∆G0’ Biochemical standard Gibbs energy change of a reaction (as ΔG0, except pH = 7) 

T Temperature 

p Pressure 

Bioenergetics 

YATP,s Yield of ATP produced per substrate consumed 

Yx,ATP Yield of biomass produced on ATP harvested in catabolism 

Enzyme kinetics – Michaelis-Menten 

re Enzymatic rate 

kcat Turnover number of an enzymatic reaction 

ce Enzyme concentration 

S Substrate concentration of substrate used in enzymatic reaction 

K Michaelis-Menten constant of an enzymatic reaction 

Other 

σ Standard deviation 

kLa mass transfer coefficient from gas to liquid 



  

Chapter 1 - An introduction to the ecology and applications of xylose 

and glucose fermentations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter was written and revised by 

J.L. Rombouts & R. Kleerebezem 



Chapter 1 - An introduction to the ecology and applications of xylose and glucose fermentations 

 

16 

1.1 The ecology of carbohydrate fermenting systems 

Microbial fermentations are a key process in many natural and man-made systems. They are used 
to conserve food, to produce chemicals and fuels, and in nature they play a role in the degradation 
of organic matter. It is a process not exclusive to the microbial world, as the acidification of human 
muscle tissue during intensive exercise is also fermentation. Environmentally relevant 
microorganisms can ferment glucose into a number of products (Figure 1.1). Both bacteria and 
eukaryotes are capable of carbohydrate fermentation and can be found virtually everywhere in 
nature.  

In essence, fermentation is the conversion of an organic substrate to one or more products 
without the use of external electron acceptors (such as oxygen). During fermentation, three key 
enzymes are responsible for the direction into which the carbon is sent (Figure 1.1). The Kyoto 
Encyclopaedia of Genes and Genomes (KEGG) database [1] contained 5245 bacterial genomes 
(accessed August 2018), of which approximately 10% contain either of the three genes. Though 
bacterial genomes obtained from isolated species likely do not represent the microbial genomic 
potential present in environments [2], it is likely that fermentation is a common trait amongst 
bacteria. The fact that there might be a trillion (109) microbial species on earth [3], and only 100-
1000 (103-104) total relevant fermentative pathways poses a challenging question, why is there 
such an enormous amount of microbial diversity? Why are there in the order of 104 competitive 
species per fermentation pathway?  Studying the competition and cooperation in microbial 
fermentative ecosystems can help to solve this question. 

 
Figure 1.1: Key catabolic pathways in microbial fermentation. Glucose is fermented to pyruvate, a central 
metabolite in fermentation. Xylose is assumed to enter glycolysis through the pentose phosphate pathway 
(PPP). Pyruvate can be converted directly to lactate using lactate dehydrogenase (ldh), or to acetaldehyde and 
then to ethanol and CO2 using alcohol dehydrogenase (adh) or to acetyl-CoA using pyruvate:ferredoxin 2-
oxidoreductase (pfo). Based on [4]. 

Glucose is a molecule central to most forms of life: it is assimilated by organisms in many natural 
polymers, such as cellulose, starch and glycogen. These polymers serve as storage of fermentable 
substrate or as structural polymers. Sugar polymers can be depolymerised (or digested) back to 
their monomers to serve as a substrate to drive catabolism (energy generating redox reaction) 
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and with that anabolism (production of functional biomass). Fermentation is an intermediate step 
in the anaerobic digestion process [5]. In anaerobic digestion, complex organic carbon is 
converted through hydrolysis to the corresponding monomers such as glucose. Glucose can be 
subsequently fermented to volatile fatty acids (VFAs) lactic acid, or alcohols, after which the 
fermentation products are fermented to acetate, CO2, H2 and formate (acetogenesis). These 
compounds can then be used by archaea to form methane and CO2 (methanogenesis) [4]. 

1.2 The concept of an ecological niche 

Microorganisms compete and cooperate in a multitude of environments. Essentially, a specific 
environment is an ecological niche. An environment is in principle determined by its physical and 
chemical state, e.g. concentration of protons (pH), temperature, pressure, presence of salts (ionic 
strength) and molecular composition. Interestingly, fermentative microorganisms are found in 
many different environments: low pH (acidophiles), high pH (alkaliphiles), a temperature of 20-
41°C (mesophiles) and 42-122°C (thermophiles). All microorganisms require three rudimentary 
elements: nitrogen, phosphorous and sulphur, to biosynthesise their biomass.  Microorganisms 
can grow in two distinct environments: without organic nutrients, with only minerals 
(prototrophic) and high organic nutrients (eutrophic). Organic nutrients are organic molecules 
such as amino acids and B vitamins. Auxotrophic microorganisms depend on one or more organic 
nutrients, for which they have an auxotrophy and are therefore found in more eutrophic 
environments. Trace elements also define an environment, as these elements are used by 
microorganisms in their metabolism. Trace elements are used as cofactor in enzymes (Table 1.1), 
as solute to create an energetic gradient (e.g. a sodium motive force, smf) or as components of 
structural molecules (cell membranes, extracellular polymeric substances or intracellular 
structures).  

Table 1.1: A selection of elements and trace elements used in this thesis to create a certain ecological niche. 
The trace element solution used in this thesis is replicated from Temudo [6] and given in Appendix I. Examples 
of important functions in fermentation are given in between brackets. 

Element Salt 
form 
used 

Function in fermentative microbial systems 

Nitrogen (N) NH4+ Used to form proteins, ribonucleic acids (RNA) and 
deoxyribonucleic acids (DNA) 

Sulphur (S) SO4
2- Used to form proteins (cysteine and methionine) 

Phosphor (P) PO43- Used to form adenosine tri phosphate (ATP), RNA and DNA 
Trace elements   
Sodium (Na) Na+ Solute used to create an energetic gradient (smf) 
Potassium (K) K+ Solute used to create an energetic gradient 
Calcium (Ca) Ca2+ Cofactor in metabolic enzymes (ldh) 
Magnesium (Mg) Mg2+ Cofactor in metabolic enzymes (glycolysis) 
Iron (Fe) Fe2+ Cofactor in metabolic enzymes (pfo and dehydrogeneases) 
Nickel (Ni) Ni2+ Cofactor in metabolic enzymes (dehydrogenases) 
Manganese (Mn) Mn2+ Cofactor in metabolic enzymes (ldh) 
Cobalt (Co) Co2+ Cofactor in metabolic enzymes 
Copper (Cu) Cu2+ Cofactor in metabolic enzymes 

 

1.3 Metabolic interactions in microbial ecosystems 

Members of microbial communities present in mixed culture ecosystems, usually referred to as 
strains, are competing for substrates (and space) while they can simultaneously cooperate. 
Großkopf and Soyer have outlined six different mechanisms by which members of microbial 
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communities can interact, divided in two participating microbial strains [7]. In the context of this 
thesis four will be introduced (Figure 1.2). Competition for substrates (1) is negative for both 
parties (-/-). Commensalism (2) is an example where one strain is producing an essential growth 
substrate for another strain, which can occur without the benefit for the supplying party (+/0). 
Syntrophy (3) is an example were both parties benefit (+/+). The product of one party (A) is 
inhibiting this party and the other party (B) converts this inhibiting product to a new product. 
Thereby, the overall metabolism is enabled. Syntrophy is traditionally explained through the 
example of methanogenic degradation of specific VFAs where hydrogenotrophic methanogens 
scavenge hydrogen produced during anaerobic oxidation of a VFA. Herewith the methanogens 
maintain the hydrogen partial pressure below the thermodynamic limit for hydrogen production 
[8].  

Mutualism (4) is not listed in the publication of Großkopf and Soyer and is the example where 
both parties share a product which the other party can use in its metabolism without either of the 
exchanged products being inhibiting. This is also a positive relationship for both parties (+/+). 
Insight in interactions between microbial species can help to explain and understand why 
microbial communities display a relatively high degree of microbial diversity and “functional 
redundancy”, which is the sharing of the same metabolic properties by multiple species or strains 
in a community. 

 
Figure 1.2: Four microbial interactions considered relevant for this thesis. Based on the six interactions 
proposed by Großkopf and Soyer [7]. Non-metabolite arrow in syntrophy is the thermodynamic and kinetic 
enabling of the metabolism of both organisms to perform a reaction. 

1.4 Quantification of microbial growth using a bioreactor set-up 

Microorganisms competing for space and resources in a given niche need to multiple themselves, 
which is microbial growth. Microbial growth can be quantified by using the Hebert-Pirt equation 
for substrate uptake [9]: 

µ = Yxs · qs + ms        (1.1) 
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Here, the biomass specific growth rate (µ) is related to the biomass yield on substrate (Yx,s), the 
biomass specific substrate uptake rate (qs) and the maintenance coefficient (ms). Microorganisms 
can grow in a batch environment where nutrients are not limiting, where they attain their 
maximum growth rate, µmax. In a substrate limited environment, where one or more nutrients are 
limiting, microorganisms grow at µ. Often, these two environments can be recreated in a 
reproducible fashion as a sequencing batch reactor (SBR), to simulate batch conditions and a 
continuous-flow stirred tank reactor (CSTR), to simulate substrate limited conditions. 

In waste water engineering, the hydraulic retention time (HRT) is used commonly to express the 
volume exchange in a vessel. In a stirred tank environment, microorganisms grow in suspension, 
and the suspended biomass is exchanged with volume outflow. The solids retention time (SRT) 
and the HRT are therefore equal. Using such bioreactor set-ups enable the possibility to directly 
control microbial growth, which to control µ. 

2 Taxonomy of fermentative ecosystems: fermentative microbiomes and 

their function the human gut and food and energy production  

Ecosystems are inhabited by multiple microbial species. Mixed cultures are consortia of microbial 
species, also termed microbial communities or microbiomes. Manmade pure culture systems 
represent the only situation in which a single microbial species is fully dominant (with very low 
amounts of other bacteria, typically 106 times lower). Mixed culture fermentation (MCF) is a 
concept of fermentation performed by a microbial community. Many traditional foods and 
beverages use mixed culture fermentation as conservation method [10], such as pulque and kefir. 
Lactate production decreases the pH to 4 or lower, making the environment unfavourable for 
other bacterial or fungal growth.  Famous products containing lactate are for example sauerkraut, 
sourdough bread, yoghurt and kimchi. Lactate production is enabled through the enzyme lactate 
dehydrogenase (ldh, see Figure 1.1). The class of Bacillus contains often encountered genera 
associated with lactic acid producing microbiomes, such as Lactobacillus, Lactococcus, 
Streptococcus, Leuconostoc and Bacillus. The Bacillus class is part of the Firmicutes phylum (Figure 
1.3). 

Ethanol can also be used as preservation method. The eukaryote Saccharomocyes cerevisiae or 
baker’s yeast is commonly used to convert sugars into ethanol and CO2 [4]. In the bacterial domain, 
Zymomonas mobilis is a well characterised Proteobacteria (Figure 1.3) that can also selectively 
produce ethanol and CO2 from sugars [4]. Historically, beer production was used to decontaminate 
drinking water and to add calories. Beer was made more suitable for human consumption through 
the combined pathogen inhibiting activity of ethanol, a lower pH and growth inhibiting 
compounds added through hop. Pathogens tend to grow more rapidly in alcohol free beer [11]. 
Acidification and ethanol formation are therefore two preservation methods used in food 
technology, which are enabled through the activity of fermentative microorganisms. 

Moving from food technology to other niches of fermentation, the human gut microbiome and the 
anaerobic digestor microbiome are two other intensively studied environments where 
fermentation plays an essential role. A relatively large microbial diversity is encountered in these 
eutrophic environments compared to low nutrient or oligotrophic environments, such as desert 
soils or salty lakes. This difference in microbial diversity is illustrated by the study of Castro et al., 
who analysed the microbial diversity of methanogenic populations in eutrophic and oligotrophic 
sites in the Florida Everglades [12]. Important phyla present in the human gut microbiome are 
Firmicutes and Bacteriodetes [13], while in the digester microbiome Actinobacteria, Chloroflexi 
and Proteobacteria are also important [14][15]. Polymer degradation limits the fermentation rate 
in these systems, as there is little mixing and the sugars are present in slowly degradable 
polymers, like pectin or cellulose. The genus of Clostridium (part of the phylum of Firmicutes) is 
characterised as an important cellulose degrading taxa [16] and is found to be dominant in 
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anaerobic digesters [17]. It can be argued that fermentation is a quite widespread trait throughout 
the bacterial tree of life (Figure 1.3), while specific phyla and genera are observed in specific 
niches. 

 
Figure 1.3: Phylogenetic tree of bacteria, adapted from Castelle et al. [18]. Archaeal and eukaryotic phyla are 
left out of this image. The highlighted phyla contain one or more isolated microorganisms of which the L-ldh 
gene is identified in a genome submitted to the NCBI database. 1055 genomes contained L-ldh out of 205,659 
published genomes (accessed August 2019).   

3.1 The force driving fermentative microbial ecosystems: carbohydrate 

fermentation  

Glucose and xylose are chosen in this thesis as model substrates for carbohydrate fermentation. 
Glucose is an abundant monomer in industrially relevant fermentable feedstocks such as food 
waste. In 2010, it has been estimated that 89 million tonnes of food waste was generated in the 
European Union alone [19], which is about 180 kilogrammes per capita annually. Glucose contains 
24 electrons compared to CO2 and is energetically very similar to other six carbon and twenty-
four electron sugars, such as galactose, mannose and fructose (Figure 1.4). Galacturonic acid is 
industrially relevant as it is found in pectin, an abundant agro-industrial polymer. This monomer 
contains six carbon and twenty electrons, thus it is more oxidised than glucose. 
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Figure 1.4: Gibbs energy of formation per carbon mole (Cmol) at 298.15 K (25°C). A lower energy state means 
that less energy can be gained by the conversion of this substrate. Galacturonic acid is displayed to highlight 
the minor difference between the other six carbohydrates. Thermodynamic properties are obtained from 
Goldberg and Tewari [20] 

Xylose is an important monomer in many types of hemicellulose, which is a mixed polymer 
consisting of mainly glucose, xylose and arabinose (also a five-carbon sugar). Hemicellulose is 
estimated to be the second most abundant polymer in nature, after cellulose [21]. Xylose and 
arabinose contain twenty electrons resulting in the same oxidation state per unit of carbon 
compared to glucose. Xylose is energetically similar to other six carbon and twenty-four electron 
containing sugars, such glucose (Figure 1.4), but has more potential energy than galacturonic acid. 

3.2 Biochemistry and ATP harvesting in fermentative ecosystems 

Microbial growth (anabolism) needs to be fuelled by an energy producing reaction, the 
catabolism, and combined these two reactions form the metabolism of a microorganism [22]. 
Therefore, microorganisms utilise energy harvesting systems and store the energy in the form of 
ATP to use for energy consuming reactions (Figure 1.5). In fermentation, the electrons present in 
the substrate are directed into products, thus performing a conversion which yields energy. This 
energy is known as the Gibbs energy change of a chemical reaction (ΔG) and can be expressed at 
standard conditions as ΔG0 (1 atm, 298.15 K and 1M of reactants). Electrons flow from the 
substrate into products and are used to form biomass. To obey the law of mass conservation, 
electrons have to be balanced. Electrons can be carried by electron carriers, such as nicotinamide 
adenine dinucleotide (NADH) and ferredoxin (Fd). These intracellular energy and electron 
carriers have to be balanced as they are costly to produce and only fulfil a transferring role, and 
are termed conserved moieties [23]. 

 

Figure 1.5: Microbial metabolism represented as a coupled network of anabolism and catabolism as proposed 
by Kleerebezem and van Loosdrecht [22]. Catabolism yields net energy (ΔG is negative) to drive the anabolism. 
Carbon (C) and nitrogen (N), and other elements, are used for anabolism. ADP is adenosine diphosphate. 
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3.3 Energy conserving mechanisms used in microbial ecosystems 

Two different mechanisms can be used by microorganisms to generate energy in catabolism 
(Figure 1.6). Substrate level phosphorylation (SLP) is a process that directly converts the energy 
available in a reaction, using a high energy yielding enzymatic reaction to create one ATP (or an 
energetic equivalent). ATP is estimated to represent 60 kJ mol-1 in typical intracellular conditions 
[4]. Alternatively, an electron transport chain (ETC) can be used to use energy present in a low 
energy yielding reaction to translocate a positively charged molecule or cations, e.g. a proton, over 
a membrane to create an energetically charged gradient over this membrane. An ATPase can use 
this gradient to harvest energy as ATP. Depending on the number of cations used by the ATPase, 
a certain amount of energy is required to translocate the cation. If four protons are used to 
produce one ATP and 1 ATP equals 60 kJ mol-1, then the electrochemical potential needed is at 
least 15 kJ mol-1. 

 

Figure 1.6: Substrate level phosphorylation versus electron transport chain energy harvesting. Substrate A is 
used to produce product B in an enzymatic reaction directly producing one ATP. Cation X+ is used by a 
translocation complex of enzymes (electron transport chain) to create an electrochemical potential, after 
which X+ is translocated back over the membrane with a certain stoichiometry n, which is four in this example. 

Anaerobic microorganisms have developed a third mechanism to conserve energy: electron 
bifurcation. In essence, this system uses the energy available in low energy yielding enzymatic 
reactions (typically less than 15 kJ mol-1) to transfer electrons from electron carriers that have a 
low potential to electron carriers that have a higher potential. These higher potential carriers can 
transfer their electrons back to low potential carriers to drive an ETC. Alternatively, electrons can 
be redirected to produce ATP by directing more carbon to substrate level phosphorylation type 
reactions. In an example of fermentation, electrons coming from glycolysis through NADH, are 
transferred to ferredoxin to produce hydrogen which enables the production of more acetate 
besides butyrate, generating 10% extra ATP through SLP, as discussed by Buckel and Thauer [24]. 

4 Microbial thermodynamics and kinetics in fermentative ecosystems 

The growth rate of a microorganism determines its ability to outgrow or outcompete other 
microorganisms. Glucose can be fermented through several pathways (Figure 1.1), of which five 
relevant ones are listed in Table 1.2. Lactic acid production yields 2 ATP per substrate converted, 
while propionate and coupled acetate production yields 3 ATP. Acetate and butyrate production 
can yield an extra ATP through SLP by coupling the Coenzyme A (CoA) transfer to ATP production. 
Energy conservation in propionate production is possible using the methylmalonyl pathway 
which partly conserves the energy in the fumarate reduction to succinate [4], directly coupling 
this step to the creation of a sodium motive force (smf). More energy can be conserved also in 
butyrate production, as the step from crotonyl-CoA to butyryl-CoA is proposed to generate energy 
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using a sodium motive force [25] or using electron bifurcation to produce extra ATP by producing 
more acetate and hydrogen [24]. 

Table 1.2: Typical experimental µmax value for different types of catabolic reactions at pH = 7 and 30˚C unless 
reported otherwise. The catabolic stoichiometries used to estimate ∆G0’ can be found in Appendix II. 
Experimental µmax-values are obtained from studies using a mineral or very low nutrient medium as most 
media used in this thesis are mineral media. The µmax-values are corrected for temperature to 30°C using the 
Arrhenius equation, if the used temperature was not 30°C. 

No. Catabolism 
µmax 

(h-1) 
Organism 

∆G0’ 

(kJ  

molS-1) 

ATP SLP 

(molATP 

molS-1) 

Ref. 

Fermentative pathways from glucose 

1 Glucose to ethanol and CO2 0.40 Zymomonas mobilis -235 2 [26] 

2 Glucose to lactate 0.30 Lactococcus lactis -197 2 [27] 

3 
Glucose to butyrate and 

hydrogen and CO2* 
0.122 

Clostridium 

tyrobutyricum 
-264 3 [28] 

4 
Glucose to propionate, 

acetate, hydrogen and CO2 
0.222 Propionibacter avidum -288 3 [29] 

5 
Glucose to ethanol, acetate, 

formate, hydrogen and CO2 
0.21 Citrobacter sp. CMC-1 -226 3 [30] 

Secondary fermentative pathways 

6 
Lactate to propionate, 

acetate and CO2* 
0.401 

Clostridium 

homopropionicum 
-55.2 0.33 [31] 

7 
Lactate and acetate to 

butyrate, hydrogen and CO2* 
0.183 Eubacterium hallii -45.7 0.5 [32] 

8 
Ethanol to propionate, 

acetate and CO2* 
0.121 Pelobacter propionicus -36.0 0.33 [31] 

Other relevant catabolic pathways 

9 
Lactate and sulphate to 

acetate, CO2 and H2S* 

0.070
2 

Desulfovibrio vulgaris -85.6 1 [33] 

10 
H2 and CO2 to methane* 

0.060 
Methanolacinia 

paynteri 
-131 0 [34] 

11 H2 and CO2 to acetate 0.056 Acetobacterium woodii -94.9 0.5 [35] 

12 
Ethanol and acetate to 

butyrate* 
0.036 Clostridium kluyveri 2.44 0.4 [36] 

*catabolic reactions (potentially) harvesting ATP using an ETC 
1including a vitamin solution and measured at 28°C 
2measured at 37°C 
3measured at pH 6.5 and 37°C 
 
When looking at glucose consuming catabolic reactions, low energy yielding reactions, such as 
lactic acid production (∆G0’=-197 kJ molS

-1) and solely ethanol production (∆G0’=-235 kJ molS
-1) 

are accompanied by higher growth rates (Table 1.2). A reason for this apparent rate vs. energy 
trade off is discussed further in Chapter 4 and 6. Fermentative products such as lactate and 
ethanol can be used as a substrate by propionate producing bacteria, with lactate utilising bacteria 
being relatively fast compared to ethanol consuming propionate producers (Table 1.2). Lactate 
consumption will be discussed in Chapter 4. In a fermentative ecosystem, other relevant catabolic 
pathways can occur such as sulphate reduction and methanogenesis, which are relatively slow 



Chapter 1 - An introduction to the ecology and applications of xylose and glucose fermentations 

 

24 

processes (6-8 times lower µ-values) compared to fermentative processes (Table 1.2). Hydrogen 
and CO2 can also be used to form acetate, which is termed homoacetogenesis [4]. Ethanol can also 
be used in a process called chain elongation, to elongate acetate to butyrate. Ethanol-based chain 
elongation is argued to rely solely on SLP in the well characterised model organism Clostridium 
kluyveri [37], though Wang et al. have shown the activity of electron bifurcation in C. kluyveri [38]. 
Concluding, fermentative microorganisms exhibit relatively high growth rates compared to 
sulphate reducing, methanogenic or chain elongating microorganisms. This kinetic knowledge 
was used to design the experiments presented in this thesis, as growth rates can be controlled 
using bioreactor-based enrichment culturing. 

5.1 Mixed culture fermentation in an industrial context 

The concept of mixed culture fermentation can be placed in an industrial setting where its purpose 
is to provide consumers with biobased products. MCF-based processes are able to use a wide 
variety of biobased resources, such as food waste, agricultural residues and waste water 
containing fermentable carbohydrates (Figure 1.7). By directing product formation to a certain 
desired product spectrum novel bioprocesses can be designed. This concept is fundamentally 
different from pure culture based industrial production processes, where a priori a certain 
microbial strain is chosen. This strain is often genetically modified to perform the desired 
conversion. Mixed culture-based processes can use diluted streams, which are expensive to 
sterilise, and mixed cultures are more resilient to shifts in environmental conditions and 
bacteriophage infections. Pure cultures on the other hand offer higher yields and microbial strains 
can be designed to produce thermodynamic and kinetic unfavourable products.  

 

Figure 1.7: Suitable streams that can be used in MCF-based process can be converted to biofuels such as 
bioethanol, biogas (methane), medium chain fatty acids (MCFAs, such as valerate, C5) and bioplastics (such as 
PHA and PLA). 

Biofuels, bioplastics, biogas and medium chain fatty acids (MCFAs) are relevant products that can 
be produced in integrated MCF bioprocesses (Figure 1.7). Examples of biofuels are methanol, 
ethanol and butanol. Bioplastics can be polyhydroxyalkanoates (PHA) and polylactic acid (PLA). 
Non-purified biogas is a mixture of methane and CO2 and contains ammonia and hydrogen 
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sulphide (H2S). MCFAs are fatty acids from five to fourteen carbon lengths. The industrial 
opportunities for MCF processes are quite extensive, as will be introduced in the following seven 
sections. 

5.2 Ecology based design of industrial fermentative bioprocesses  

Five and six carbon sugars can be fermented to the VFAs acetate, propionate and butyrate (Figure 
1.8). The conversion of lignocellulosic biomass using a VFA based process has been termed the 
“carboxylate platform” by Holtzapple and Granda [39] and these VFAs can be directly recovered 
as products or used to produce MCFAs, PHA or methane. Under low pH conditions (pH<6.25), 
hydrogen is co-produced when producing VFAs. A substantial amount of research has been 
contributed to hydrogen production through fermentation, usually termed dark fermentation an 
reviewed by Mishra et al. [40]. Ethanol and CO2 can be sole end products of fermentation, though 
very little experimental effort is taken using mixed cultures for this production platform. Lactic 
acid production has received recently a new interest from research, mainly focussing on either 
direct lactate recovery [41] or chain elongation proceeding through the “lactate” route [42].  

 

Figure 1.8: Sugars present in feedstocks or waste streams can be directed to hydrogen through the production 
of VFAs or ethanol using mixed culture fermentation. Ethanol can also solely be produced, as for lactate. Three 
second step processes are listed which utilise fermentation products, chain elongation (i), PHA production (ii) 
and biogas production (iii). 

5.3 Biogas production and market 

Biogas production is the most studied and most employed technology that uses a MCF approach. 
The execution of biogas production and recovery is simple and effective when compared to the 
production of soluble organic compounds such as ethanol, lactate and VFAs. Product separation 
occurs in situ in one single reactor. Biogas production can help to close carbon loops on an 
industrial site. Waste or residual streams containing organic carbon, also expressed as chemical 
oxygen demand (COD), can be converted to biogas. COD refers to the oxygen needed to oxidise 
these compounds to CO2 in an aerobic process. The value of MCF studies is limited for enabling 
biogas production, as the technological bottlenecks are (i) poor hydrolysis of residues and needs 
for pre-treatment [43], (ii) ammonia inhibition when co-digesting manure [44] and (iii) VFA 
accumulation during methanogenesis, specifically propionate accumulation [45].  
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A single bioreactor and limited purification are used to obtain a usable biogas product. Methane 
production can be performed from a large variety of feedstocks, ranging from agricultural crops 
to waste water treatment sludge residues [45]. Feedstocks can be liquid or solid, even landfills 
with filled municipal waste can be converted into biogas production sites [8]. Biogas production 
generates a residual liquid fraction, which can be treated as waste water and a residual solid 
fraction, which can be utilised as fertiliser in agriculture. Biogas can be upgraded to have a similar 
heating value as that of natural gas. It has been estimated in 2013 that in the Netherlands a typical 
natural gas grade biogas price was around 0.50-0.55 €/m3, while the price of natural gas was 0.25 
€/m3 [46]. Biogas production offers a simple and valuable way to close material loops but remains 
to be economically outcompeted by natural gas. 

5.4 Hydrogen production and market 

Hydrogen is currently mostly produced using steam reforming of natural gas, using mainly 
methane as feedstock [47]. The global hydrogen market is estimated to have a value of 130 billion 
USD in 2017 and is prospected to grow to 200 billion USD by 2025 [48], fuelled by an increasing 
use of hydrogen in industrial processes and “the introduction of green technologies”, amongst 
other developments [48]. The hydrogen economy is thus more than 1000 times bigger than the 
PHA or chain elongation-based economies (<100 million USD per year). Hydrogen can be used as 
fuel, to produce electricity and to serve as a chemical building block. Hydrogen production is one 
of the most studied examples of mixed culture fermentation in an industrial context, with 10-20 
publications on Scopus from 2008 onwards [49]. It has been postulated in 2004, to be a promising 
route to valorise waste streams [50], though currently chain elongation and PHA production 
(combined with MCF) can be argued to show a better economic competitiveness.   

Hydrogen production using MCF, also termed biohydrogen production, relies on the emission and 
capturing of hydrogen from a fermentative ecosystem. Hydrogen is released during the 
production of VFAs and potentially during ethanol production (Figure 1.8). In anaerobic systems, 
hydrogen is in equilibrium with formate and depending on the pH the electrons released during 
fermentation are released as hydrogen or formate [51]. Hydrogen yields using mixed cultures that 
ferment glucose (or equivalent substrates) have yielded a maximum of 3.84 mol hydrogen per mol 
glucose-equivalent [49]. Further hydrogen production from VFAs can be achieved using photo-
fermentation, a process that uses light to direct the electrons in VFAs to hydrogen [49], e.g. using 
purple non-sulphur bacteria. A coupling to biogas production is assumed to yield the most 
economic feasible process [49]. Summarising, the use of MCF to produce hydrogen in an 
economically feasible is yet to be proven possible using targeted pilot scale experiments and 
techno-economic evaluations. 

5.5 Lactate production and its market 

Lactate and ethanol are similar fermentative products as both contain 12 electrons and can thus 
be produced without redox equivalents from glucose or xylose. These products yield a 10-30% 
lower energetic yield compared to propionate and butyrate formation when produced from 
glucose (Table 1.2). Lactate is formed directly from pyruvate and has the lowest energetic yield 
per glucose of all the considered catabolic pathways (Table 1.2). Lactate production is commonly 
performed by pure cultures of lactic acid bacteria in industry, such as Bacillus and Lactobacillus 
species [52]. Lactate can be purified from a fermentation broth which involves considerably more 
downstream processing than biogas or bioethanol production. Lactate can be sold as end product, 
with applications in food and cosmetic, as well as in various industrial processes. Lactate can also 
be polymerised to poly lactic acid (PLA), a bioplastic which can be designed to be biodegradable 
under thermophilic conditions [53]. PLA offers the possibility to replace polyethylene, 
polypropylene and polystyrene and is sold at bulk prices of 3-4 USD per kg. The lactic acid market 
was valued at 2.2 billion USD in 2017 and is projected to grow to 8.8 billion USD in 2025, fuelled 
mainly by the demand in cosmetics and pharmaceuticals [54].  
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5.6 Ethanol production and its market 

Saccharomyces pure cultures are used often in industry for ethanol production processes, such as 
beer and wine making or bioethanol production [4]. Stoichiometrically, ethanol formation can also 
be coupled to acetate production, which yields 1 mol of formate or hydrogen per mol of ethanol 
(Appendix II), as is observed for Enterobacteriaceae species such as Escherichia coli [4] or 
Citrobacter species (Table 1.2). This fermentation stoichiometry is further discussed in Chapter 
2 and 3. The global ethanol market was estimated to be 108 billion litres in 2017 and was worth 
39 billion USD [55]. The average ethanol price in the USA was 0.36 USD per litre or 0.28 USD per 
kg in 2017 [55]. This is low compared to lactic acid, which is sold on average at 1.7 USD per kg on 
average in 2018 [54]. Prices have decreased from 2011 onwards leading to a more unprofitable 
market situation [55]. Bioethanol is produced globally using a (semi-)pure culture approach, 
offering the advantage of relatively high yields (>90% on carbon basis) and high titres (>100 g L-

1 of ethanol).   

Ethanol can be directly produced as sole fermentation product using fermentative mixed cultures. 
Enrichment cultures with mixtures of starch and glucose have been observed to produce mixtures 
of lactic acid and ethanol, with little acetate production [56]. Bioethanol production facilities 
operated in Brazil are often operated in an “open” fashion, allowing mixtures of yeast strains to 
dominate these fermentations [57]. The combination of high inoculum amounts of starter cultures 
(i), acidic treatment with sulphuric acid when recycling the cells (ii) and incidental usage on 
antibiotics (iii) is likely to lead to the selection of mainly yeast cells performing ethanol production 
using sucrose obtained from sugar cane.  The bioethanol case proves to be a challenging business 
case and relies on government policies in the form of obligatory blending with fossil fuels and 
subsidies.  

5.7 MCFA production through chain elongation and its market 

MCFAs are currently produced by hydrolysing larger length fatty acids from plant-based 
resources. The European oleochemical industry currently produces MCFAs from imported 
resources such as coconut, palm and kernel oils, with a focus on the production of C10 to C14 fatty 
acids. The market for shorter chain MFCAs (C5 to C8) is currently very small (<100 million USD per 
year), but promises to grow fast with possibilities of using these compounds as growth promotor 
for livestock and as chemical building block. MCFAs can be produced through chain elongation 
using mixed cultures. This bioprocess has underwent a renewed interest to function as an 
industrial alternative to biogas production [42]. Directing carbohydrates into lactic acid can be 
coupled to chain elongation (Figure 1.8), as lactic acid is a substrate for this bioprocess [58]. 
Ethanol can also be used as substrate for chain elongation [59]. Currently an ethanol consuming 
MCFA producing process is commercialised by Chaincraft B.V.,  through the running of a 
demonstration plant producing kilotonnes of MCFA product annually in Amsterdam, the 
Netherlands [60]. Thus, MCFA production shows a potentially healthy business case. 

5.8 PHA production and its market 

The production of PHA is mainly dominated by the production of poly-3-hydroxybutyrate (PHB) 
by using pure cultures that utilise sugars or propionic acid [61], such as the company Yield10 
Bioscience (formerly Metabolix). Poly-3-hydroxyvalerate (PHV) or higher carbon chain fatty acids 
are also produced in a limited amount. The market for PHA is small compared to PLA production, 
as it is predicted to reach a market value of 120 million USD in 2025 [62], though it is predicted to 
grow fast (>15% compound annual growth rate, CAGR). Prices currently range from 2-3 USD per 
kg and PHA offers to be an excellent substitute solely or in blends for polyethylene, polypropylene, 
polystyrene and polyethylene terephthalate (PET). Its biodegradability can be tuned also and it 
typically is more biodegradable than PLA [63]. 



Chapter 1 - An introduction to the ecology and applications of xylose and glucose fermentations 

 

28 

PHA production using mixed cultures relies on the aerobic enrichment of bacteria that store PHA 
using VFAs [64]. High yield (>50% w:w) PHB accumulation has been shown using enrichment 
cultures fed with acetate [65], butyrate [66], while high yield PHV accumulation has been shown 
with propionate [67]. Enrichment culturing showed that lactate can be used to produce selectively 
PHB [68]. Ethanol was shown to be used to produce PHB using a pure culture of Paracoccus 
denitrificans [69], though Tamis et al. have demonstrated that that ethanol presence in the feed 
stream to the PHA production stage is unfavourable for PHA production [70]. In the same pilot 
study, coupled MCF and PHA accumulation was shown to yield 70% w:w inside the PHA storing 
cells [70]. Summarising, PHA production using VFAs promises a healthy industrial feasibility. 

6 Developing ecology-based bioprocesses by using enrichment cultures  

The aim of this thesis is to explore, understand and apply the ecology of fermentative ecosystems. 
Therefore, in Chapter 2 the effect of continuous feeding as opposed to sequential batch feeding 
was tested for both xylose and glucose. CSTR set ups were used to study continuous feeding as 
opposed to pulse feeding using SBR set ups. These enrichments are evaluated on their 
thermodynamic, kinetic, bioenergetic performances in parallel analysing the microbial 
community structures. These results are used to formulate a general concept how fermentative 
pathways compete in these environments.  

 

Figure 1.9: Typical bioreactor enrichment set-ups used in this thesis. Here, the bioreactors ran in parallel to 
study xylose and glucose fermentations in SBR mode are shown, ran in September/October 2017. 
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Temudo [6] has attempted to understand the impact of mixtures of xylose and glucose on 
continuous-fed fermentative enrichment cultures, discussing that when adding a second 
fermentable substrate generalist populations will be favoured over specialist populations. 
Chapter 2 and 3 further explore this hypothesis using a complementary approach of microscopy-
based and DNA-based techniques. Chapter 2 and 3 together comprise a 6-enrichment dataset, 
where single substrates can be compared to mixed substrates. An aim was to validate the 
specialist and generalist concept in both continuous and sequential batch culturing. Carbon 
catabolite repression is a mechanism observed for multiple microbial species [71]. Chapter 3 
aims to evaluate this concept using enrichment cultures with mixtures of xylose and glucose. 

The ecological niche of lactic acid bacteria is evaluated in Chapter 4. Using an SBR enrichment 
culture approach the niche of glucose fermentation in mineral medium or complex medium is 
evaluated. A complex medium was designed to promote the growth of lactic acid bacteria, 
containing peptides and 9 B vitamins. Chapter 4 aims to evaluate the metabolisms and 
community structures that are enriched for, using a similar approach as Chapter 2 and 3. If 
carbohydrates can be directed specifically to lactate using a MCF process, lower value resources 
can be used compared to the currently widely used sucrose and starch resources. Ultimately, this 
can enable a cheaper and more sustainable lactic acid production platform 

The origin of symbiotic microbial relationships is being discussed in Chapter 5, using a combined 
approach of metagenomics, metabolomics and culturing both mixed and pure populations. 
Hypothetically, the competition for a single limiting substrate should lead to the dominance of a 
single microbial species. Cooperative mechanisms (Figure 1.2) can increase the microbial 
diversity of a single substrate limited enrichment. Chapter 5 aims to provide experimental proof 
for such cooperative mechanisms using an enrichment culture environment. 

Chapter 6 presents a set of conclusions drawn in this thesis. Furthermore, in Chapter 6 several 
valuable research opportunities are proposed using enrichment cultures. These experiments can 
be useful to understand different relevant ecologies in fermentative processes. The kinetic and 
bioenergetic trade-off concept proposed in Chapter 2 is put into an enzymatic context. Chapter 
4 is outlined in the context of the hypothesis of resource allocation and enzymatic substrate 
limitation. Future research is further directed in a multi-level approach, as presented in Chapter 
5, to understand and evaluate microbial selection in fermentative ecosystems. 
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Abstract 

A mechanistic understanding of microbial community establishment and product formation in 
open fermentative systems can aid the development of bioprocesses utilising organic waste. 
Kinetically, a single rate-limiting substrate is expected to result in one dominant species. Four 
enrichment cultures were operated to ferment either xylose or glucose in a sequencing batch 
reactor (SBR) or a continuous-flow stirred tank reactor (CSTR) mode. The combination of 16S 
rRNA gene-based analysis and fluorescence in situ hybridization revealed no complete dominance 
of one species in the community. The glucose-fed and xylose-fed SBR enrichments were 
dominated >80% by one species. Enterobacteriaceae dominated the SBRs enrichments, with 
Citrobacter freundii dominant for xylose and Enterobacter cloacae for glucose. Clostridium, 
Enterobacteriaceae and Lachnospiraceae affiliates dominated the CSTRs enrichments. 
Independent of substrate, SBR communities displayed 2-3 times higher biomass specific rate of 
substrate uptake (qsmax) and 50% lower biomass yield on ATP, to CSTR communities. Butyrate 
production was linked to dominance of Clostridium and low qs

max (1.06 Cmols Cmolx
-1 h-1), while 

acetate and ethanol production was linked to dominance of Enterobacteriaceae and 
Lachnospiraceae and high qsmax (1.72 Cmols Cmolx-1 h-1 and higher). Overall, more diversity than 
expected through competition was observed, indicating mutualistic mechanisms might shape 
microbial diversity. 

 

Keywords: Mixed culture fermentation – Bioreactor operation – Microbial diversity – r/K 
selection – Product spectrum – Kinetics 
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Introduction 

The global aim of most societies to develop more circular economies [72] urges for a better use of 
organic waste as a resource. Until now, anaerobic digestion is the most common technology used 
to valorise this waste in the form of biogas. Several novel bio-based options that provide extra 
value to resource recovery are arising such as the production of polyhydroxyalkanoates [73], 
alginate-like exopolymers [74], or medium chain length fatty acids [42]. The first step in these 
production routes consists of the conversion of polymeric carbohydrates into volatile fatty acids 
(VFAs) in a mixed-culture fermentative process [75]. The alignment of VFA production to 
subsequent processing requires the identification of factors that drive product formation in 
microbial communities as function of process conditions. First attempts to describe steady-state 
patterns of mixed culture fermentation as function of an environmental parameter have provided 
incomplete insights in the product formation pathways established [76, 77]. Observed product 
spectra at neutral pH could not be simulated properly using these models oriented to ATP 
production maximisation, indicating incomplete model assumptions. To aid model-based 
developments there is a need for experimental studies giving a more comprehensive insight into 
fermentation of specific carbohydrates into VFAs. 

Xylose and glucose are the most abundant monomers found in lignocellulosic biomass [78]. 
Fermentation of glucose or xylose can lead to different products, such as lactic acid, ethanol, 
hydrogen, and VFAs (Figure 2.1). Xylose can be fermented through the pentose phosphate 
pathway (PPP) or the phosphoketolase pathway (PKP), resulting in a different stoichiometry. 
Using the PKP, 40% of the carbon is directly converted to acetate, while the remaining carbon 
enters into glycolysis. In PPP, all carbon is converted to intermediates for glycolysis, thereby 
bringing all carbon to pyruvate first (Figure 2.1). In the first part of glycolysis, one glucose is 
converted to pyruvate producing four electrons that can be transferred to NADH. If one acetate is 
produced, a net amount of one NADH is produced. These electrons cannot be transferred from 
NADH to hydrogen, as NADH does not possess sufficient energy to drive this reaction (-320 mV 
and -414 mV for NADH and hydrogen respectively, [24]). Hydrogen is produced through 
ferredoxin (-400 mV), which is produced when oxidising pyruvate to Acetyl-CoA (Figure 2.1). The 
NADH surplus is oxidised by other fermentative pathways, e.g. ethanol production, thereby 
stoichiometrically coupling acetate and ethanol formation. Recently, electron bifurcation has been 
proposed as a metabolic strategy in Clostridium pasteurianum [24] used to conserve energy in 
fermentation by directly coupling acetate and butyrate formation [79]. This mechanism has been 
successfully incorporated in balancing of NADH of product spectra over a range of pH values [80]. 

Microbial enrichment cultures offer a powerful way of studying the establishment of a specific 
microbial niche [81], depending on the ecological conditions applied, such as pH, temperature, 
redox couple supplied, nutrients among others. Glucose fermentation has been relatively widely 
studied, including impacts of pH [51, 82], temperature [83], solids retention time (SRT) [84], 
redox potential [85], inoculum type [86], or hydrogen partial pressure [87]. Xylose is much less 
studied but its fermentation has been compared to glucose fermentation previously [88]. 
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Figure 2.1: Intracellular metabolic network for xylose and glucose fermentations. Dashed lines indicate 
lumped reactions, straight lines indicate single reactions. Xylose comes into the glycolysis through the synthesis 
of 2 fructose-6-phosphate and 1 glyceraldehyde-3-phosphate, through the PPP. The Emden-Meyerhof-Parnass 
pathway is used as this is the common type of glycolysis encountered in energy limited anaerobes [92].  Figure 
is made on the basis of Madigan and Martinko [4]. 

Most studies have been conducted in continuous-flow stirred tank reactors (CSTR), under which 
regime one substrate is continuously limiting (i.e., operation at low residual concentration). In 
CSTR systems, affinity dictates the selection: organisms establishing the lowest residual substrate 
concentration (Cs) will dominate the enrichment [89]. Affinity is governed by both the maximum 
biomass specific growth rate (µmax) and the affinity constant for substrate (Ks), as described by the 
Monod equation [90]: 

µ =  µ𝑚𝑎𝑥 ∙
𝐶𝑠

𝐶𝑠+𝐾𝑠
       (2.1) 
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Organisms competing for a substrate in a CSTR environment can, besides optimising their µmax, 
optimise their Ks value to actively take up the substrate and dominate the microbial community.  

In a sequencing batch reactor (SBR) operation, substrate is supplied in a pulse, leading to a high 
concentration in the environment of the microorganisms during most of the time that substrate is 
taken up. Organisms with the highest µmax

 will eventually dominate when substrate uptake is 
directly coupled to growth. The batch selective environment is traditionally used in microbiology 
to enrich and isolate organisms, using the shake-flask approach in combination with dilution 
series. Consequently, fast-growing microorganisms are overrepresented in databases of pure 
cultures [91]. 

As introduced, microbial growth can be quantified by using the Hebert-Pirt equation for substrate 
uptake [9]: 

µ = Yxs · qs + ms        (2.2) 

For both CSTR and SBR environments, µmax is a selective force, which is a function of the biomass 
specific rate of substrate uptake (qsmax), the biomass yield on substrate (Yx,s) and the maintenance 
rate on substrate (ms) [9].  

From a kinetic point of view, the microorganism with the highest competitive advantage in the 
environment will eventually outcompete the other microorganisms, which is either the highest 
µmax (in SBR) or highest “affinity” (in CSTR) on glucose or xylose. Ultimately, we aim to investigate 
the hypothesis if limiting a single substrate in an enrichment culture leads to the enrichment of a 
single microbial species. From a competition point of view, one limiting substrate will select for 
the most competitive microorganism. Given enough generations or SRTs, this microorganism will 
eventually dominate the enrichment culture. 

Next to microbial competition on substrate, the different pathways for product formation are 
competing within microorganisms. Anabolism needs chemical energy in the form of ATP to 
synthesize biomass. Under similar anabolic efficiency, the catabolic pathway that yields more ATP 
per substrate (YATP,s) leads to the highest Yx,s. Harvested ATP can also be used for active substrate 
transport. Hereby, microorganisms lower their Ks and thereby create a lower Cs to sustain their 
selection in a CSTR environment. Fermentative microorganisms are known to choose between a 
high flux pathway (optimizing qsmax) or a high yield pathway (optimising YATP,s), which is best 
described by lactate versus acetate and ethanol formation in Lactobacillus casei [93]. Under CSTR 
cultivation, at high dilution rates lactate is formed and at low dilution rates acetate, ethanol and 
formate are formed. Lactate formation yields 2 ATP from 1 glucose, while acetate and ethanol 
yield 3 ATP from 1 glucose. Thus lactate production is linked to high qsmax, while acetate and 
ethanol production is linked to high YATP,s. Thus, a microorganism will preferentially involve a 
metabolic pathway that maximizes YATP,s and/or qs

max
 in a SBR environment and YATP,s, qs

max and/or 
Ks in a CSTR environment. 

Here, we investigated whether SBR or CSTR environments fermenting either xylose or glucose 
enrich for an equal microbial community composition and result in equivalent metabolism and 
kinetics. Three environmental settings were applied to enrich for fermentative microorganisms: 
(1) a mineral medium with only glucose or xylose as carbon source for fermentation; (2) a 
combination of temperature, pH, and SRT to select mainly for primary fermentative 
microorganisms; and (3) suspended cell cultures. The experimental set up was replicated from 
Temudo et al. [88] for a direct comparison of results. The catabolic products, qsmax, and Yx,s were 
measured for each enrichment in steady state in order to verify if a certain stoichiometry was 
linked to a certain metabolic strategy. In parallel, we analysed the microbial community 
compositions to test the microbial diversity hypothesis for enrichment on single substrates, and 
to link community structures to fermentative products and metabolic strategies.  
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Materials and methods 

Enrichment 

All enrichments were performed in 3-L jacketed bioreactors (Applikon, the Netherlands) with 
working volumes of 2 L. pH was maintained at 8.0 ± 0.1 using NaOH at 4 mol L-1 and HCl at 1 mol 
L-1. Temperature was maintained at 30°C ± 0.1 using a E300 thermostat (Lauda, Germany). The 
cultures were stirred constantly at 300 rpm. Anaerobic conditions were maintained by sparging 
the reactor with a flow of 576 mmol N2 h-1 and off-gas was cooled to 5°C using a gas condenser. 
For the SBRs, a hydraulic retention time (HRT) of 8 h was maintained by removing 1 L of culture 
per cycle under a cycle time set to 4 h. For CSTRs, the HRT was directly linked to the dilution rate 
applied, which was aimed at 0.125 h-1. 

The synthetic cultivation medium was identical to the one used by Temudo [6] using 4 g of either 
xylose or glucose as carbon source per litre (see Appendix I). The carbon source and the 
ammonium, phosphate and trace elements were fed separately from 12.5 concentrated stock 
solutions and diluted using N2-sparged demineralized water. Connected to the base pump was a 
pump supplying 3% (v:v) antifoam C (Sigma Aldrich, Germany), which ensured a flow of 3-5 mL 
h-1 or 14-17 mL cycle-1. The glucose and xylose solutions were sterilized at 110°C for 20 min. 

The inoculum was obtained from cow rumen through a butcher in Est, the Netherlands, and on 
the same day, transported to lab at room temperature and filtered on 200 µm and aliquoted in 50-
mL portions, and frozen at -20°C using 10% glycerol. The seed biomass was then thawed on ice 
before adding 10 mL to the reactor to start each enrichment culture.  When a full first batch was 
performed the CSTRs were set to continuous mode and the SBRs were set in cycle mode, gradually 
moving from 24-h to 12-h and 6-h in 3 days to the final desired 4-h cycles to maintain a HRT of 8 
h. Steady state was assumed if during a period of at least 5 days no variation in the product 
concentrations was measured. 

Analytical methods 

Samples from the reactors were immediately filtered on 0.45 µm polyvinylidine fluoride 
membranes (Millipore, USA) and stored at -20°C until analysis. VFAs (formate to valerate), lactate, 
succinate, ethanol, glucose and xylose were analysed using high performance liquid 
chromatograph (HPLC) equipped with an Aminex HPX-87H column (BioRad, USA) maintained 
at 60 °C and coupled to ultraviolet (UV) and refraction index (RI) detectors (Waters, USA), using 
phosphoric acid at 0.01 mol L-1 as eluent. For high butyrate concentrations above 1 mmol L-1, 
samples were analysed using gas chromatography (GC), since butyrate overlapped with ethanol 
on the RI detector of the HPLC. GC was performed using a Chrompack 9001 (Agilent, USA) 
equipped with an injector maintained at 180°C, a fused-silica capillary column of 15 m  0.53 mm 
HP-INNOWax (Agilent, USA) equilibrated at 80°C for alcohols with helium as carrier gas, and a 
flame ionization detector set at 200°C. Glycerol was detected using an enzymatic assay relying on 
glycerokinase, pyruvate kinase and L-lactate dehydrogenase, measuring NADH depletion at 340 
nm (Megazyme, Ireland). 

The off-gases were monitored on-line for H2 and CO2 by a connection to a NGA 2000 MLT 1 
Multicomponent analyser (Rosemount, USA). Data acquisition (base, H2, CO2) was made using a 
BBI systems MFCS/win 2.1 (Sartorius, Germany). 

Biomass concentration was measured using a standard method which relies on centrifugation to 
separate the cells from the medium [94]. This analysis was coupled to absorbance measurement 
at 660 nm to establish a correlation. Absorbance values were used to calculate the biomass 
concentration during the batch experiments. 
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Cycle analysis 

To characterise one cycle in SBR mode, one full cycle was sampled and product and biomass 
concentrations were measured in parallel to H2 and CO2 in the off-gas. In the CSTRs, one litre of 
volume was removed and one litre of medium was added to finally obtain a concentration of 4 g 
L-1 of either xylose or glucose together with a stoichiometric amount of other nutrients. Sampling 
and off-gas analysis were carried out as in the SBRs.  

Microbial community analysis 

Genomic DNA was extracted using the Ultra Clean Soil DNA extraction kit (MOBIO laboratories, 
USA) following manufacturer’s instructions, with the exception of heating the samples for 5 
minutes at 65°C prior to bead beating. High molecular weight DNA was obtained (>10 kb) with a 
concentration of 10 ng µL-1 or higher. Extracted DNA was stored at -20°C until further use.  

Analysis of 16S rRNA gene-based amplicon sequencing was conducted to get an overview of the 
predominant populations in the enrichments in time. The extracted DNA was sent for 
amplification and sequencing at a commercial company (Novogene, China). Amplification was 
achieved using the universal primer set 341f / 806r targeting the V3-V4 region of the 16S rRNA 
gene (Table 2.S1). All polymerase chain reactions (PCR) were carried out in 30 µL reactions with 
15 µL of Phusion® High_fidelity PCR Master Mix (New England Biolabs, USA), 0.2 µmol L-1 of 
forward and reverse primers and 10 ng template DNA. Thermal cycling started with an initial 
denaturation at 98°C for 10 s, annealing at 50°C for 30 s and elongation at 72°C for 60 s and ending 
with 72°C for 5 min. These pools of amplicon sequences were then sequenced using an 
IlluminaHiSeq2500 platform. The sequencing datasets were cleaned and trimmed according to Jia 
et al. [95] and processed with Qiime [96] using UCLUST with a 97% stringency to yield operational 
taxonomic units (OTUs). OTUs were taxonomically classified using the RDP classifier [97] with 
0.85 confidence interval against the Greengenes database release of August 2013 [98]. Double 
check of OTUs identity factors was then obtained by alignment against the NCBI RefSeq database 
using the basic alignment search tool for nucleotides (BLASTn) [99]. 

Cloning-sequencing was conducted to obtain species level information. The near-complete 16S 
rRNA gene was amplified using the primers GM3f and GM4r (Table 2.S1). The PCR products were 
purified using QIAquick PCR purification kit (QIAGEN, Germany), ligated, and transformed into 
competent Escherichia coli cells using the TOPO TA Cloning Kit (Invitrogen, USA). Transformed 
cells were plated on Luria-Bertani medium plates containing 50 µg kanamycin mL-1. After 
overnight incubation at 37°C, clones were randomly selected for amplification of the 16S insert 
into the PCR4-TOPO vector using the M13f and M13r primers (Table 2.S1). Depending on the 
diversity of the sample, 8 to 55 clones were sequenced using Sanger sequencing (Baseclear, the 
Netherlands). The first and last 100 bp were removed using CodonCode aligner, as sequence 
quality was insufficient in these regions. Qiime processing was performed on the sequences as 
described above using a similarity criterium >99% which is defined to be the minimum similarity 
between species [100]. BLASTn was used to retrieve the identity of each species, and BLAST 
results with the same species but a different strain were grouped together for phylogenetic 
resolution at species level. The closest relates strain was then used to retrieve genomic 
information. Sequences obtained are deposited under the BioProject accession number 
PRJNA505600 (raw merged amplicon reads) and MK185473 – MK185614 (1450 bp 16S genes) 
in the NCBI database.   

Cell fixation and fluorescence in situ hybridisation (FISH) were carried out as described by 
Johnson et al. [65] using the probes listed in Table 2.S2, except that hybridization was carried out 
overnight. Additionally, DAPI staining was used to stain all microbial cells by incubating the multi-
wells microscopy slides of fixed cells with 10 µL of a solution of 10 mg DAPI mL-1 per well for 15 
min. The samples were analysed using an epifluorescence microscope (Axioplan 2, Zeiss, 
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Germany). Digital images were acquired using a Zeiss MRM camera together with Zeiss imaging 
software (AxioVision version 4.7, Zeiss, Germany). The 1000x magnified images were improved 
by setting the 1x sharpening. Three images were taken at 400x and exported as TIFF and used for 
quantification of the cell surface using the QUIPS feature in Leica QWin V3 (Leica, Germany). 

Modelling of the cycle analysis 

To obtain the qsmax and µmax for the CSTRs from the cycle analysis, a model was constructed. 
Herbert-Pirt equation for substrate uptake was simplified by neglecting maintenance, as 
maintenance is not measured and is assumed to be a small contribution compared to qsmax: 

µ = Yxs · qs         (2.3) 

Monod kinetics were used to describe the growth rate as a function of the substrate concentration 
at a value of 0.1 mmol L-1 of either xylose or glucose. The model estimated Cs and Cx by varying the 
biomass and substrate concentration at the start of the cycle analysis (Cx,0, Cs,0) and Yxs and qsmax 
values giving the best fit, and a boundary value of µ is zero was applied when Cs was zero.  The 
modelled values were then optimised to the measured data with a minimisation of the sum-
squared error, using the non-linear solver in Microsoft Excel (2010). 

Analysis of on-line data collected from the bioreactors  

For SBRs, the µmax was calculated per cycle using the recorded base dosage values. Microbial 
growth was directly correlated to the base consumption due to acid production in fermentation 
(Figure 2.S3). A script was developed in Matlab (version 2014, USA), further explained in the 
supplementary information (SI) section. 

COD and carbon balances 

During steady state carbon and chemical oxygen demand (COD) balances were set up using the 
elemental matrix given in Table 2.S4. COD and carbon balances were set up by multiplying the 
values in the Table 2.S4 with the in- and outgoing rates in the reactor, while the NADH, ATP and 
Gibbs energy balances were set up by multiplying the values in table 2.S4 with the yield on glucose. 
Data reconciliation was used to obtain closed balances for H, C, O, N and charge using the method 
described by van der Heijden et al. [101]. These balances were used to calculate the Gibbs energy 
of dissipation. 

Carbon and COD balances were set up for the cycle analyses by subtracting the amount of carbon 
or COD in the compounds measured at a time in the cycle from the measured available carbon or 
COD at the start of the cycle. 
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Results 

Xylose and glucose fermentation product spectra are similar in SBRs and different in CSTRs 

Four different enrichment reactors were operated and analysed for their main products in liquid 
and gas phase after steady-state was established; this was obtained after 20 SRTs for all 
enrichments. The glucose SBR exhibited the largest shift in product spectrum during the 
adaptation, as initially acetate and propionate were the dominant products which changed to 
acetate and ethanol as dominant products after 18 SRTs. The product spectra in the xylose and 
glucose SBR enrichments was very similar, dominated by a catabolic reaction producing ethanol 
and acetate (Figure 2.2A), coupled with hydrogen and formate production (Figure 2.1). Regarding 
the by-products formed, the xylose SBR enrichment produced more succinate, while the glucose 
SBR enrichment produced more propionate and lactate. 

 

Figure 2.2: Product spectra of mixed culture fermentations of SBRs (A) and CSTRs (B) determined in steady 
state (n=3). H2 is plotted as mol per Cmol substrate. HCO3-1 is estimated using a kLa value of 5.34 h-1. 

The xylose CSTR enrichment also had a product spectrum dominated by acetate and ethanol 
(Figure 2.2B), coupled to the production of hydrogen and formate. In the glucose CSTR, butyrate 
was a dominant product, followed by acetate and ethanol (Figure 2.2B). Both these catabolic 
pathways were coupled with hydrogen and formate production. Regarding the by-products, 
similar to the SBRs, the glucose CSTR enrichment produced more propionate and lactate, while 
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the xylose CSTR enrichment produced more succinate, with a significant yield of succinate 
production in this enrichment of 0.09 Cmol CmolS-1 succinate formed. Summing up, the glucose 
SBR and the xylose SBR and CSTR enrichment displayed similar product spectra dominated by 
acetate and ethanol, while the glucose CSTR showed a mixed product spectrum of butyrate, 
acetate and ethanol. Glycerol was not detected in a significant amount in any of the enrichments, 
to a maximum amount 0.002 Cmol per CmolS-1. Glycerol was detected up to 0.1 Cmol CmolS-1 by 
Temudo et al. [88]. 

Carbon and COD balances were nearly closed in all enrichments 

For all enrichments the carbon and chemical oxygen demand (COD, i.e., electron) balances could 
be closed from the measured products at 95% and 105%, respectively (Table 2.S3). Only in the 
glucose SBR enrichment a significant amount of 10% of carbon and COD could not be recovered 
in the outflows of the reactor. A characteristic peak at a retention time of 19.1 min was present on 
the HPLC UV channel for the glucose SBR which could not be identified but was confirmed to be 
neither 1,3-propanediol nor malate, fumarate, 2,3-butanediol, acetoin or hydroxyvalerate. 

No storage response or sequential fermentation during cycle analysis 

For all four enrichments a pulse experiment was performed, in which the substrate and products 
were measured in time and used to set up a carbon and COD balance over the cycle. A typical 
storage response would show COD “disappearing” during the initial fermentation phase until the 
substrate is depleted, while it reappears after substrate depletion as formed products. No such 
response was observed in both the CSTR and SBR enrichments (Figure 2.S2) and no sequential 
conversion of intermediate fermentation products was detected in the cycle analysis in SBRs 
(Figure 2.S3). 

Fast kinetics for SBR enrichments and high biomass yield for CSTR enrichment 

At steady state, the yield of biomass formation on substrate was determined in all four 
enrichments (Table 2.1). There was no significant difference in biomass yield between the glucose 
CSTR enrichment reported here and by Temudo et al. [88]. The xylose CSTR enrichment displayed 
a 43% lower biomass yield than the glucose CSTR, and a 25% lower value compared to the xylose 
CSTR enrichment reported by Temudo et al. [88]. The glucose SBR, the xylose SBR and the xylose 
CSTR enrichment showed similar biomass yield values. 

Table 2.1: Yx,s calculated on the basis of TSS/VSS measurements at steady state (n=3). For the SBRs, µmax was 
obtained from on-line fermentation data (Figure 2.S6). For the CSTRs, qsmax was obtained from a substrate 
pulse experiment and subsequent fitting the substrate concentration data, with R2 values of 0.97 and 0.92 for 
xylose and glucose respectively. The SBR σqsmax is calculated using error propagation and the covariance of the 
µmax and Yx,s values. The CSTR σqsmax is calculated using error propagation and the covariance of the Cs and Cx 
measurement, while σµmax is calculated using error propagation and the covariance of qsmax and Yx,s. 

Enrichment 
Yx,s 

(Cmolx Cmols-1) 

qs
max   

(Cmols Cmolx-1 h-1) 

µmax 

(h-1) 
Reference 

Xylose SBR 0.12 ± 0.01 2.28 ± 0.10 0.28 ± 0.01 This study 

Glucose SBR 0.13 ± 0.01 3.41 ± 0.24 0.45 ± 0.01 This study 

Xylose CSTR 
0.12 ± 0.01 1.72 ± 0.02 0.22 ± 0.01 This study 

0.16 ± 0.01 1.01 0.16 Temudo et al. [88] 

Glucose CSTR 
0.21 ± 0.01 1.06 ± 0.02 0.22 ± 0.01 This study 

0.21 ± 0.01 NA NA Temudo et al. [88] 
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Through analysis of the on-line fermentation data the µmax-value for each fermentation cycle could 
be determined for the SBR enrichments (see SI, figure 2.S5 and 2.S6). A cycle analysis in the CSTR 
enrichment cultures was used to estimate qsmax. The actual qs-value in the xylose CSTR enrichment 
was 1.06 CmolS CmolX-1 h-1, which was 38% lower than the measured qsmax. The actual qs-value in 
the glucose CSTR enrichment was 0.55 CmolS CmolX

-1 h-1 which was 48% lower than the maximal 
rate of glucose uptake. The xylose CSTR enrichment exhibited a 62% higher qsmax-value than the 
glucose CSTR enrichment. The qs

max value found for the xylose SBR enrichment was statistically 
significantly lower (33%) than for the glucose SBR enrichment (Table 2.1, p = 0.002).  

Microbial community analyses highlighted higher diversity with xylose 

Amplicon sequencing of the V3-V4 region of the 16S rRNA gene was used to obtain a relative 
snapshot of the dynamics of the community over time. Then, FISH analysis with three different 
probes targeting the 16S rRNA of populations of the genus Clostridium and of the families of 
Enterobacteriaceae or Lachnospiraceae was used to analyse the microbial communities in the 
enrichments. Lastly, clone libraries were created of the full 16S gene to obtain species-level 
information of the communities. Microbial diversity was evaluated by the abundance and number 
of families or genera present. 

The xylose SBR enrichment was dominated by Enterobacteriaceae (Figure 2.3, Table 2.2, Figure 
2.S7) and a side population of Lachnospiraceae and Clostridium (Table 2.2). The 16S amplicon 
sequencing revealed that the Enterobacteriaceae were dominated by Citrobacter species (Figure 
2.3), which was confirmed to be Citrobacter freundii using the clone library (Figure 2.4).  

The glucose SBR enrichment was dominated by Enterobacteriaceae (Figure 2.3, Table 2.2, Figure 
2.S7) with a side population of Lachnospiraceae. The 16S amplicon sequencing shows that the 
Enterobacteriaceae were dominated by Enterobacter species (Figure 2.3), which is confirmed to 
be Enterobacter cloacae by the clone library (Figure 2.4). Two other species also were confirmed 
using the clone library, Raoultella ornithinolytica and Citrobacter freundii. Thus, both SBR 
enrichments were dominated by a single Enterobacteriaceae species, with side-populations of 
Lachnospiraceae in both SBRs, and Clostridium in the xylose SBR enrichment. 

The glucose CSTR enrichment was dominated by Clostridium species (Figure 2.3, Table 2.2, figure 
2.S7) with a side population of Enterobacteriaceae (Table 2.2). The 16S amplicon sequencing gave 
two main OTUs, an Enterobacter sp. and Clostridium sp. (Figure 2.3), which were confirmed to be 
Clostridium intestinale and Raoultella ornithinolytica.  

The xylose CSTR enrichment was dominated by Lachnospiraceae and Enterobacteriaceae species 
(Figure 2.3, Table 2.2, Figure 2.S7). The 16S amplicon sequencing was dominated by a Citrobacter 
sp., while two OTUs from the Lachnospiraceae are present. The clone library revealed that the 
Citrobacter OTU corresponded to Citrobacter freundii, while only one of the Lachnospiraceae OTUs 
was confirmed up to family level, as it only shows 96% sequence similarity with the closest 
cultivated relative Lachnotalea glycerini (Table 2.S6). 

Summing up, it can be argued that the glucose SBR and CSTR enrichment showed a similar level 
of diversity, with a dominant species and a small side-population. The xylose SBR enrichment was 
more diverse than the glucose enrichments, as the side population contains both Clostridium and 
Lachnospiraceae species. In the xylose CSTR the largest diversity was observed, as here 
Citrobacter freundii, an uncultivated Lachnospiraceae species and a Muricomes population 
dominated. 
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Figure 2.4: Result of the clone library analysis in which strains that were found as closest relative (Table 2.S6) 
are grouped into species. For the xylose and glucose SBR 12 clones were used, for the xylose CSTR 51 clones 
were used, for the glucose CSTR 8 clones were used. 

Table 2.2: Result of the FISH quantification (n = 3), with percentages denoting relative abundances calculated 
from the target-probe surface area compared to EUB338 probe surface. Unidentified populations were 
calculated as the remaining percentage after summing up the relative abundances of the known populations. 
The last column shows the amount of surface probed by EUB338 compared to DAPI. 

 Chis150 

vs. 

EUB338 

Lac435 

vs. 

EUB338 

Ent183 

vs. 

EUB338 

Unidentified 

vs. 

EUB338 

EUB338 

vs. 

DAPI 

Xylose SBR 2% ± 2%   5% ± 1% 90% ± 3% 2%   96% ± 2% 

Glucose SBR ND   3% ± 2% 91% ± 3% 6% 100% ± 7% 

Xylose CSTR ND 53% ± 3% 44% ± 6% 3%   104% ± 14% 

Glucose CSTR 89% ± 12% ND   5% ± 0% 6%   89% ± 8% 
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Discussion  

Pathway analysis of the enrichments 

Under slightly alkaline and mesophilic conditions acetate and ethanol were the dominant 
products under SBR conditions, while butyrate formation occurred significantly under CSTR 
conditions. Compared to the work of Temudo et al. [88] we observe a similar product spectrum in 
the glucose CSTR enrichment, though we observe more ethanol and less butyrate. The xylose CSTR 
enrichment is dominated by acetate and ethanol, while the enrichment of Temudo et al. [88] had 
produced primarily butyrate and acetate. Acetate and ethanol have been shown as the dominant 
products at pH 7.9 and 30°C [102], while acetate and butyrate have been dominant products under 
at pH 7.0 and 36°C  [82].  

The rate of the supply of inert N2 gas in the reactor broth was the only difference in experimental 
procedures between the present study and the work of Temudo et al. [88]. This could potentially 
change the hydrogen and carbon dioxide gas partial pressures. The impact of the gas flow rate on 
the fermentation pattern was investigated, in order to investigate if the gas flow rate could explain 
the differences in product spectrum observed. Little effect was found on all product yields and 
hydrogen partial pressure (Figure 2.S1); thus, we expect no major impact of the gas flow rate. 
Furthermore, the glucose CSTR enrichment was duplicated and the resulting product spectrum of 
both enrichments was identical (Figure 2.S1) which confirms the reproducibility of the 
enrichments. 

A NADH balance was set up using the generalised metabolic network (Figure 2.1, Table 2.S4), and 
the derivates from the pyruvate to acetyl-CoA pathway were summed as a yield. The NADH 
balance of the four enrichments shows that the glucose CSTR has a small net producing NADH 
balance, whereas the two SBRs and the xylose CSTR have a small net NADH consuming balance. 
Minor discrepancies from the NADH-balance can possibly be explained by succinate production 
through an NADH producing pathway, such as through the oxidative branch of the TCA cycle. 
Assuming no net NADH consumption for succinate production would bring the two SBRs and the 
xylose CSTR to a closed NADH balance. 

Table 2.3: Net NADH balance calculated using Table 2.S4. Acetyl-CoA derivates were calculated from butyrate, 
acetate and ethanol production through the pyruvate to acetyl-CoA pathway (Figure 2.1). 

 Net NADH balance 

metabolism 

(molNADH CmolS-1) 

Acetyl-CoA 

derivates 

(mol CmolS-1) 

Formate + H2 

(mol CmolS-1) 

Xylose SBR -0.03 ± 0.00 0.27 ± 0.00 0.26 ± 0.00 

Glucose SBR -0.03 ± 0.01 0.22 ± 0.00 0.23 ± 0.02 

Xylose CSTR -0.06 ± 0.01 0.27 ± 0.00 0.22 ± 0.01 

Glucose CSTR 0.02 ± 0.01 0.24 ± 0.20 0.25 ± 0.01 

 
Comparable values for the acetyl-CoA derivates and H2/formate production (Table 2.3) indicate 
that H2/formate production is directly coupled to pyruvate conversion to acetyl-CoA in the 
metabolic network as in Figure 2.1. Only for the xylose CSTR enrichment there is significantly less 
formate and H2 found than acetyl-CoA derivates, which suggest that H2 and formate are consumed 
through homoacetogenesis as proposed by [80]. 

The stoichiometric data argues for the PPP to be active in the xylose SBR, as acetate and ethanol 
are present in equimolar amounts and there is no excess of acetyl-CoA derivates compared to 
formate/H2. If the PKP would have been active, more acetate compared to ethanol would have 
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been expected and less acetyl-CoA derivates compared to formate/H2. In Clostridium 
acetobutylicum the PKP has been significantly expressed under batch cultivation [103], but here 
the PPP is estimated to be the only pathway active under SBR conditions. 

Bioenergetics and the role of substrate uptake 

Using the metabolic network (Figure 2.1) the amount of ATP produced was estimated from the 
different catabolic products (YATP,s). Combining this yield with the biomass yield, the biomass yield 
on ATP (Yx,ATP) was calculated. The Yx,ATP values for the xylose SBR and CSTR are very similar 
(Table 2.4), while the Yx,ATP values for the glucose SBR and CSTR enrichments were higher (Table 
2.4). Yx,ATP values are confirmed by the dissipation energy, as the xylose SBR and CSTR enrichment 
showed a similar value, while the value for the glucose SBR enrichment was higher and the highest 
value was reported for the glucose CSTR enrichment. This means the xylose enrichments had a 
considerably lower anabolic efficiency than the glucose enrichments. The dissipation values 
obtained for glucose is in accordance with the average values for glucose (-236 kJ Cmolx-1) , while 
that of xylose is considerably higher than according to the correlation function set up by van der 
Heijden et al. (-246 kJ Cmolx-1) [104]. 

Table 2.4: Yx,ATP is calculated by assuming ATP formation per product (Table 2.S4), for the measured data and 
corrected for substrate uptake. Xylose uptake in the CSTR is assumed by the XylFGH complex and the XylE 
complex in the SBR. Gibbs energy of dissipation is calculated at 30°C and pH = 8 using the reconciled data. 

Enrichment 
Yx,s 

(CmolX 
CmolS-1) 

YATP,s 
(molATP 
CmolS-1) 

Yx,ATP 
observed 

(gX 
moATPl-1) 

Yx,ATP 
corrected  

(gX 
molATP -1) 

Gibbs energy of 
dissipation 
(kJ CmolX-1) 

Xylose SBR 0.12 ± 0.01 0.42 ± 0.01 7.20 8.70 -378 

Glucose SBR 0.13 ± 0.01 0.40 ± 0.01 8.21 8.21 -285 

Xylose CSTR 0.12 ± 0.01 0.42 ± 0.01 6.80 12.8 -386 

Glucose CSTR 0.21 ± 0.01 0.49 ± 0.03 13.4 13.4 -236 

1Only 90% of glucose conversion is assumed here, as the COD and carbon balance only close for 
90% 

The higher dissipation in the xylose enrichments can be caused by the cost of transporting xylose 
over the cell membrane. Xylose can be taken up into the cell by two different mechanisms. XylE is 
an enzyme which uses the proton motive force to take up xylose from the surrounding medium, 
through the symport with one proton [105]. When assuming a stoichiometry of 2.67 mol H+ per 
mol ATP used, this means xylose uptake XylE costs 0.375 mol ATP per mol xylose. A second 
method for active xylose uptake is via XylFGH, an ATP-binding cassette (ABC) transporter which 
uses the direct dephosphorylation of ATP to import xylose [106]. XylE is known to be a low affinity 
transporter, while XylFGH is a high affinity transporter [106]. In E. coli it has been demonstrated 
that in batch conditions XylE plays a minor role in xylose uptake [107].  

The genome of the strain with the highest similarity was assessed for the presence of transporters. 
Citrobacter freundii strain P10159, dominant in the xylose SBR enrichment  
(Table 2.S6), contained the XylE gene and not the analogues XylF, XylG or XylH (accession number 
CP012554.1) This argues for the nature of XylE as a high-rate xylose transport enzyme. A different 
Citrobacter freundii strain FDAARGOS (accession number CP026056.1) was populating the xylose 
CSTR, which contained neither XylE nor XylF, XylG or XylH. This suggests novel ABC transporters 
might be present in the xylose CSTR population.  

 

https://www.ncbi.nlm.nih.gov/nucleotide/CP012554.1?report=genbank&log$=nucltop&blast_rank=4&RID=G8H6KB82014
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Glucose uptake can be more energy efficient. The phosphotransferase system (PTS) is an uptake 
mechanism which couples the transfer of a phosphate group from PEP to glucose to transport 
glucose over the membrane, thus there is no net ATP cost for importing glucose as glucose-
phosphate is directly produced. This complex is assumed to be active in both SBR and CSTR as this 
is observed to be the main transport system under glucose excess [108] and under substrate 
limitation [109]. The Enterobacter cloacae strain AA4 dominant in the glucose SBR enrichment 
and the Clostridium intestinale strain URNW dominant in the glucose CSTR enrichment both 
contain all five genes necessary to express the PTS complex in their genomes (accession number 
CP018785.1 and HM801879.1). When incorporating this biochemical consideration for substrate 
uptake, the Yx,ATP value for xylose and glucose becomes similar (Table 2.4), while the 50% 
difference in YX,ATP between SBR and CSTR enrichments remains. 

Xylose uptake is slower than glucose uptake in SBR 

Xylose and glucose are metabolised by two distinct pathways, the PPP and the EMP pathway 
respectively. The qs

max of the glucose SBR enrichment is 50% higher than the xylose SBR 
enrichment. The lower uptake rate for xylose can be explained by a kinetic bottleneck identified 
in the PPP. Gonzalez et al. [110] have shown that in glycolysis E. coli metabolises glucose to 
fructose-6-phosphate at a rate of 90 mmol gDW-1 h-1, while in the PPP rates to form fructose-6-
phosphate did not exceed 37 mmol gDW-1 h-1. The production of formate, acetate and ethanol 
exceeded these values for glucose, indicating the lower part of fermentation was not rate limiting. 
This suggests that the kinetic bottleneck is present in the PPP for xylose metabolism and not in 
the lower part of the fermentation pathway. 

Acetate and ethanol production as a kinetic advantage 

The qsmax and µmax for the CSTR grown glucose enrichment producing butyrate is significantly 
lower than the acetate and ethanol producing enrichment (Table 2.1 and [88]). Furthermore, the 
xylose CSTR enrichment of Temudo et al. [88] and the glucose CSTR enrichment performed here, 
showed a similar qsmax value (Table 2.1) and both enrichments are producing a significant amount 
of butyrate. On top of that, both SBRs produce dominantly acetate and ethanol, where qsmax is a 
more important competitive advantage than in CSTR conditions. The kinetic difference between 
butyrate forming and acetate and ethanol forming microorganisms is observed in pure cultures. 
The µmax of Clostridium tyrobutyricum, a butyrate producer, is 0.12 h-1 [28] and Citrobacter sp. 
CMC-1, an acetate and ethanol producer, is 0.21 h-1 [30] grown under similar conditions. The fact 
that acetate and ethanol formation is related to higher µmax is also indirectly shown by the study 
of Zoetemeyer et al. [102], as a µ of 0.24 h-1 was applied here at pH 7.9 and 30°C obtaining a 
product spectrum of acetate and ethanol. Temudo et al. [88] and this study obtain butyrate 
production at a lower µ of 0.13 h-1. This kinetic advantage seems to hold only for fermentations at 
pH higher than 6.25, as enrichments performed in CSTR mode at pH 5.5 at µmax have demonstrated 
to systemically yield a product spectrum dominated by acetate, butyrate, and lactate [111]. This 
kinetic effect can be incorporated into model-based evaluation of mixed culture fermentations to 
improve the prediction of butyrate, acetate and ethanol production at neutral and alkaline pH. 

Butyrate production as an efficient pathway 

If acetate and ethanol production obtains a higher qs
max value than butyrate, and both pathways 

produce 3 mol ATP, there seems to be no advantage for butyrate production over acetate and 
ethanol production. Thermodynamically, butyrate formation yields more energy than acetate and 
ethanol production, (-264 kJ mol-1 and -226 kJ mol-1 respectively). This energy is available in the 
step from crotonyl-CoA to butyryl-CoA, which is calculated to be -50 kJ/mol [77]. A direct 
conversion of this energy into a proton motive force has been rejected [25]. Part of the energy can 
be conserved by coupling this energy to the transfer of the electrons from NADH to ferredoxin and 
then oxidizing ferredoxin with NAD+ to generate a sodium motive force using the Rnf enzyme [25]. 
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Two of the six subunits of this complex are found in the genome of the Clostridium intestinale 
strain URNW, indicating the possibility of this mechanism being active in the glucose CSTR 
enrichment. 

Metabolic strategies in fermentation: r-strategists vs K-strategists 

When substrate is only used for growth and no storage products are formed, the competition in a 
SBR process is based on the µmax of the competing microorganisms, which can be maximised 
through Yx,s or qsmax. The SBR enrichment cultures described in this chapter maximised qsmax 
compared to the CSTR enrichment cultures who maximised Yx,ATP (Table 2.1). The CSTR 
enrichments, when corrected for substrate uptake, show about 50% higher Yx,ATP value than the 
SBR enrichments. The qs

max-value on the other hand is 2-3 times higher for the SBR enrichments 
compared to the CSTR enrichments.  

These observations correspond with the general microbial theory proposed on r- vs K-strategists 
[112]. A r-strategists is more adapted to a substrate-abundant environment or “uncrowded” 
environment, where a small population competes for an abundance of food. A r-strategist displays 
a high qsmax and µmax value. A K-strategists is more adapted to “crowded” environments where 
substrate is limited and displays a high Yx,ATP and a low Ks value. The reason r-strategists dissipate 
more energy than K-strategists in their metabolism may rely on the fact that at increasing growth 
rate more erroneous proteins are produced due to a higher error rate made during proofreading 
at higher speed [113]. Thus, more non-functional proteins are produced at higher growth rate. As 
protein production is estimated to cost >80% of the ATP to synthesise a cell [114], larger error 
rates will cause increased ATP cost per cell assuming a similar functioning protein content. 

The community data shows that Enterobacteriaceae dominate the SBR environments, thus the 
Citrobacter freundii and Enterobacter cloacae species can be classified as r-strategists. 
Enterobacteriaceae species such as E. coli are well known to exhibit high growth rates in anaerobic 
environments with carbohydrates [115]. Clostridium species on the other hand are often 
dominating in substrate-limited environments such as anaerobic digesters [17], where the rate of 
hydrolysis of cellulose and hemicellulose is an order of magnitude lower than typical fermentation 
rates, creating a substrate-limited environment. In the glucose CSTR we observe a dominance of 
Clostridium intestinale, which fits with these observations. 

The microbial community composition and the effect of limiting a single substrate 

First of all, it is noteworthy that the FISH imaging and the 16S rRNA gene amplicon sequencing 
data do not always correspond. In the glucose SBR, the dominance of Enterobacteriaceae on OTU-
level is confirmed by the FISH analysis, but in the glucose CSTR enrichment the Enterobacteriaceae 
are observed to be a minor fraction on cell-level (FISH image), while 30% of the reads relate to 
Enterobacteriaceae. In the xylose CSTR a similar bias is observed, as 53% of the community is 
identified as Lachnospiraceae using FISH (Table 2.2), while only 15% of the reads relate to 
Lachnospiraceae. As we have corrected the data for copy numbers, the bias is likely caused by DNA 
extraction and PCR biases, which are known to cause biases in amplicon sequencing data [116]. 
As proposed by Amann, Ludwig and Schleifer [117], 16S rRNA gene sequencing and FISH analysis 
are to be used in parallel to obtain an accurate estimation of the microbial community structure, 
which is confirmed in the study here. 

Here, populations of Enterobacteriaceae, Lachnospiraceae and Clostridium dominated the 
enrichments. Clostridium and Enterobacteriaceae populations have been reported in enrichments 
on mineral medium (Table 2.5), though for the first time Lachnospiraceae were enriched on 
xylose. We find that a significant presence of Clostridium was linked to butyrate production, as in 
the glucose CSTR, which is confirmed by other enrichment studies (Table 5). The butyryl-CoA 
dehydrogenase gene, which is responsible for the reduction of crotonyl-CoA to butyryl-CoA using 
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NADH, is found in organisms in the Clostridium species, while neither in Enterobacter nor in 
Citrobacter species according to the NCBI Gene database. 

All four enrichments were populated by more than one species, with stabilizing OTUs over time 
(Figure 2.3). This indicates that species have a reason to coexist in these single substrate limited 
systems. It is possible that mutualistic relationships between these species were present, e.g., in 
the form of a B-vitamin exchange between species [118], as these communities are cultivated on 
mineral medium. It remains an important ecological question why in many cases rather diverse 
communities remain in very selective conditions with one limiting substrate. 

Table 2.5: Reported predominant bacterial species for fermentative microbial communities enriched on xylose 
or glucose as carbon sources in CSTR mode. Species were detected using PCR and denaturing gradient gel 
electrophoresis or PCR and single strand conformation polymorphism analysis 

Substrate Inoculum Temperature pH  
Dominant 
carbon 
products 

Organisms Source 

Xylose  
Hot spring 
culture 

45˚C 5.1 
Acetate, 
butyrate 

Clostridium 
acetobutylicum 

Citrobacter 
freundii 

[119] 

Xylose 
Hot spring 
culture 

37˚C 5.1 
Acetate, 

butyrate, 
ethanol 

Clostridum 
acetobutylicum 

Clostridium 
tyrobutircum 

[119] 

Glucose 
Hot spring 
culture 

37 ˚C 5.0 
Acetate, 
butyrate 

3 species of 
Clostridium 

2 uncultured 
[120] 

Glucose 

Activated 
sludge, 
cassava, 
rabbit 
droppings 

37 ˚C 5.5 
Butyrate, 
acetate, 
lactate* 

Clostridium 
pasteurianum, 

Clostridium 
beijerinckii, 

Lactobacillus 
paracasei 

[111] 

Xylose 
4 g/L 

Digestor 
sludge and 
acidification 
tank 

30 ˚C 8.0 
Acetate, 
butyrate 

Clostridium 
beijerinckii, 
Clostridium 

xylanovorans, 
Clostrdium sp. 

CCUG 

[121] 

Xylose 
11 g/L 

Digestor 
sludge and 
acidification 
tank 

30 ˚C 8.0 
Acetate, 

butyrate, 
ethanol 

Citrobacter farmeri 
Clostridium 
intestinale 

Clostrdium sp. 
CCUG 

[121] 

Glucose  

Digestor 
sludge and 
acidification 
tank 

30 ˚C 8.0 
Acetate, 

butyrate, 
ethanol 

Clostridium 
quinii** 

[121] 

* 50% of the COD coming out of the reactor was glucose 
** Two other bands are visible which are not mentioned 

  



Chapter 2 - Diversity and metabolism of xylose and glucose fermenting microbial communities in sequencing batch or 
continuous culturing 

 

49 

 

Overall, this study aimed to show the impact of sequencing batch and continuous culturing on 
microbial communities fermenting lignocellulosic sugars such as xylose and glucose. Butyrate 
formation was linked to slow uptake rate, while acetate and ethanol formation was linked to high 
uptake rates. This kinetic effect can be taken into account in modelling efforts. In SBR, xylose was 
fermented 33% slower than glucose, likely due to a kinetic bottleneck in the PPP. SBR 
communities maximised their qsmax, while CSTR communities maximised their Yx,ATP. SBR 
communities were dominated by r-strategists like Citrobacter freundii and Enterobacter cloacae, 
and the CSTR communities by K-strategists like Clostridium intestinale and Lachnospiraceae 
species. No significant storage of either xylose or glucose was observed in the SBR enrichments. 
The glucose enrichments confirmed the hypothesis that limitation of a single substrate leads to 
domination of a single species. The xylose enrichments displayed more microbial diversity, with 
the xylose CSTR up to three dominant populations. 

It was expected that, when limiting a single substrate, one specialist will dominate the community 
after prolonged cultivation, displaying either the highest µmax or the highest affinity. The glucose 
enrichments were dominated by a single species (up to 90% of cell surface), which is Enterobacter 
cloacae in the glucose SBR and Clostridium intestinale in the glucose CSTR and had one side 
populating family. For the xylose enrichments, the communities were more diverse. In the xylose 
SBR, Citrobacter freundii dominated the culture, with a side-population of both, Lachnospiraceae 
and Clostridium. The xylose CSTR community was even more diverse, populated by two 
Lachnospiraceae genera, one of which was confirmed to be an uncultivated Lachnospiraceae 
species besides to a population of Citrobacter freundii. Thus, xylose fermentation resulted in more 
microbial diversity than glucose fermentation. In all enrichments more microbial diversity was 
displayed than expected by assuming solely competition. Why this is remains an important 
ecological question to be answered. 
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Supplementary Information 

Table 2.S1: Primers used in this study 

Primer Primer Sequence (5’- 3’) Reference 

341f CCT AYG GGR BGC ASC AG  
[122] 

[123] 

806r GGA CTAC NNG GGT ATC TAA T  
[122] 

[123] 

GM3f AGA GTT TGA TCM TGG CTC AG [124] 

GM4r GGT TAC CTT GTT ACG ACT T [124] 

M13f GTA AAA CGA CGG CCA G [125] 

M13r CAG GAA ACA GCT ATG AC [125] 

 
Table 2.S2: FISH probes used in this study with the formamide concentration used during hybridisation 

FISH 

Probe 

Sequence 5’- 3’ Specificity Formamide 

[%] 
Reference 

EUB338 

Cy5 

GCT GCC TCC CGT AGG AGT Bacteria 
20-25 [126] 

ENT183 

Cy3 

CTC TTT GGT CTT GCG ACG Enterobacteriaceae 

family 
20 [127] 

Chis150 

Cy3 

TCT TCC CTG CTG ATA GA Clostridium genus 
25 [128] 

Lac435 

Cy3 

TTA TGC GGT ATT AAT CTY 

CCT TT 

Lachnospiraceae 

family 
25 [129] 
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Figure 2.S1: (A) Product spectrum of the glucose CSTR at 215 mLn/min gasflow and 120 mLn/min (gasflow 
used by Temudo et al. [88] and (B) product spectrum of two identically executed glucose CSTRs, both ran at D 
= 0.13 h-1 
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Figure 2.S2: COD recovery during cycle measurement of the Xylose SBR (A), Glucose SBR (B), Xylose CSTR (C), 
Glucose CSTR (D) 

 
 

 

Figure 2.S3: Xylose SBR (A) and glucose SBR (B) cycle measurement in which by-products is the sum of 
propionate, lactate, succinate and butyrate 
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Figure 2.S4: Xylose CSTR (A) and Glucose CSTR (B) cycle measurement modelled for qsmax 
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Table 2.S3: the carbon and COD balances expressed as a percentage of outgoing carbon or COD compared to 
the incoming carbon or COD 

Experiment Carbon-recovery [%] COD-recovery [%] 

Xylose SBR 99% 98% 

Glucose SBR 89% 90% 

Xylose CSTR 100% 99% 

Glucose CSTR 215 mLn/min 101% 98% 

Glucose CSTR 120 mLn/min 96% 96% 

Glucose CSTR duplicate 103% 103% 

 
Table 2.S4: Elemental matrix used to set up NADH, ATP, carbon and COD balances in parallel to estimation of 
the Gibbs energy of dissipation.  

 Carbon COD 
Mol. 

weight 
NADH ATP SLP 

Gibbs energy 
of formation 

 No. C (gCOD mmol-1) (g mol-1) (NADH molP-1) 
(ATP 

molP-1) 
(ΔGf0' kj mol-1) 

Glucose 6 1.07 180.2 0 0 0 

Xylose 5 0.89 150.1 0 0 0 

Acetate 2 1.07 60.1 2 2 -369.4 

Butyrate 4 1.82 88.1 0 3 -352.6 

Propionate 3 1.30 74.1 -2 1 -361.1 

Lactate 3 1.08 89.1 0 1 -517.1 

Succinate 4 0.95 118.1 -2 1 -690.2 

Ethanol 2 2.08 46.0 -2 1 -181.8 

Formate 1 0.35 46.0 0 0 -351 

H2 0 7.94 2.0 0 0 0 

CO2 1 0.00 44.0 0 0 -394.4 

Biomass 1 1.36 24.6 -0.05 0 -67 

HCO3- 1 0.00 61.0 0 0 -586.9 

H20 0 0.00 18.0 0  -237.2 

Ammonium 0 0.00 16.0 0 0 -79.4 

H+ 0 0.00 1.0 0 0 0 
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Estimation of µmax from base-dosage data 

To identify the timepoint at which the base dosage stopped, by detecting the transition from 
increasing base value to flat slope using the derivative of the base value in time: 

𝑑𝑏𝑎𝑠𝑒 =  
𝛥𝑏𝑎𝑠𝑒

𝛥𝑡
        (2.4) 

At the end of the fermentation, no more base was added, thus the Δbase value became zero. A 
criterion was set for Δbase to be zero over 30 min of time in order to estimate the fermentation 
length. From the fermentation length value, µmax was calculated, using the exponential growth 
equation for biomass: 

𝑀1 = 𝑀0 ∙ 𝑒µ∙𝑡        (2.5) 

Which can be rewritten using the fact that the biomass doubles every cycle, and using the 
fermentation length as time for growth: 

µ𝑚𝑎𝑥 =  
ln (2)

𝑓𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ
       (2.6) 

In figure 2.S5 this approach is visualised, where the script targets the plateau region (where the 
Δbase over time is zero, as no base is dosed). The fermentation length is than saved and converted 
using formulae 1.3 to obtain the µmax. 

 
Figure 2.S5: characterisation of the fermentation length by the script developed in Matlab used to calculate 
the µmax. 

Because not all µ-values are representative for the final µmax achieved, a certain set of µ-values was 
chosen where the µmax-value tends to stabilize.  For the glucose SBR the µ-values from 35 SRTs up 
to the end of the enrichment were chosen (line Figure 2.S6).  
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Figure 2.S6: Plot of the µmax-values calculated over the xylose SBR enrichment (A) and glucose SBR enrichment 
(B) with the cut-off value denoted by the horizontal lines. Xylose (A) has two areas cutted off.  
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For the xylose SBR there was an experimental failure, as the base dosage was accidentally stopped 
at 39 SRTs. Effluent stored in the fridge was reinoculated and the culture recovered as can be seen 
in the plot. Therefore, the µ-values from 33 SRTs up to 39 SRTs were taken before the failure and 
µ-values from 53 SRTs until the end of the enrichment were chosen (lines, Figure 2.S6). 

Cleaning the reactor influences the µ-value, as the biofilm is removed and 1 cycle there is less than 
50% of the biomass at the start as the biofilm was also consuming substrate. Thus, for the glucose 
SBR a minimum value of µ of 0.4 h-1 was assumed. The xylose SBR did not show this behaviour, 
thus no correction was applied. 
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Figure 2.S7: Images acquired at 1000x and probed with a probe of choice and EUB338 of the xylose SBR (A), 
glucose SBR (B), xylose CSTR (C and D) and glucose CSTR (E) enrichment 
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Table 2.S6: Heat map of the different 16S sequences and obtained closest related strain by the clone library 
approach in the four enrichment reactors. Fraction of the sequence compared to all obtained sequences is 
displayed. In red are all Enterobacteriaceae strains, in green all Clostridium strains and in blue all 
Lachnospiraceae strains 
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Abstract 

Microbial diversity plays an important role in the functioning of mixed-culture biotechnologies 
while the drivers behind microbial diversity are still not well understood. Complexity in the 
carbohydrate source could be one of the governing factors. The effect of feeding equivalent 
substrates to a microbial community, such a xylose and glucose is not well understood in terms of 
number of dominant species and how these species compete for substrate. In this work we 
compare the fermentation patterns achieved and the microbial community structure 
development in a continuous-flow stirred tank reactor (CSTR) and a sequencing batch reactor 
(SBR) fed with a mixture of xylose and glucose.  We hypothesise that a CSTR will select for 
generalist species, taking up both substrates. A SBR will select for a diauxic generalist, fermenting 
first glucose and subsequently xylose, with an additional population of a xylose specialist. We have 
used 16S rRNA amplicon sequencing and full 16S clone libraries in parallel to fluorescent in situ 
hybridisation (FISH) to accurate determine the microbial community structures. Both enrichment 
cultures were stoichiometrically and kinetically characterised. The CSTR enrichment culture was 
dominated by a Clostridium intestinale population (91%±2% of the cell surface), which indicated 
the enrichment of a generalist converting xylose and glucose simultaneous. In the SBR we found 
a large fraction of Enterobacteriaceae (75%±8% of the cell surface), which was dominated by 
Citrobacter freundii and a minor fraction of Raoultella ornithinolytica. Citrobacter freundii 
ferments xylose and glucose in a non-diauxic fashion. This indicates that a non-diauxic generalist 
outcompetes specialists and diauxic generalists in a SBR environment. When designing an 
industrial batch fermentation using a lignocellulosic feed composed of xylose and glucose, a non-
diauxic generalist is expected to be the most preferential type of microorganism to use. 

 

Keywords: SBR – chemostat – carbon catabolite repression - microbial selection – mixed 
substrates 
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Introduction 

Glucose and xylose are the two most abundant monomers found in lignocellulosic waste streams 
[78]. Fermentation of these two carbohydrates to valuable compounds such as volatile fatty acids 
(VFAs), lactic acid, hydrogen or ethanol can enable new biobased processes to be developed [130–
132]. Enrichment culturing offers the potential to apply selective conditions to direct a process 
towards a certain product. Examples of such processes and products are: butyrate in 
carbohydrate fermentation [133], poly-β-hydroxyalkanoates in an aerobic feast-famine process 
[65] or medium chain fatty acids from volatile fatty acids and an electron donor like ethanol or 
lactate [134]. Enrichment cultures select for specific microorganisms based on competition for 
limiting substrate [81]. Most fermentative enrichment studies have been performed using a 
continuous-flow stirred tank reactor (CSTR) setup [51, 82, 111]. A CSTR is a system where the 
fermentable substrate is continuously available at a low concentration. This is similar to anaerobic 
digestion of lignocellulosic waste. The hydrolysis of a macromolecular substrate, e.g. cellulose, is 
the rate-limiting step in fermentation leading to a hydrolysed monomer substrate, e.g. glucose to 
be continuously available in low residual concentrations [131, 135]. 

In a CSTR, Monod kinetics describe the relationship between the residual substrate concentration 
(Cs), the maximum biomass specific uptake rate (µmax), and the affinity constant for the substrate 
(Ks): 

µ =  µ𝑚𝑎𝑥 ∙
𝐶𝑠

𝐶𝑠+𝐾𝑠
       (3.1) 

Since the growth rates (µ) of microbial populations in a CSTR environment is set by the dilution 
rate (D) of the reactor, Cs is a function of the dilution rate and the affinity properties (µmax Ks-1) of 
the microorganisms. The microorganism with the highest affinity for the substrate is expected to 
dominate the enrichment culture, as is shown for two competing yeast species [136]. 

In Chapter 2, we have demonstrated this effect. In a CSTR enrichment culture limited with glucose 
we indeed observed one species dominating (>90%) the population. For xylose we however 
observed a community with at least three dominant species, indicating other mechanisms besides 
direct substrate competition are complicating the microbial community structure [137]. 

When mixing two equivalent substrates, like glucose and xylose, the Monod kinetics model is 
extended. A simple mathematical view on mixed-substrate kinetics is obtained by summing the 
individual Monod kinetics as proposed by Bell [138]: 

µ =  µ1
max ∙

Cs,1

Cs,1+Ks,1
+  µ2

max ∙
Cs,2

Cs,2+Ks,2
    (3.2) 

This simple model does not normalise for substrate concentrations or ratios, which can improve 
the modelling of mixtures of carbon [139], but is sufficient to demonstrate the advantage of a 
generalist over a specialist microorganism.  

Two types of microbial species can compete in a mixed-culture CSTR, a specialist taking up only 
one substrate and a generalist, taking up both substrates simultaneously. If we assume the 
generalist and specialist species possessing similar kinetic properties on xylose and glucose (µmax 
Ks

-1), then the generalist, by converting both xylose and glucose simultaneously, can lower the 
residual concentration of xylose and glucose beyond the capacity of the specialist species, 
resulting in a wash-out of the specialists [140]. This effect has been demonstrated in pure culture 
competition experiments with two specialists and one generalist [141]. We thus expect a 
generalist species to dominate the CSTR environment. 
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The sequencing batch reactor (SBR) environment offers the opportunity to select for a microbial 
community based on the maximum biomass-specific growth rate (µmax). When feeding a mixture 
of xylose and glucose to a microbial community at high concentrations, carbon catabolite 
repression (CCR) or diauxic behaviour will be the favoured way for substrate uptake, where 
glucose is first taken up prior to xylose. The preference for glucose is mediated through a cyclic 
AMP (cAMP) regulated pathway in E.coli, therefore glucose is more easy to metabolise [142]. CCR 
is an abundant mechanism amongst heterotrophic bacteria [143]. It has been demonstrated that 
in a batch environment, specialist species will outcompete a diauxic generalist species [141]. This 
theory has been confirmed for an enrichment of microorganisms accumulating PHA on a mixture 
of acetate and lactate, where Plasticicumulans acidivorans was identified as acetate specialist and 
Thauera selenatis as lactate specialist [68]. Thus, we believe a competitive CCR-type species will 
take up the glucose, leaving a niche for a sole xylose specialist to take up the xylose. In other words, 
we expect that in an SBR enrichment culture fed with a mixture of glucose and xylose, two 
specialist species will be enriched in the microbial community.  

The fed-batch environment is typically used in industrial fermentations using pure cultures to 
convert sugars to a desired product [144]. When using a mixture of substrates in a fed-batch, CCR 
can induce accumulation of the non-preferred substrate, e.g. xylose in a dual xylose and glucose 
fermentation [145]. A way to deal with this problem is to avoid CCR and create a non-diauxic 
xylose and glucose fermenting generalist [146] or to design xylose- and glucose-specialist species 
and performing fermentation with this synthetic consortium [147]. The ecological significance of 
CCR and observed microbial diversity in a mixed-substrate SBR environment fed with xylose and 
glucose can be used to design novel microbial-based processes using defined mixtures of pure 
cultures. 

Using enrichment culturing with a mixture of xylose and glucose in a CSTR and SBR environment, 
we aimed to elucidate the impact of mixed-substrate conditions on the microbial diversity and 
fermentative niche establishment in both environments. This was facilitated by comparing our 
results to previously published results for similar cultures with  a single limiting substrate [137]. 
Furthermore, we aim to evaluate the ecological significance of CCR using our enrichment culturing 
approach.  
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Material and Methods 

All enrichment procedures and analytical methods are described in detail in Rombouts et al [137] 
and Chapter 2. The main adaptations for the mixed-substrate experiments are given hereafter.  

Fermentative enrichment culturing 

The enrichment procedure was executed as described in Rombouts et al. [137] and Chapter 2, 
with the adaptation that 2 g L-1 of xylose and 2 g L-1 of glucose were fed as a mixture instead of 4 
g L-1 of one of the individual substrates, resulting in a similar COD influent concentration as in the 
single-substrate enrichments. The same cow rumen inoculum was used and seeded in the same 
way in the CSTR and SBR. The reactors were operated at 30°C±0.1, pH of 8.0±0.1 and a hydraulic 
retention time (HRT) of 8 h, The reactors were continuously stirred at 300 rpm and the solids 
retention time (SRT) is the same as the HRT applied. Steady state was assumed if during a period 
of at least 5 days no variation in the concentrations of fermentation products was observed. 

Analytical methods and cycle analysis 

The concentrations of the residual glucose and xylose substrates and of the VFAs (formate, C1, to 
valerate, C5), lactate, succinate, and ethanol substrates were analysed using high performance 
liquid chromatograph (HPLC) as described in Rombouts et al. [137] and Chapter 2. For high 
butyrate concentrations above 1 mmol L-1, samples were analysed using gas chromatography (GC) 
for butyrate and ethanol overlap in the refractive index (RI) spectrum and butyrate can be 
quantified from the ultraviolet (UV) spectrum, as described in Rombouts et al. [137]. The off-gases 
were monitored on-line for H2 and CO2 using a spectrophotometric method as described in 
Rombouts et al. [137]. 

Biomass concentration was measured using a standard method which relies on centrifugation to 
separate the cells from the medium, drying to obtain total suspended solids (TSS) and burning at 
550°C to obtain volatile suspended solids (VSS) [94]. This analysis was coupled to absorbance 
measurement at 660 nm to establish a correlation. Absorbance values were used to calculate the 
biomass concentration during the batch experiments. 

To characterise the kinetics of the cultures in SBR mode, one full cycle was sampled, and 
metabolite and biomass concentrations were measured in parallel to H2 and CO2 in the off-gas. In 
the CSTR, batch tests were conducted by removing 1 L of reactor broth and replacing it by 1 L of 
medium to finally obtain a concentration of 1 g L-1 of xylose and 1 g L-1 of glucose together with a 
stoichiometric amount of other nutrients. Sampling and off-gas analysis were carried out as in the 
SBRs over 5 h. 

To characterise the mixed substrate uptake of the single substrate limited SBR enrichments, these 
enrichments were re-inoculated from with 10 mL effluent that was stored with 10% glycerol at -
80°C. These SBRs were operated for one week and then a cycle was characterized using 1 g L-1 of 
xylose and 1 g L-1 of glucose. 

Microbial community analysis 

Genomic DNA was extracted from 2-mL samples of reactor suspension and the bacterial 
community compositions analysed as described in Rombouts et al. [137] and Chapter 2. Analysis 
of V3-V4 16S rRNA gene-based amplicon sequencing was executed as described in Rombouts et 
al. [137] to get an overview of the predominant populations selected in the enrichments over time. 
Cloning and sequencing of full-length 16S rRNA genes was conducted following Rombouts et al. 
[137] (Chapter 2) to obtain species-level information, picking 38 clones for the CTSR and 24 for 
the SBR enrichment. Primers used are listed in Table 3.S1. Amplicon sequencing data is available 
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at NCBI under SRR8718538-SRR8718547 and full 16S clone sequences are available under 
MK185473-MK185614 

Cell fixation and fluorescence in situ hybridisation (FISH) were carried out as described by 
Rombouts et al. [137] and Chapter 2. Staining with 4′,6-diamidino-2-phenylindole (DAPI) was 
used to map all microbial cells. Projected cell surface area quantification was carried out using the 
Quantimet Interactive Programming System (QUIPS) feature of the Leica QWin V3 software 
(Leica, Germany). 

Mathematical modelling of the batch tests 

Mathematical modelling of the batch tests was carried out as described in Rombouts et al. [137] 
and Chapter 2, with following adaptations: (I) separate maximum biomass-specific rates of 
substrate consumption (qsmax) were fitted for xylose and glucose in one batch test; (II) the yields 
of biomass formation on substrates (Yx,s) were fixed on glucose or xylose using the biomass yield 
obtained for the xylose or glucose SBR or the biomass yield obtained from the cycle measurement 
performed with the xylose or glucose CSTR from Rombouts et al. [137] and Chapter 2. 

COD and carbon balances 

At steady state, carbon and chemical oxygen demand (COD) balances were set up using the 
method described in Rombouts et al. [137] and Chapter 2 and the elemental matrix (Table 2.S4). 
NADH and acetyl-CoA yields were set up by multiplying the values in supplementary Table 2.S4  
with the yield on glucose and xylose.  
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Results 

Fermentations in SBR and CSTR enrichment cultures result in different product spectra  

The two enrichment cultures operated with a mixture of xylose and glucose in SBR and CSTR mode 
showed a different fermentation product spectrum (Figure 3.1). The SBR enrichment initially 
produced predominantly acetate, ethanol and propionate (data not shown). When the steady state 
was reached, the SBR enrichment shifted to a product spectrum dominated by acetate and ethanol. 
The CSTR enrichment developed within 20 SRTs to a stable fermentation pattern producing 
primarily ethanol, acetate and butyrate (Figure 3.1). Mass and electron balances were almost 
closed with carbon and COD recovered to acceptable amounts (Table 3.1), indicating that all 
relevant fermentation products were identified.  

 

Figure 3.1: Steady state fermentation product spectra of glucose and xylose fed SBR and CSTR in Cmol or mol 
product per Cmol substrate on the basis of three measurements in time and using a biomass composition of 
C1H1.8O0.5N0.2 as proposed by Roels et al. [148]. HCO3-1 is estimated using a kLa value of 5.34 h-1. 

Table 3.1: Carbon and COD balances, product yields and biomass yields in the glucose and xylose fed SBR and 
CSTR enrichment cultures. Acetyl-CoA derivates and formate and hydrogen yields and NADH yields were 
calculated on the basis of our previously published biochemical network [137]. Yields are given per C-mol 
substrate. 

 
Carbon 

(%) 

COD 

(%) 

Acetyl-CoA 

derivates 

(mol Cmol-1) 

Formate + H2 

(mol Cmol-1) 

NADH 

(mol Cmol-1) 

Yx,s 

(Cmol  

Cmol-1) 

SBR 99 ± 2 99 ± 1 0.25 ± 0.01 0.25 ± 0.02 -0.07 ± 0.01 0.15 ± 0.00 

CSTR 97 ± 5 96 ± 2 0.25 ± 0.01 0.24 ± 0.01 -0.04 ± 0.00 0.15 ± 0.00 

Xylose and glucose were taken up simultaneously, while xylose uptake was slower than 
glucose uptake 

A cycle analysis or batch experiment was performed to estimate the qsmax and µmax values of the 
enrichment cultures. Xylose and glucose were both instantly taken up by the enrichment cultures 
(Figure 3.2), indicating no carbon catabolite repression of glucose on xylose uptake in either 
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culture. The xylose uptake rate was 2.7 and 1.7 times slower than glucose uptake rate in the SBR 
and CSTR enrichment culture, respectively. Both xylose and glucose uptake rates were higher in 
the SBR than CSTR enrichment culture (Table 3.2), with the summed qsmax values being 2.3 times 
higher for the SBR than for the CSTR culture. Noteworthy is the fact that the mixed-substrate CSTR 
enrichment culture displayed a combined µmax only 31% above the applied dilution rate of 0.11  
h-1. 

 

Figure 3.2: Measured and modelled glucose, xylose and biomass concentrations during the cycle analysis in 
the SBR (A) and CSTR (B) enrichment cultures. Both modelled results showed a R2 > 0.99. 

Table 3.2: Modelled qsmax and µmax for glucose or xylose and during the cycle analysis with both substrates for 
the SBR enrichment and the CSTR enrichment (measured data in Figure 3.2). The σqsmax was calculated using 
error propagation and the covariance of the Cs and Cx,0 measurement, while σµmax was calculated using error 
propagation and the covariance of the Cx and Cx,0 measurement. Biomass yields used to estimate the growth 
rate are taken from the enrichments on solely xylose or glucose as growth substrate [137]. 

 Mixed substrate 
SBR 

Mixed substrate 
CSTR 

Glucose qsmax (Cmols Cmolx-1 h-1) 2.01± 0.03 0.78 ± 0.01 

µmax (h-1) 0.26 ± 0.01 0.11 ± 0.01 

Xylose qsmax (Cmols Cmolx-1 h-1) 0.79 ± 0.01 0.46 ± 0.01 

µmax (h-1) 0.09 ± 0.01 0.06 ± 0.01 

Summed qsmax (Cmols Cmolx-1 h-1) 2.80 ± 0.04 1.24 ± 0.02 

µmax (h-1) 0.36 ± 0.04 0.17 ± 0.03 

 

Feeding a mixture of xylose and glucose led in both CSTR and SBR enrichments to one 
dominant microbial species  

According to dynamics of operational taxonomic units (OTUs) revealed by V3-V4 16S rRNA gene 
amplicon sequencing (Figure 3.4), the sequencing reads from the mixed-substrate CSTR were 
dominated by four populations affiliating with the genus Citrobacter, the family of 
Enterobacteriaceae, the family of Lachnospiraceae, and the genus Clostridium. All four populations 
stabilised after 20 SRTs, after an initial predominance of Raoultella and Citrobacter populations 
during the initial batch phase after which the reactor was switched into CSTR mode. 
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 Figure 3.4: Relative abundance of genera obtained from V3-V4 16S rRNA gene amplicon sequencing read 
counts. Genera of the Enterobacteriaceae family are shown in red colours and genera of the Clostridiaceae are 
shown in green colours. OTUs accounting for less than 3% of the reads were bundled into others (grey). 

 

Figure 3.5: Microbial composition as estimated by cloning and sequencing of full-length 16S rRNA gene 
sequences of the bacterial populations in the mixed-substrate CSTR and SBR enrichments. Lachnospiraceae 
species are denoted in blue colours, Enterobacteriaceae species in red colours and Clostridiaceae species in 
green colours. Samples used are 86 SRTs for CSTR and 53 SRTs for SBR. 

The sequencing reads of the mixed-substrate SBR were dominated by Citrobacter and 
Enterobacteriaceae. The same Lachnospiraceae genus as detected in the CSTR corresponded 
initially to 28% of the reads, stabilising at 13-15% later. Initially Dysgonomonas were significantly 
present (11%, respectively, at 16 SRTs), decreasing to less than 2% at 38 SRTs. The fractions of 
other microbial groups in the SBR remained quite high at the end of the enrichment (31-35%) 
being composed of mostly of Proteobacteria, Firmicutes, Actinobacteria and Bacteriodetes. 

The clone library of full-length 16S rRNA gene sequences established at the end of the enrichment 
was efficient to identify the dominant phylotypes with a species-level resolution (Figure 3.5). The 
amplicon sequencing results were reflected by the sequenced clone library. The predominance of 
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Citrobacter freundii, Clostridium intestinale and two uncultivated Lachnospiraceae species gave a 
similar distribution (Figure 3.5) in the CSTR enrichment. The composition of OTUs of the mixed-
substrate SBR was also confirmed, with a predominance of Citrobacter freundii, and a 8% fraction 
of the full 16S rRNA gene sequences corresponding to Raoultella ornithinolytica. An amount of 24 
clones was picked for this library, which did not result in enough resolution to also identify the 
Lachnospiraceae population or species from the others fraction. 

The FISH analysis revealed that the mixed-substrate SBR enrichment was dominated by 
Enterobacteriaceae, with 75% of the cell surface area showing fluorescence of the Ent183 probe 
(Table 3.3). A side population of Lachnospiraceae was also detected (8%). No cells hybridised with 
the Clostridium-targeting Chis150 probe. A significant fraction of 17% of microbial populations of 
the SBR enrichment remained unresolved by FISH. The CSTR enrichment was dominated by 
Clostridium (91%) with a side population of Enterobacteriaceae (11%) and a minor fraction of 
Lachnospiraceae (1%) (Table 3.3). Thus, the SBR enrichment was dominated by 
Enterobacteriaceae species and the CSTR enrichment to an even higher extend by Clostridium 
species. There is a clear discrepancy between the FISH observations and the DNA sequencing-
based observations, which will be discussed below. 

Table 3.3: Microbial composition analysis based on FISH quantification (average of three different 
measurements) of dominant populations in the mixed-substrate SBR and CSTR, with percentages denoting 
relative abundances calculated from the target-probe surface compared to EUB338 surface. Unidentified 
populations were calculated as the remaining percentage after summing up the relative abundances of the 
known populations in the first three columns. The last column shows the amount of surface probed by EUB338 
compared to DAPI. Samples used were taken at 86 SRTs for CSTR and 37 SRTs for SBR. ND = not detected. 

 Chis150 
vs. 

EUB338 
[%] 

Lac435 
vs. 

EUB338 
[%] 

Ent183 
vs. 

EUB338 
[%] 

Unidentified 
vs. 

EUB338 
[%] 

EUB338 
vs. 

DAPI 
[%] 

Mixed substrate 
SBR ND 8±6 75±8 17 103±24 

Mixed substrate 
CSTR 91±2 1±1 11±6 -2 102±24 
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Discussion 

Mixed substrate enrichment led to a similar spectrum of fermentation products as single-
substrate enrichments 

In this study we observed enrichment cultures on a mixture of glucose and xylose cultivated in 
the same way as previous enrichment cultures on the individual substrates [137]. A comparison 
was made between a CSTR regime (always substrate limited uptake rates) and SBR regime 
(maximal substrate uptake rates). The product spectrum obtained when enriching a microbial 
community on a mixture of xylose and glucose was similar to the summation of the product 
spectra obtained on the single substrates (Figure 3.S1) using the same inoculum and enrichment 
procedure. The formate and H2/CO2 ratio was different between the mixed-substrate SBR and the 
single-substrate SBRs summed up. The reason for this difference is not known, but the kLa is likely 
excluded as we observed previously that different gas flow rates do not affect the formate and 
hydrogen ratio [137]. 

The mixed-substrate CSTR was producing more butyrate and less acetate and ethanol than the 
sum of the individual product spectra would suggest, though the spectrum is similar. Feeding a 
mixture of xylose and glucose to a CSTR fermentative community enriched on xylose has 
previously yielded to a similar observation: the product spectrum of a mixed-substrate 
enrichment has been similar, but not exactly the same to the theoretical summed product 
spectrum of a single-substrate enrichment [88]. 

Pathway analysis of the enrichments reveals pentose phosphate pathway (PPP) for xylose 
fermentation and no homoacetogenesis and electron bifurcation 

When comparing the products derived from acetyl-CoA and the formate and hydrogen yields 
(Table 3.1), it can be concluded that in both enrichments acetate, ethanol, and butyrate were 
produced with a direct stoichiometric coupling with hydrogen or formate, through the 
decarboxylation of pyruvate to acetyl-CoA [51, 137]. The NADH balance showed that slightly more 
NADH was consumed than produced in both enrichments (Table 3.1). This can be corrected by 
assuming a net NADH neutral production of succinate through both the reductive and oxidative 
pathways, equal to -0.04 and -0.02 mol Cmol-1 for the SBR and CSTR cultures, respectively.  

The PPP was assumed active in both enrichments since acetate and ethanol were produced in 
equimolar amounts and no excess of acetyl-CoA derivates over formate and hydrogen was 
detected (Table 3.1). The PKP produces directly one acetate and shuttles three carbon into 
glycolysis, leading to less production of formate and hydrogen and more acetate than ethanol. 
Furthermore, the nearly closing NADH balance and the equimolar amounts of acetyl-CoA 
derivates and formate and hydrogen sustained that homoacetogenesis and electron bifurcation 
[80] did not play a significant role in these enrichments.  

Microbial community analysis showed a difference in biomass quantification between FISH 
and 16S-based methodologies 

In the mixed-substrate CSTR the 16S rRNA amplicon sequencing and the full 16S clone library 
suggested that a Clostridium, Citrobacter and Lachnospiraceae population where present in equal 
amounts in the community (Figure 3.4 and 3.5). The FISH analysis however showed a dominance 
of Clostridium (Table 3.3 and Figure 3.S2B). This difference can arise from a DNA extraction bias 
or PCR amplification bias [116] or from the fact the Clostridium cells contain an equal amount of 
16S DNA but are 5-10 times bigger than the Citrobacter and Lachnospiraceae cells, as visible using 
light microscopy (Figure 3.S4).The amount of biomass (or biovolume), rather than the cell 
number, is representative for the share in substrate turn-over in a microbial community.   This 
amount of biomass is assessed by FISH where a quantification is made based on cell-surface area. 
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Recently in other studies a similar discrepancy between biovolume and cell numbers due to 
differences in cell size have been reported [149–151] A “full cycle rRNA analysis” of a microbial 
community structure, as proposed by Amann, Ludwig and Schleifer [117] is needed to get a 
quantitative view of a microbial community structure. Such as cycle consists of first identifying 
the dominant taxa in a given sample (e.g. 16S rRNA amplicon sequencing), and then using a 
quantitative tool like FISH to estimate the fractions of these taxa in a sample.  

The CSTR enrichment resulted in a dominance of a generalist species 
We originally hypothesised that a CSTR enrichment based on a mixture of equivalent substrates 
would lead to the dominance of a generalist species over specialist species. The microbial 
community analysis showed that the mixed-substrate CSTR enrichment was dominated by a 
Clostridium population (Table 3.4, Figure 3.S3) mainly composed of Clostridium intestinale (Figure 
3.5). This species was also dominating a glucose-limited CSTR enrichment [137] and can be linked 
to butyrate production, as the CSTR makes a significant amount of butyrate and the SBR does not. 
Apparently, this species is competitive in both a sole glucose-limited CSTR environment and a dual 
xylose- and glucose-limited CSTR environment.  

To dominate under dual limitations, C. intestinale needs to have a high affinity uptake system for 
glucose and for xylose expressed. For glucose, the phosphotransferase system (PTS) and methyl-
galactoside transport system ATP-binding protein (Mgl) have both been described as high-affinity 
transporters [152]. For xylose, the xylose ABC (ATP-binding cassette) transport operon (XylFGH) 
is known as high-affinity uptake system [106]. The closest strain of which a genome is available is 
C. intestinale strain JCM 7506 (NCBI:txid1121320), also known as strain DSM 6191 (99% identity). 
This strain contains all three subunits of the PTS system in its genome and the xylose-binding 
protein XylF, enabling it to competitively take up glucose and xylose in a continuous substrate 
limited environment, leading to its dominance in a mixed-substrate environment (Figure 3.6). 
XylG and XylH are not found in its genome, but other ABC type ATP-binding proteins and 
membrane spanning proteins, found in the genome could fulfil these roles. 

 

Figure 3.6: A theoretical outcome of a CSTR enrichment with three different types of microbial species present 
at the start of the enrichment, a generalist, a xylose specialist and a glucose specialist. 

Previously, Temudo et al. [121] have characterised the effect of switching from feeding xylose or 
glycerol to feeding an equal amount of xylose and glucose or glycerol and glucose. They have 
observed that a similar amount or even less bands were observed in the molecular fingerprint of 
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the bacterial community obtained by denaturing gradient gel electrophoresis (DGGE). This 
indicated that adding a mixture of limiting substrates does not necessarily lead to more microbial 
diversity, as also observed in the mixed-substrate CSTR performed here, where a C. intestinale 
was the dominating the microbial community in terms of biovolume. 

SBR enrichment leads to dominance of a dual xylose- and glucose-fermenting species 

In the mixed substrate SBR, a dominance of Enterobacteriaceae with a side population of 
Lachnospiraceae affiliates was observed (Table 3.3, Figure 3.S4). Previously we have reported the 
dominance (>90%) of Enterobacteriaceae affiliates on SBRs limited on either glucose or xylose 
[137]. The significant side population of Lachnospiraceae present in the mixed-substrate SBR 
enrichment might have been caused by rather long cleaning intervals of wall biofilm. In this study 
the SBR was cleaned every 3-9 SRTs versus 3 SRTs in Chapter 2 (Table 3.S6). The biofilm formed 
has presumably added microbial diversity to the community in the form of Lachnospiraceae. We 
expect that a 3 SRT cleaning schedule would have led to an enrichment dominated completely 
(>90%) by Enterobacteriaceae. 

Well-studied microorganisms such as E. coli display CCR in batch [142]. Therefore, we 
hypothesised that a diauxic generalist species fermenting first glucose and then xylose would 
coexist with a specialist for xylose. We find Citrobacter freundii as the dominant 
Enterobacteriaceae in the mixed-substrate SBR enrichment, when assuming DNA extraction, copy 
number and PCR biases to be similar in this family (Figure 3.5) and a non-diauxic uptake of xylose 
and glucose (Figure 3.2). This species was also dominant in the xylose SBR enrichment (Chapter 
2), and showed a non-diauxic uptake for xylose when subjected to a cycle with xylose and glucose 
(Figure 3.S2B). 

Citrobacter freundii strains are known to ferment both xylose and glucose [153]. The qsmax of the 
sole xylose enrichment was 2.28±0.10 h-1 [137], while the mixed substrate SBR enrichment 
showed a combined qs

max of 2.80±0.04 Cmols Cmolx
-1 h-1, which is similar to the value of the xylose 

SBR subject glucose and xylose, 2.68±0.04 Cmols Cmolx-1 h-1. The dominant C. freundii species 
outcompetes xylose specialists by attaining a higher overall qsmax on xylose and glucose, and 
therefore a higher qsmax than what is achievable on solely xylose. It has been shown that E. coli can 
achieve a higher catabolic flux when taking glucose compared to xylose [154]. This can underlie 
why dual xylose glucose uptake in our study led to higher overall flux. Apparently, a xylose 
specialist or a CCR-type generalist are outcompeted by a non-diauxic dual fermenting generalist.   

XylE is a xylose symporter which is associated with high rate and low affinity [106] which makes 
this transporter likely to be expressed at high growth conditions. Outer membrane protein C 
(OmpC) and OmpF allow glucose to diffuse into the cell at high substrate concentration (>0.2 mM) 
while lambda receptor protein B (LamB) is induced under lower glucose concentrations [155]. 
The dominant strain in the mixed SBR enrichment is C. freundii strain P10159 (CP012554.1, 100% 
identity), which was also the dominant strain in the xylose SBR enrichment [137]. This strain 
contains the genes to express XylE, OmpC and LamB, which argues for its competitive uptake of 
both substrates. Xylose uptake is inhibited through a cAMP mediated pathway [155]. Since this 
species exhibited no CCR in our enrichments, it would be of interest to identify how this species 
regulated its glucose and xylose uptake. 
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Figure 3.7: Competition between a high-rate glucose specialist (orange) and a dual xylose- and glucose-
fermenting generalist. In the first phase, glucose is taken up by both species, while in the second phase xylose 
is only taken up the generalist. 

A niche is present for a glucose specialist, fermenting glucose at a µmax and qsmax higher than that 
of the generalist. A minor fraction of Raoultella ornithinolytica was detected (Figure 3.5), which 
was also detected in a minor amount in the glucose SBR enrichment [137]. Potentially, this species 
takes up glucose at a higher rate than the generalist, enabling them to coexist (Figure 3.7). Since 
the generalist grows on both xylose and glucose, this species is assumed to dominate the 
enrichment, which was reflected by the clone library (Figure 3.5). It has been shown that repeated 
batch cultivation at 60°C (5 SRTs) led to the presence of three populations for glucose, one for 
xylose, and four for a mixture of glucose and xylose [156]. Since this study only characterised the 
microbial community after 5 SRTs, it is well possible that the microbial diversity would have 
decreased for the all three enrichments. Microbial population dynamics can lead to a relatively 
long time for communities to stabilize which is visible in the mixed substrate SBR (Figure 3.4).  A 
Dysgonomonas population emerged in the reads at 7 SRTs and then became a minor fraction at 38 
SRTs, indicating some microbial interaction to take place in this timespan which causes a more 
diverse community structure. 

Here we conclude that enriching in a CSTR using mixed substrates lead to a dominant generalist 
species, confirming our hypothesis and the chemostat theory that describes the competitive 
advantage of a generalist in a chemostat. In the SBR, a generalist species was fermenting the xylose 
and glucose without carbon catabolite repression, which was not expected, postulating that 
contrary to many pure culture studies xylose and glucose are taken up in the environment by 
generalists without CCR. In dual substrate uptake, xylose fermentation is slower than glucose 
fermentation and product spectra of mixture of xylose and glucose are similar to product spectra 
from solely xylose or glucose. Microbiologists designing an industrial mixed substrate batch 
fermentation of a lignocellulosic residue containing glucose and xylose should consider that a non-
diauxic generalist is competitive in such an environment.   
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Supplementary information 

Table 3.S1: Primers used in this study 

Primer Primer Sequence (5’- 3’) Reference 

341f CCT AYG GGR BGC ASC AG  [122],[123] 

806r GGA CTAC NNG GGT ATC TAA T  [122],[123] 

GM3f AGA GTT TGA TCM TGG CTC AG [124] 

GM4r GGT TAC CTT GTT ACG ACT T [124] 

M13f GTA AAA CGA CGG CCA G [125] 

M13r CAG GAA ACA GCT ATG AC [125] 

 

Table 3.S2: FISH probes used in this study with the formamide concentration used during hybridisation 

FISH 

Probe 

Sequence 5’- 3’ Specificity Formamide 

[%] 
Reference 

EUB338 

Cy5 

GCT GCC TCC CGT AGG AGT Bacteria 
20-25 [126] 

ENT183 

Cy3 

CTC TTT GGT CTT GCG ACG Enterobacteriaceae 

family 
20 [127] 

Chis150 

Cy3 

TCT TCC CTG CTG ATA GA Clostridium genus 
25 [128] 

Lac435 

Cy3 

TTA TGC GGT ATT AAT CTY 

CCT TT 

Lachnospiraceae 

family 
25 [129] 
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Figure 3.S1: The obtained product spectrum for the mixed-substrate SBR (A) and CSTR (B) compared to the 
theoretical summed SBR (A) and CSTR (B) product spectrum based on the yields obtained for the single 
substrate enrichments [137] and using 50% of the xylose and glucose obtained yields, respectively. 
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Table 3.S3: Modelled qsmax and µmax for glucose or xylose during the cycle analysis with both substrates for 
the glucose-fed SBR enrichment culture and the xylose-fed SBR enrichment culture enriched previously [137]. 
Covariance of the biomass and xylose and glucose measurements were used to calculate the covariance of the 
rates. 

 Glucose-fed SBR Xylose-fed SBR 

Glucose 
qsmax (Cmols Cmolx-1 h-1) 2.10 ± 0.03 1.56 ± 0.02 

µmax (h-1) 0.28 ± 0.00 0.21 ± 0.00 

Xylose 
qsmax (Cmols Cmolx-1 h-1) 0.00 ± 0.00 1.12 ± 0.02 

µmax (h-1) 0.00 ± 0.00 0.13 ± 0.00 

Summed 
qsmax (Cmols Cmolx-1 h-1) 2.10 ± 0.03 2.68 ± 0.04 

µmax (h-1) 0.28 ± 0.00 0.34 ± 0.01 

 

 

Figure 3.S2: Simultaneous uptake of xylose and glucose during a cycle analysis performed in the glucose-fed 
SBR enrichment culture (A) and the xylose-fed SBR enrichment culture (B) enriched previously [137]. Biomass 
yields on xylose and glucose were fixed and obtained from previous reported biomass yields on either xylose or 
glucose [137]. R2 values are 0.84 and 0.99 for A and B respectively.   
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Figure 3.S3: Typical result obtained by FISH analysis of the mixed-substrate CSTR enrichment culture after 86 
SRTs using the EUB338 mix oligonucleotide probes to target all eubacterial species, Lac435 to target 
Lachnospiraceae, Chis150 to target Clostridium and Ent183 to target Enterobacteriaceae 

 

Figure 3.S4: Typical result obtained by FISH analysis of the mixed-substrate SBR enrichment culture after 37 
SRTs using the EUB338 mix probes to target all eubacterial species, Lac435 probe to target Lachnospiraceae, 
and Ent183 to target Enterobacteriaceae 
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Figure 3.S5: Phase contrast image using bright field microscopy of a Clostridium cell (left) and a Citrobacter 
or Lachnospiraceae cell (right). The image was digitally sharpened using the Zeiss Axio software 

Table 3.S6: Intervals of cleaning of the wall biofilm developing in the mixed-substrate SBR 

Date SRTs 
SRTs between 

cleaning 

23-5-2017 1 0 

24-5-2017 2 1 

26-5-2017 4 2 

29-5-2017 7 3 

31-5-2017 11 4 

2-6-2017 17 6 

4-6-2017 23 6 

6-6-2017 29 6 

8-6-2017 35 6 

9-6-2017 38 3 

12-6-2017 47 9 

13-6-2017 50 3 

14-6-2017 53 3 
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Abstract 

Lactic acid producing bacteria are important in many fermentations, such as the production of 
biobased plastics. Insight in the competitive advantage of lactic acid bacteria over other 
fermentative bacteria in a mixed culture enables ecology-based process design and can aid the 
development of sustainable and energy-efficient bioprocesses. Here we demonstrate the 
enrichment of lactic acid bacteria in a controlled sequencing batch bioreactor environment using 
a glucose based medium supplemented with peptides and B vitamins. A mineral medium 
enrichment operated in parallel was dominated by Ethanoligenens species and fermented glucose 
to acetate, butyrate and hydrogen. The complex medium enrichment was populated by 
Lactococcus, Lactobacillus and Megasphaera species and showed a product spectrum of acetate, 
ethanol, propionate, butyrate and valerate. An intermediate peak of lactate was observed, 
showing the simultaneous production and consumption of lactate. This study underlines that the 
competitive advantage for lactic acid producing bacteria primarily lies in their ability to attain a 
high biomass specific uptake rate of glucose, which was two times higher for the complex medium 
enrichment when compared to the mineral medium enrichment. The competitive advantage of 
lactic acid production in complex media is discussed based on the resource allocation theory for 
microbial growth processes. 

 

Keywords: Enrichment cultures – Kinetics – Lactic acid bacteria – Microbial ecology – Resource 
allocation 
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Introduction 

Lactic acid bacteria are key species in many fermentative processes [157], such as biogas 
production and food-related fermentations [158]. They also are essential in promoting human 
health, e.g. a healthy human infant microbiome [159]. In an industrial biotechnology setting, these 
microorganisms are applied in the production of lactic acid, which is used to preserve food and to 
produce the biobased and biodegradable plastic polylactic acid [160]. The lactic acid market is 
expected to reach 9.8 billion US dollars by 2025 [161] which shows the economic significance of 
lactic acid as a product. 

Ecology-based design of bioprocesses is a discipline in which ecological principles are used to 
design biochemical processes. Such designs can aid to the development of more sustainable and 
energy-efficient bioprocesses. Here, mixed cultures perform the desired conversion, in contrast 
to a pure culture or synthetic biology approach. Compared to pure culture processes, mixed 
culture processes offer the advantage of (semi)-continuous bioprocessing and omit the need for 
sterilisation of the feedstock and equipment [73]. For a stable ecology-based process its design 
needs to be based on the competitive advantage of the concerned type of conversion, i.e. for a lactic 
acid fermentation the question is which environmental conditions provide lactic acid bacteria 
with a competitive advantage over other carbohydrate fermenting microorganisms. 

Lactic acid bacteria tend to dominate in anaerobic, carbohydrate containing environments 
characterised by acidic pH and an abundant availability of compounds required for anabolism, 
such as in fermented milk, meats and vegetables [157]. Most well-studied lactic acid bacteria are 
part of the Bacilli class, such as Streptococcus, Lactococcus, Bacillus and Lactobacillus species.  
Lactic acid bacteria have high maximal biomass specific growth rates (µmax), e.g. Streptococcus 
salivarius shows a µmax of 2.8 h-1 in a complex medium at 37°C at neutral pH [162]. This can be 
compared to µmax for Escherichia coli strain K12 of around 0.98 h-1 at similar conditions [163]. 
Lactic acid bacteria seem to have a kinetic advantage over other species. 

Lactic acid bacteria only display fast growth when sufficient B vitamins and peptides are supplied 
to their medium environment. For example, Lactococcus lactis strains are auxotrophic for 14 of 
the 20 amino acids [164]. Another study compares the genomes of microbial species to predict 
auxotrophies for B vitamins and shows that of the 46 Lactobacillus species analysed all are 
potentially auxotrophic for biotin, folate, pantothenate and thiamine [118]. These studies imply 
that lactic acid bacteria grow poorly or do not grow at all in environments where such growth 
factors are not available. We therefore suggest that auxotrophy is common among lactic acid 
bacteria, certainly under conditions of high growth rates. 

Prototrophic fermentative microorganisms, which can be found in the genus of Clostridium and 
the family of Enterobacteriaceae and Ruminococcaceae, in general have lower µmax-values when 
compared to lactic acid bacteria. E. coli is a prototroph, and is reported to have a µmax of 0.31 h-1 at 
37 °C and a pH of 7 in a mineral medium with glucose [107], producing acetate, ethanol and 
formate. We hypothesise that lactic acid bacteria will outcompete prototrophic fermenters by 
achieving a higher µmax in complex environments where there is an abundance of peptides and B 
vitamins. 
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The switch between lactate production on the one hand, and acetate and ethanol production on 
the other hand, has been reported for a single species under complex medium conditions. 
Lactococcus lactis (formerly known as Streptococcus lactis), switches its catabolism from lactate 
production to acetate, ethanol and formate or H2 production at lower dilution rates, i.e. lower 
growth rates [165]. Lactate is produced from pyruvate with one enzyme and delivers and acetate 
and ethanol with five enzymes. Lactate delivers 2 ATP by substrate level phosphorylation, while 
acetate and ethanol deliver 3 ATP. This switch is thought to be caused by resource allocation, 
which essentially describes that a cell has a certain amount of functional protein available, and 
shorter catabolic pathways can evoke a higher biomass specific substrate uptake rate, qsmax, [166, 
167], often at the expense of less energy harvesting per unit of substrate.  

Here, we tested the hypothesis that lactic acid producing enrichment cultures can be obtained by 
providing a complex medium and selecting on high growth rate. We compared two parallel 
anaerobic non-axenic or open mixed culture sequencing batch reactors (SBRs) operated under 
mesophilic and slightly acidic conditions (pH = 5), with either mineral or complex cultivation 
media at relatively short doubling times (6 hours).  The cultures were characterised for their 
stoichiometric, kinetic and bioenergetic properties and the microbial community structures were 
analysed. 
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Material and Methods 

Bioreactor enrichment  

Both enrichments were performed in 3 L jacketed bioreactors with working volumes of 2 L. pH 
was maintained at 5.0 ± 0.1 using NaOH at 4 mol L-1 and HCl at 1 mol L-1. Temperature was 
maintained at 30°C ± 0.1. The cultures were stirred constantly at 300 rpm. Anaerobic conditions 
were maintained by sparging the reactor with a flow of 576 mmol N2 h-1. The off-gas was cooled 
and dried at 5°C using a gas condenser. A hydraulic retention time (HRT) and solids retention time 
(SRT) of 12 h was maintained by removing 1 L of culture per cycle under continuous stirring and 
a cycle time set to 6 h. 

The mineral cultivation medium was identical to the one used by Temudo [51] (Appendix I), 
while the complex medium was supplemented by 9 B vitamins and peptides according to Table 
4.S1 in the supplementary information. The carbon source, peptides and B vitamins and the 
ammonium, phosphate and trace elements were fed separately from 12.5 concentrated stock 
solutions and diluted using N2-sparged demineralized water. Connected to the base pump was a 
pump supplying 3% (v:v) antifoam C (Sigma Aldrich, St. Louis, Missouri, USA), which ensured a 
flow of 3-5 mL h-1 or 14-17 mL cycle-1. The glucose solution was sterilised at 110°C for 20 min. For 
the complex medium, the peptides were sterilised separately at 110°C for 20 min and the B 
vitamins were added by filter sterilisation through 0.45 µm and 0.2 µm polyvinylidene fluoride 
filters. 

The inoculum for all enrichments consisted of sludge taken from an anaerobic digester of the 
wastewater treatment plant (WWTP) Harnaschpolder, The Netherlands. The pH, temperature, 
and HRT and SRT of the digester in the WWTP were 7-7.2, 36-38˚C, and 20 days, respectively. At 
the beginning of each experiment, the reactor was seeded with approximately 10 mL of 200 µm 
filtered inoculum (0.5% of the total volume). The reactors were gradually moving from 24-h and 
12-h cycles in 3 days to the final desired 6-h cycles to maintain a HRT of 12 h. Steady state was 
assumed if during a period of at least 5 days little variation was detected in the product 
concentrations. 

Analytical methods 

Samples from the reactors were immediately filtered on 0.45 µm polyvinylidene fluoride 
membranes (Millipore, USA) and stored at -20°C until analysis. Volatile fatty acids (VFAs; formate 
to valerate), lactate, succinate and glucose were analysed using high performance liquid 
chromatograph (HPLC) method described previously [137]. Ethanol was analysed using a gas 
chromatography (GC) method described previously [137]. A more detailed explanation of the 
choice for using the refractive index or the ultra violet channel is given in Appendix 4.1. The off-
gases were monitored on-line for H2 and CO2 by a connection to a NGA 2000 MLT 1 
Multicomponent analyser (Rosemount, Shakopee, Minnesota, USA). Data acquisition (base, H2, 
CO2) was made using a BBI systems MFCS/win 2.1 (Sartorius, Göttingen, Germany). 

Methane was measured manually using GC with a Varian CP 3800 (Varian Medical Systems, Palo 
Alto, California, USA) equipped with a MolSieve capillary column (1.2 m x 1 mm; 13 x 80/100 
mesh, 50 °C) and a thermal conductivity detector (200 °C) with N2 as a carrier gas (2 mL min-1). 

Biomass concentration was measured using a standard method which relies on centrifugation of 
150 mL to separate the cells from the medium, drying these solids to obtain the total suspended 
solids (TSS) and burning these solids at 550 °C  to determine the amount of volatile suspended 
solids (VSS) [94]. This analysis was coupled to absorbance measurement at 660 nm to establish a 
correlation. Absorbance values were used to calculate the biomass concentration during the cycle 
analysis and batch experiments. 
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Cycle analysis and batch experiments 

To characterise one cycle, product and biomass concentrations were measured in parallel to H2 
and CO2 in the off-gas. Sampling and off-gas analysis were carried out as described above. The 
biomass concentration was determined spectrophotometrically at 660 nm (OD660) and this value 
was correlated to the three previous measurements of VSS. 

A batch test with lactate and a batch test with H2, and CO2 was performed in the complex medium 
enrichment. This went by adding the peptides and B vitamins and peptides together with the N, P, 
S, trace elements, and either 11 mmol of lactate or 0.46% of H2 and 1.00% of CO2. Sampling was 
conducted as in a cycle measurement.  

Microbial community analysis 

Genomic DNA was extracted using the Ultra Clean Soil DNA extraction kit (QIAGEN, Hilden, 
Germany) following manufacturer’s instructions, with the exception of heating the samples for 5 
minutes at 65°C prior to bead beating. DNA extracts were checked on a 1% agarose gel. High 
molecular weight DNA was obtained (>10 kb) with a concentration of 10 ng µL-1 or higher. 
Extracted DNA was stored at -20°C until further use.  

Analysis of the V3-V4 region of the 16S rRNA gene was conducted using amplicon sequencing. The 
extracted DNA was sent for amplification and sequencing at a commercial company (Novogene, 
China). Amplification was achieved using the universal primer set 341f (CCTAYGGGRBGCASCAG) 
/ 806r (GGACTACNNGGGTATCTAA T) [122][123]. All polymerase chain reactions (PCR) were 
carried out in 30 µL reactions with 15 µL of Phusion® High_fidelity PCR Master Mix (New England 
Biolabs, USA), 0.2 µmol L-1 of forward and reverse primers, and 10 ng template DNA. Thermal 
cycling started with denaturation at 98°C for 10 s, annealing at 50°C for 30 s, and elongation at 
72°C for 60 s for 30 cycles, prior to ending with 72°C for 5 min. These pools of amplicons were 
sequenced using an Illumina HiSeq2500 platform. The sequencing datasets were cleaned and 
trimmed according to Jia et al. [95] and processed with Qiime [96] using Uparse with a 97% 
stringency to yield operational taxonomic units (OTUs). OTUs were taxonomically classified using 
the Mothur classifier [97] with 0.8 confidence interval against the SILVA database 123 release of 
July 2015. The clean and trimmed sequences can be retrieved at NCBI using accession number 
SAMN11350619 - SAMN11350630. A technical replicate for the inoculum was made, available in 
the NCBI database. 

Cell fixation and fluorescence in situ hybridisation (FISH) were carried out as described by 
Rombouts et al. [137] using the probes listed in Table 4.S2. The samples were analysed using an 
epifluorescence microscope, Axioplan 2, (Zeiss, Oberkochen, Germany). Digital images were 
acquired using a Zeiss MRM camera together with Zeiss imaging software AxioVision version 4.7.  
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Parameter estimation of kinetics of the enrichment cultures using minimisation of residual 
error 

To estimate the kinetic parameters of the enrichments and to derive the stoichiometry of the 
process a kinetic model was built. The uptake rate was modelled using Monod equations and no 
biomass decay or pH inhibition was considered. The saturation constant of the Monod equations 
for the different microorganisms was assumed to be 0.1 g/L. It is assumed that there is a microbial 
group degrading glucose and another group degrading lactate (only in the complex medium 
enrichment). In this last case, the measured biomass was divided between glucose degraders 
(65%) and lactate degraders (35%), based on the derived stoichiometry and the ATP yield on the 
substrate corresponding to that stoichiometry. Parameter estimation was performed following 
the method proposed by González-Gil et al. [168] and is further explained in Appendix 4.2.  

ATP yield estimation using the obtained parameters 

The model estimates the distribution of substrate to select a set of catabolic pathways to obtain 
the lowest residual error with respect to the measured metabolic product distribution during a 
cycle analysis. These fractions are combined with the ATP yield per catabolic reaction to obtain 
the overall yield of ATP on substrate (YATP,S). This yield is than combined with the biomass yields 
on glucose (Yx,s) observed in time (n=3) to obtain the biomass yield on ATP harvested (YX,ATP). An 
argumentation which catabolic routes were selected for both enrichments can be found in 
Appendix 4.3. 

Estimation of µmax from on-line data collected from bioreactors 

A script was developed in Matlab version 2014 (MathWorks, Natick, Massachusetts, USA) which 
is based on determining the end of the base dosage in the cycle using a script explained in the 
supplementary information published previously [137] and explained in Chapter 2. Maximum 
biomass-specific substrate conversion rate (qsmax) is calculated using µmax and Yx,s and the Herbert-
Pirt equation [9], neglecting maintenance. 

Carbon and COD balancing 

During steady state, carbon and electron (as chemical oxygen demand, COD) balances were 
defined using the elemental metabolite matrix given in Table 4.S3 multiplied by the in- and 
outgoing rates in the reactor. COD balances were set up for the cycle analyses by dividing the 
amount of COD present in the metabolic compounds measured at a time in the cycle by the 
measured COD at the start of the cycle. 
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Results 

A complex medium promotes fermentation to VFAs and ethanol with little hydrogen while 
a mineral medium promotes acetate-butyrate-hydrogen formation 

Two anaerobic SBRs were operated with either a mineral or complex medium. The enrichments 
displayed distinct fermentation patterns after 20 SRTs. Initially, the mineral-medium enrichment 
showed a 1:2:1 acetate:propionate:butyrate product spectrum with little ethanol and no lactate 
(Figure 4.S1). This shifted after 10 SRTs to primarily acetate and butyrate, with a small amount of 
lactate and ethanol (Figure 4.1). Hydrogen was the major gaseous product in the mineral medium 
enrichment (13%±1% of incoming COD). Up to 96% ± 3% of the incoming COD could be recovered 
for this enrichment, which indicates that a minor by-product might have been missed. Succinate, 
valerate or formate concentrations were below the detection limit of 50 µM.  

 

Enrichment C-recovery (%) COD-recovery (%) H2 yield (mol Cmol-1) 

Mineral 95% ± 3% 96% ± 3% 0.28 ± 0.00 

Complex 113% ± 2% 118% ± 6% 0.02 ± 0.00 

 

Figure 4.1: Observed product spectrum on glucose for the mineral and complex medium enrichment and 
calculated carbon and COD recovery (assuming only glucose is consumed from the medium). Averages and 
standard deviations are obtained from last three product spectra of the enrichment (Figure 4.S1).  
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The complex medium enrichment showed a more dynamic product spectrum development. 
Initially lactate and acetate were the dominant products (Figure 4.S1). After 3 SRTs, the product 
spectrum shifted to acetate, propionate, butyrate, valerate, and lactate. After 31 SRTs, 0.19 Cmol 
ethanol Cmol-1 sugar was produced, and only a minor amount of hydrogen was detected in the off-
gas (1%±0% of the incoming COD) (Figure 4.1). This product spectrum was more diverse than for 
the mineral medium enrichment. The carbon balance (based on glucose as the only substrate) 
displayed a recovery of 113% ± 2%, which most likely is caused by the uptake of tryptone for 
biomass production. Considering that tryptone uptake is equivalent to the nitrogen requirements 
for biomass production, the carbon recovery would be 100% ± 2%. 

The mineral medium enrichment showed a 25% higher biomass yield on glucose than the complex 
medium enrichment culture. The µmax values for the cultures were derived with a cut-off at 20 
SRTs (Figure 4.S2). The µmax in the complex medium enrichment was 58% higher than the mineral 
medium enrichment, while the maximal biomass specific substrate uptake rate (qsmax) was even 
94% higher (Table 4.1). 

Table 4.1: Key kinetic, stoichiometric and bioenergetic parameters of the glucose fermenting SBR enrichment 
cultures. Observed µmax obtained through processing of online base-dosage data after 20 SRTs (1 SRT = 12 h), 
estimated qsmax and biomass yield on glucose (Yx,s). Calculated Yx,ATP using the observed Yx,s and the YATP,s 
obtained from the best fitting catabolic product distribution profile with the 95% confidence interval values 
given in brackets. 

Enrichment 

medium 

µmax 

(h-1) 

qsmax 

(C-molS C-

molX-1 h-1) 

Yx,s 

(C-molX C-molS-1) 

YATP,s 

(molATP 

molS-1) 

Yx,ATP 

(gX molATP-1) 

Mineral 0.17 ± 0.02 1.17 ± 0.30 0.15 ± 0.04 
3.04  

[3.02, 3.05] 

7.0 

[5.4, 8.7] 

Complex 0.27 ± 0.01 2.27 ± 0.11 0.12 ± 0.00 
1.46  

[1.43, 1.48] 

7.9  

[7.7, 8.0] 

Cycle analysis reveals potential storage of glucose when using a mineral medium and an 
intermediate lactate peak when using a complex medium  

The product and substrate concentrations during a representative cycle in the SBR are shown in 
Figure 4.2 for both enrichments.  In the enrichment culture on mineral medium, glucose was 
converted to mainly acetate and butyrate with minor amounts of ethanol and lactate (Figure 
4.2A). The formation of fermentation products proceeds after glucose depletion. The COD 
recovery during the cycle showed that during the glucose consumption phase the COD of 
consumed glucose is not fully recovered in the measured products (Figure 4.S7A), while in the 
subsequent period in the cycle the product concentration increased and finally a full recovery of 
consumed COD is observed. This indicates formation of an intermediate product which is 
probably a storage product, most likely a polymer of glucose. 

In the complex medium enrichment, lactate and ethanol were formed in the glucose consumption 
phase (Figure 4.2B). When glucose was depleted, ethanol formation stopped, while lactate was 
consumed. In this secondary fermentation, acetate, propionate, butyrate, valerate and CO2 were 
formed. This secondary fermentation of lactate was confirmed by a pulse experiment with lactate, 
peptides, and B vitamins (Figure 4.S5). The COD recovery showed no indications of an 
intermediate product or storage of glucose, since all COD consumed could be accounted for in the 
dissolved or gaseous products formed when the glucose was depleted (Figure 4.S7B). No 
homoacetogenesis was observed when H2 and CO2 where used as substrate in a batch experiment 
(Figure 4.S6) and no methane was measured during the cycles in the complex medium enrichment 
(data not shown). 
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Figure 4.2: Observed (points) and modelled (lines) amount of substrate and product in the mineral (A) and 
complex (B) medium and enrichment at day 33 (40 SRTs) and day 29 (49 SRTs) respectively. 

Supplementing peptides and B vitamins led to significant presence of lactic acid bacteria 
and more microbial diversity 

Clostridium was the dominant OTU (77% at 32 SRTs) with and Ethanoligenens second (11% at 32 
SRTs) in the mineral medium enrichment culture (Figure 4.3A). FISH analysis showed a different 
composition and demonstrated dominance in biovolume of Ruminococcaceae using the rums279 
probe, to which the genus of Ethanoligenens belongs (Figure 4.3G). Only a minor biovolume of 
Clostridium was detected using the Chis150 probe (Figure 4.3F). Lactobacillus was present as a 
very minor population (Figure 4.S4) in the mineral medium enrichment. The discrepancy between 
sequencing results and FISH evaluation shows that complementary observations of the microbial 
community structure are needed when analysing a microbial community, referred to as the “full 
cycle rRNA analysis” by Amann et al. [169]. 

Lactococcus and Lactobacillus were dominant OTUs in the complex medium enrichment (Figure 
4.3B and 4.3C). Their dominance was confirmed by FISH analysis using the Lactococcus4 
(Lactococcus) and Lacto722 (Lactobacillus) probes. The presence of Megasphaera and minor 
presence of Clostridium was also confirmed using the Mega-X (Megasphaera) and the Chis150 
(Clostridium) probes.  

The diversity of the obtained microbial community structures using 16S rRNA amplicon 
sequencing can be calculated using the Shannon index for the observed genera with a read-
abundance >3% of the total OTU’s. For the mineral medium the Shannon index was 0.94 (sample 
at 32 SRTs) and for the complex medium this was 1.34 (sample taken at 41 SRTs). Thus, more 
microbial diversity was observed in the complex medium enrichment compared to the mineral 
medium enrichment on the basis of the number of genera found (Figure 4.3A).  
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Figure 4.3: Result of the FISH and V3-V4 16S rRNA gene analysis with OTUs grouped at genus level. 16S rRNA 
gene identification of the microbial community composition in time for both enrichments (as SRTs) at genus 
level (A). Less than 3% genera are grouped as others. FISH is shown with target-probe in red using Cy3 as 
fluorescence marker and EUB338 targeting all eubacterial biomass in blue using Cy5. The pictures show 
complex medium enrichment probed with Lactococcus4 (B), Lacto722 (C), Chis150 (D) and Mega-X (E) and 
the mineral medium enrichment probed with Chis150 (F) and rums278 (G).
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Discussion 

Supplementation of peptides and B vitamins leads to dominance of lactic acid bacteria and 
high qsmax through resource allocation 

In this work we demonstrate that lactic acid bacteria outcompete prototrophic type fermenters 
(e.g., Clostridium species) when nutritive conditions were favourable, i.e., with sufficient amount 
of amino acids and B vitamins in an SBR cultivation mode. Kim and colleagues [170] have shown 
that lactic acid bacteria can be enriched in a continuous-flow stirred tank reactor (CSTR) process. 
They operated the CSTR anaerobically, at pH 5.0 and thermophilic (50 °C) conditions with a SRT 
of 12 h, with glucose and yeast extract as fermentable organic substrates. Yeast extract is a well-
known source of peptides, amino acids, B vitamins and carbohydrates. In cabbage fermentations 
lactic acid bacteria are known to be the dominant organism [171], while fermentable substrates 
with low protein content, such as starch, Clostridium species are the dominant organism [172]. 

Lactic acid bacteria are well known to be auxotrophic for amino acids [173], while their 
auxotrophy for B vitamins is more ambiguous. Some lactic acid bacteria might actually be 
producers of B vitamins [174]. Studies with lactic acid bacteria on synthetic medium have 
demonstrated the specific compounds needed for growth [175], up to individual amino acids 
[164]. The effect of decreasing medium complexity has been illustrated by Olmos-Dichara et.al 
[176]. When the “richness” of the growth medium was decreased, the qsmax remained stable, while 
the growth yield decreased. This shows that the medium complexity directly influences the 
bioenergetics of L. casei, resulting in a lower biomass production when peptides and/or B 
vitamins are insufficiently supplied in the medium. 

Lactic acid bacteria have a competitive advantage by attaining high growth rates in complex 
media. The biomass yield of the complex medium enrichment culture was 20% lower than for the 
enrichment culture on a mineral medium. The maximal substrate uptake rate was almost double 
for the community enriched on a complex medium versus mineral medium (Table 4.1). Lactic acid 
production is clearly a metabolic strategy of high flux but low efficiency. This is supported by the 
observation that lactic acid bacteria switch to acetate and ethanol production when substrate 
conversion rates decrease, i.e. lower growth rates [93]. Acetate/ethanol production generates 3 
instead of 2 moles ATP for lactate fermentation on glucose. This can be placed well in the context 
of resource allocation theories, given a certain protein budget [177]. Less biosynthetic enzymes 
needed for amino acids and B vitamin synthesis lead to a smaller anabolic proteome. A smaller 
anabolic proteome can imply a bigger catabolic proteome, as demonstrated when comparing the 
proteome from E.coli grown in a mineral and complex medium [178]. Lactate catabolism requires 
one enzyme from pyruvate, while acetate/ethanol production requires at least 5 enzymes. 
Furthermore, at increasing growth rates, ribosome and RNA polymerase content is higher [179]. 
Lactic acid bacteria are assumed to have optimally distributed their metabolic enzyme levels 
[180], enabling a high overall metabolic flux.  
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Mineral medium enriched for an acetate-butyrate type fermentation, potential glucose 
storage and the class of Clostridia 

The product formation spectrum from the mineral medium enrichment culture was evaluated to 
identify the most dominant catabolic route. It was found that our flux-based model fitted best 
when 44% of the glucose was converted through the acetate-butyrate pathway involving electron 
bifurcation (Table 4.S4). The microbial community was populated by two genera from the class of 
Clostridia: an Ethanoligenens population and Clostridium population, with the Ethanoligenens 
population being dominant (Figure 4.3). Ethanoligenens harbinense is a species known to produce 
ethanol, acetate  and butyrate [181, 182]. Cluster 12 of Clostridium was identified (Figure 4.3A) 
and Clostridium pasteurianum is a well-studied species in this cluster (SILVA release 138).  
C. pasteurianum is known for acetate-butyrate production involving electron bifurcation [24]. This 
organism has also been found in a fermentative granular enrichment culture which stored poly-
glucose [183]. Effectively 20% of the glucose was potentially metabolised via a carbon storage 
pool (Figure 4.S6A). The storage response in the mineral medium enrichment makes the 
community maximise its substrate uptake rate (competitive advantage) while growing at a more 
balanced growth rate over the SBR cycle. 

Complex medium enriched for production of VFAs through lactic acid formation and 
consumption and is linked with lactic acid bacteria and Megasphaera 

Evaluating the pathways for the complex medium enrichment showed a best fit when glucose was 
catabolised through the heterofermentative (69%) and homofermentative (31%) pathway (Table 
4.S4). Lactate was subsequently fermented into propionate, butyrate, valerate, H2 and CO2. The 
secondary lactate fermentation was confirmed in a batch experiment with the enrichment culture 
and replacing glucose with lactate (Figure 4.S5). The microbial community analysis revealed a 
dominance of Lactobacillus, Lactococcus and Megasphaera (Figure 4.3). 

Lactococcus species are known homofermentative lactic acid bacteria, while Lactobacillus and 
Leuconostoc species can also be heterofermentative [4]. Megasphaera elsdenii is known to produce 
acetate, propionate, butyrate and valerate from lactate [184]. Megasphaera is known to convert 
lactate in the intestinal tract of cows, pigs and humans [185] and is linked to lactate-mediated 
medium-chain length carboxylate production microbiomes [42]. Megasphaera elsdenii 
interestingly prefers lactate uptake over glucose uptake, taking up limited amounts of glucose 
when lactate is present [186], which argues for the Megasphaera species having a mainly lactate 
fermenting role in the community.  

Bioenergetics of complex and mineral-type fermentation: supplementation might lead to a 
more efficient metabolism 

The lower growth yield in the complex medium (Table 4.1) is counterintuitive since these bacteria 
grow on a complex medium and do not need to produce amino acids themselves. To compare the 
impact of the supplementation of peptides and B vitamins on the metabolism, we calculated the 
Yx,ATP for both enrichments from the catabolic ATP yields estimated (Table 4.1). For the mineral 
enrichment a 11% lower Yx,ATP value was estimated. This difference is however not statistically 
significant from the complex medium Yx,ATP (one-tailed t-test gives p=0.45).  

Prototrophic fermenters such as Escherichia coli and auxotrophic fermenters such as Lactococcus 
lactis have similar protein and RNA content (Table 4.S5). Stouthamer estimated that the 
supplementation of amino acids only induces a minor decrease in Yx,ATP [187]. The growth yield of 
E. coli fermenting glucose in complex medium is only 13% higher than on mineral medium  [188]. 
The synthesis of amino acids consumes a relatively low amount of ATP, while uptake of amino 
acids consumes also some ATP. The polymerisation of proteins is the main ATP consuming 
process, next to RNA synthesis [187]. We expect that the  biosynthesis of B vitamins requires a 
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relatively small ATP-flux, as B vitamins are present in trace amounts in bacterial biomass (<10-5 
in g g-1) [189]. The difference in anabolic efficiency we estimated is much less than the difference 
observed in µmax, indicating that the complex medium promotes high growth rates rather than 
high biomass yields. By minimising both the fermentative and the biosynthetic enzyme levels, 
lactic acid bacteria can allocate more functional protein to increase the growth rate of their cells. 

Directing product formation in open mixed culture fermentation through lactic acid 

The consequence of these different ecological types of fermentations are important for 
understanding mixed-culture fermentation in bioprocesses aimed to produce economically 
interesting compounds. The difference in hydrogen production we observed here (Figure 4.1) has 
been reflected in a meta-study comparing different feedstocks for the production of hydrogen: 
food and municipal waste streams generate 32-42% less hydrogen than industrial and (pre-
treated) agricultural residue waste streams [190]. Food waste typically contains more than 10% 
(w:w) of protein [191], while agricultural residues contain low amounts of protein, e.g., wheat 
straw contains 0.6% (w:v) [192]. This leads to food waste fermentations being dominated by lactic 
acid bacteria and the secondary lactate fermentation producing significantly propionate and no 
or small amounts of hydrogen gas. In contrast, fermentations of (pre-treated) agricultural 
residues are dominated by acetate/butyrate producing bacteria, such as Clostridium species, 
resulting in significant amounts of hydrogen produced. Using this ecological understanding, 
protein-rich feedstocks with readily fermentable carbohydrates are a good target to directly 
produce lactic acid, while protein-poor feedstocks are a good target to produce VFAs and 
hydrogen (Figure 4.5). 

 

Figure 4.5: Ecology-based design of utilizing abundant waste streams such as protein-rich food waste and 
protein-poor paper mill effluent for mixed-culture fermentations 

Here we used enrichment culture to better understand the ecological niche of lactic acid bacteria, 
showing that lactic acid bacteria outcompete prototrophic type fermentative bacteria on high 
biomass specific substrate uptake rate and growth rate. This behaviour can be explained in line 
with the resource allocation hypothesis for protein allocation: lactic acid bacteria can dedicate a 
higher share of their proteome to catabolism, ribosomes and RNA polymerases and therefore are 
able to attain a significantly higher substrate uptake rate and growth rate. Future research should 
aim to predict the metabolic performance of fermentative ecosystems using a resource allocation-
based strategy, ultimately extending this effort to predict the outcome of competitions between 
all known microbial metabolisms a priori.  
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Supplementary Information 

Table 4.S1: Medium composition mineral and complex enrichment performed. Trace elements added are in 
the same concentrations as the enrichments performed previously in our lab [137] 

Medium A 
Mineral 
(mg L-1) 

Complex 
(mg L-1) 

Glucose 4000 4000 

Tryptone 0 800 

B vitamins   

Thiamine  B1 - 0.04 

Riboflavin B2 - 0.04 

Nicotinic acid B3 - 0.04 

Ca-pantothenate  B5 - 0.04 

Pyridoxine B6 - 0.20 

Biotin B7 - 0.40 

p-Aminobenzoic 
acid  

Precursor B9 
- 0.10 

Folic acid B9 - 0.04 

Cyanocobalamin B12 - 0.04 

Medium B       (mg L-1) Both enrichments 

NH4Cl 1340 1340 

NaCl 292 292 

KH2PO4 780 780 

MgCl2 · 6 H2O 120 120 

Na2SO4 · 10 H2O 130 130 

Trace elements As in Appendix I 
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Table 4.S2: FISH probes used in this study. The percentage of formamide during hybridization is given. 

Probe Specificity 
Formamide 

(%) 
Sequence (5’ → 3’) Reference 

EUB338 Nearly all eubacteria 5-25 
GCCTTCCCACATCG
TTT 

[126] 

Chis150 
Genus of Clostridium - 
species from sensu stricto 
I to XII 

25 
TTATGCGGTATTAA
TCTYCCTTT 

[193] 

Rums278 
Family of 
Ruminococcaceae  

20 
GTCCGGCTACCGAT
CGCG 

[194] 

Lacto722 Genus of Lactobacillus 25 
YCACCGCTACACAT
GRAGTTCCACT 

[195] 

Lactococcus4 Genus of Lactococcus 5 
CTGTATCCCGTGTC
CCGAAG 

[196–198] 

Mega-X Genus of Megasphaera 25 
GACTCTGTTTTTGG
GGTTT 

[199] 

 

Table 4.S3: Elemental metabolite matrix used to set up the carbon and COD balances. 

Compound 
C 

(Cmol) 
COD 

(gCOD g-1) 

Glucose 6 1.07 

Acetate 2 1.07 

Butyrate 4 1.82 

Propionate 3 1.30 

Lactate 3 1.08 

Succinate 4 0.95 

Valerate 5 2.06 

Ethanol 2 2.08 

Formate 1 0.35 

H2 0 7.94 

CO2 1 0.00 

Biomass 1 1.36 
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Table 4.S4: The catabolic distribution of both enrichments with respect to the imposed catabolic reactions 
obtained from the parameter estimation. The percentages sum up to 100% glucose used in the catabolism and 
do not include the modelled storage polymer assumed for the mineral medium enrichment. 

No. Catabolic reaction Mineral Complex 

Glucose utilising pathways 

1 1 glucose → 2 lactate + 2H+ 9% 39% 

2 1 glucose → 1 lactate + 1ethanol + 1H+ + 1 CO2  61% 

3 1 glucose → 1 acetate + 1 ethanol + 1H+ +2 H2 + CO2 33%  

4 
1 glucose → 0.67 acetate + 0.67 butyrate + 1.33 H+ + 2.67 

H2 + 2 CO2 
44%  

5 1 glucose → 1 butyrate + 1H+ + 2 H2 + 2 CO2 10%  

6 
1 glucose → 0.67 acetate + 1.33 propionate + 2H+ + 0.67 

CO2 
4%  

Lactate utilising pathways 

7 3 lactate → 1 acetate + 2 propionate + 2 CO2  78% 

8a 1 lactate + 1 acetate + 1H+ → 1 butyrate + 1 H2O + 1 CO2  8% 

8b 2 lactate + 1H+ → 1 butyrate + 2H2 + 2 CO2  6% 

9 1 lactate + 1 propionate + 1H+ → 1 valerate + 1 CO2  7% 

 

Table 4.S5: Protein and RNA content of two distinct fermentative microorganisms expressed as weight 
percentage of cell dry weight averaged over a range of dilution rates from chemostat steady states 

Microorganism Protein content 
[%] 

RNA content  
[%] 

Reference 

Escherichia coli 55-62 10-16 [200] 

Lactococcus lactis 45 ± 2 6.5-9.5 [201] 
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Figures 

 

Figure 4.S1: Product yields of the enrichment cultures on mineral (top) and complex (bottom) medium in time. 
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Figure 4.S2: Estimated growth rate for the enrichment cultures on mineral (top) or complex (bottom) media 
as function of time. The cut-off chosen to estimate the kinetic parameters of Table 4.1 is given with a line.  
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Figure 4.S3: FISH analysis of the complex medium enrichment using the rums278 probe (A) and the mineral 
medium enrichment using the Lacto722 probe (B). Target probe is in red using the Cy3 fluorescent label, 
eubacterial is in blue using the EUB338 and Cy4 as fluorescent label 

 

Figure 4.S4: Batch experiment with lactate as carbon source and the same number of peptides and B vitamins 
as for glucose in the enrichment culture on the complex medium 
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Figure 4.S5: Thermodynamic analysis (circles) and acetate concentration (squares) during the batch 
experiment with H2 and CO2 in the complex medium enrichment 

 

Figure 4.S6: COD recovery during the SBR cycle displayed in figure 2 for mineral medium (A) and complex 
medium (B) using the elemental metabolite matrix listed in table S3.  
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Appendix 4.1 – Use of refraction index and UC detectors in the HPLC analysis 

In the HPLC analysis, the refraction index (RI) spectrum was always used to check for the presence 
of peaks in the UV spectrum, as all compounds cause a change in refractive index, while only 
carboxylic acids absorb in the UV spectrum. In the mineral medium, glucose was quantified from 
the RI spectrum, and organic acids from the UV spectrum. A significant peak of succinate in the UV 
was not present in the RI spectrum, thus is not quantified from UV. 

In the complex medium, acetate and succinate were quantified from the RI spectrum. At the 
retention time of these two compounds, a peak was present in the UV spectrum when running a 
sample of the combined medium A and B, indicating the presence of UV absorbing compounds in 
the influent. 

For the cycle analysis, samples of the complex medium, propionate and butyrate were quantified 
using RI detection, since absorbance on the UV channel was poor for these peaks. For the cycle 
analysis, measurements of samples of mineral medium, acetate and butyrate concentrations were 
obtained from the RI channel. 

For the lactate pulse experiment in the complex medium enrichment, acetate and lactate were 
quantified from the RI spectrum. 

Appendix 4.2 – Bootstrap method 

To estimate robust parameters and to avoid being stuck at local minima, the bootstrap 
methodology was followed [202]. With it the expected parameter values and their confidence 
intervals were determined. 

The model minimises the normalised root squared mean deviation (Eq. 1) between the 
experimental data and the simulated data of the model. 

𝑁𝑅𝑀𝑆𝐷 = √
1

𝑚 · 𝑛
∑ ∑ (

𝑦𝑗,𝑖(𝜃) − �̂�𝑗,𝑖

𝜎𝑗
)

2𝑛

𝑗=1

𝑚

𝑖=1

 (1) 

where m is the number of measurement times, n the number of measured compounds (n=9 in the 
mineral medium enrichment and n=10 in the complex medium enrichment), y is the simulated 
concentration value, �̂� is the experimental concentration value, 𝜃 represent the calibration 
parameters and σ is the experimental standard deviation of the concentration values of a 
compound. The subscript i refers to the different measurements over time and the subscript j 
refers to the different compounds. 

After the first parameter estimation, the reference residuals (i.e. the difference between the 
experimental and simulated concentration) are calculated. These residuals are used to generate 
new synthetic experimental data, which is then used to estimate a new set of parameters. A 
population of parameters is generated by iterating until convergence and can be used to 
determine robust estimates and uncertainty quantifications. 

A Monte Carlo procedure was used to propagate the uncertainty of the estimated parameters. 
Samples of the parameter population are chosen using Latin Hypercube Sampling to ensure a 
maximal coverage of the parameter space [203]. The Monte Carlo procedure can be briefly 
summarised in three steps: i) select a random sample of the estimated parameter population; ii) 
run the model and store the solution; iii) iterating 500 times steps i) and ii) until the distribution 
of model solutions converges. 
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A reference set of parameters is estimated using the Matlab command lsqnonlin (Eq. S1). 

𝜃∗ = 𝑎𝑟𝑔𝜃 min ∑ ∑ (
𝑦𝑗,𝑖(𝜃) − �̂�𝑗,𝑖

𝜎𝑗
)

2𝑛

𝑗=1

𝑚

𝑖=1

 (S1) 

where 𝜃∗ is the set of parameters to estimate, y is the simulated concentration value, �̂� is the 
experimental concentration value and σ is the experimental standard deviation of the 
concentration values of a compound. The subscript i refers to the different measurements over 
time and the subscript j refers to the different compounds. 

The vector of reference residuals are determined (Eq. S2) 

 

𝑒 = 𝑦𝑗,𝑖(𝜃∗) − �̂�𝑗,𝑖 (S2) 

where e is the reference residuals. 

Synthetic data is generated by randomly adding the reference residuals to the experimental data 
(S3). 

�̂�𝑗,𝑖
∗ = �̂�𝑗,𝑖 + 𝑒𝑘 (S3) 

where �̂�∗ are the new synthetic experimental data and ek are elements randomly sampled from e. 

A new set of parameters is determined with the new synthetic data (Eq. S4). 

𝜃𝑗 = 𝑎𝑟𝑔𝜃 min ∑ ∑ (
𝑦𝑗,𝑖(𝜃) − �̂�𝑗,𝑖

∗

𝜎𝑗
)

2𝑛

𝑗=1

𝑚

𝑖=1

 (S4) 

Where 𝜃𝑗 is the set of estimated parameters corresponding to iteration j. 

Iterate through steps 3 and 4 (𝑛𝐼𝑡=500). The mean and standard variation of the population of 
estimated parameters are used as convergence indicators.  

For a high number of iterations, the expected value of the parameter set can be approximated to 
the mean value of the distribution of parameters (Eq. S5). The confidence intervals for a α=0.05 
significance are determined by the quantile function (Eq. S6) 

𝜃 =
1

𝑛𝐼𝑡
· ∑ 𝜃𝑗

𝑛𝐼𝑡

𝑗=1

 (S5) 

where 𝜃 is the parameter set expected values. 

𝜃𝛼
2

= {𝜃: 𝑃𝑟 (𝜃𝑗 ≤ 𝜃𝛼
2

) = 𝛼/2} 

𝜃1−𝛼/2 = {𝜃: 𝑃𝑟(𝜃𝑗 ≤ 𝜃1−𝛼/2) = 1 − 𝛼/2} 

(S6) 
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Appendix 4.3 – Selection of relevant catabolic pathways 

An overview of the selected metabolic pathways and associated growth rates shows that all 
assumed catabolic pathways have sufficient growth rates to occur in the constructed SBR 
ecosystem (Table 4.S6). 

Table 4.S6: Catabolic stoichiometries derived from metabolic network presented in Figure 4.4. Ferredoxin 
generated by butyrate (through electron bifurcation) and valerate production can be used to generate extra 
ATP using a pmf. Propionate is assumed to be produced through the Acrylyl-CoA pathway, as this is a less 
efficient but faster pathway [31]  and the SBRs are assumed to select on maximal conversion rates [137]. These 
catabolic stoichiometries are used to fit the product spectrum of both enrichments and the associated possible 
pathways (Figure 4.S4). Blue coloured conversions are used only for the complex enrichment culture, yellow 
coloured conversions for the mineral enrichment culture, green coloured conversions are used for both. 

No. Catabolic stoichiometry Reference 

species 

µmax 

(h-1) 

YATP,S  

(mol mol-1) 
Reference 

Glucose utilising pathways 

1 1 glucose → 2 lactate + 2H+  
Lactococcus 

lactis 
1.10 2 [175] 

2 
1 glucose → 1 lactate 

+1 ethanol + 1H+ + 1 CO2  

Lactobacillus 

reuteri 
0.43 1 [204] 

3 

1 glucose → 1 acetate  

+1 ethanol + 1H+ +2 H2 +2 

CO2 

Ethanoligenens 

harbinense 
0.31 3 [205] 

4 

1 glucose → 0.67 acetate + 

0.67 butyrate +1.33H+ +2.67 

H2  

+2 CO2  

Clostridium 

pasteurianum 
0.23 3.33 

[206] 

[207] 

5 
1 glucose → 1 butyrate +1H+  

+2 H2 +2 CO2 

Clostridium 

tyrobutyricum 
0.21 3 [28] 

6 

1 glucose → 0.67 acetate + 

1.33 propionate + 2H+ + 

0.67 CO2 

Bacteroides 

fragilis 
0.15 2.67 [208] 

Lactate utilising pathways 

7 
3 lactate → 1 acetate  

+2 propionate + 1 CO2 

Megasphaera 

elsdenii 

 

0.62 

0.5 

[184] 

 
8 

2 lactate +2x acetate + 

1+xH+  → 1+x butyrate   

+ 2-2x H2 + 2 CO2 

0.75+0.25x 

9 
1 lactate +1 propionate + 

1H+ → 1 valerate + 1 CO2 
1 



Chapter 4 - Selecting for lactic acid producing and utilising bacteria in anaerobic enrichment cultures 

 

108 

 

Appendix 4.4 - Argumentation for the selected pathways 

Mineral medium 

Ethanoligenens and Clostridium populated the mineral medium enrichment, with Lactobacillus 
confirmed to be absent (Figure 4.3, Figure 4.S3B). Ethanoligenens species are known to produce 
acetate, ethanol and butyrate [181, 182], though electron bifurcation is not investigated in this 
genus. Clostridium species belonging to cluster 12 are known to produce, acetate, ethanol, 
butyrate and are confirmed to use electron bifurcation [24]. Lactate utilisation was not included, 
as lactate was not consumed during the cycle (Figure 4.2). Homoacetogenesis and 
methanogenesis were not considered relevant in this environment. Lactate production from 
glucose has been measured for Clostridium pasteurianum [209]. Propionate production was 
assumed to be performed through the acrylate pathway [210] , using pyruvate directly from 
glucose. This is a pathway that generates less ATP but attains higher growth rates [31] and 
propionate is formed directly from glucose, as no lactate consumption is observed. This 
catabolism is not matched with the microbial community. 

Complex medium 

Lactic acid bacteria and Megasphaera were observed to be the dominant populations in the 
complex medium enrichment. Lactic acid bacteria are known to be homo or heterofermentative 
(reaction 1 and 2, Table 4.S6) [4]. They are also known to produce acetate and ethanol coupled to 
formate and hydrogen [4]. When including this reaction in the modelling it was not selected, thus 
it is not used here. Megasphaera species are known to utilise all three lactate utilising pathways 
(reaction 7,8 and 9). Homoacetogenesis and methanogenesis were not considered in the 
modelling of the carbon fluxes in as both reactions were measured not to be active in this 
enrichment (Figure 4.S6 and data not shown).  

  



Chapter 5 - Metabolic interactions driving microbial diversity in a xylose fermenting chemostat enrichment culture 

 

109 

 

Chapter 5 - Metabolic interactions driving microbial diversity in a 

xylose fermenting chemostat enrichment culture 

 

 

 

 

 
 

Manuscript in preparation 
To be submitted to Frontiers in Microbiology - Microbial Symbioses 

Julius L. Rombouts1 Kelly Hamers1, Laura C. Valk1, Jeroen Frank2, Sebastian Lücker2, Dimitri 
Sorokin1,3, David G. Weissbrodt1, Robbert Kleerebezem1, Mark C.M. van Loosdrecht1 

1Section Environmental Biotechnology, Delft University of Technology, Department of 
Biotechnology, Delft, the Netherlands 

2Department of Microbiology, Institute for Water and Wetland Research, Radboud University, 
Nijmegen, the Netherlands 

3Winogradsky Institute of Microbiology, Centre for Biotechnology, Russian Academy of Sciences, 
Moscow, Russia 



Chapter 5 - Metabolic interactions driving microbial diversity in a xylose fermenting chemostat enrichment culture 

 

110 

 

Abstract 

Microbial diversity in terms of species is a vast reservoir of complexity which probably 
outnumbers the stars in our universe. Understanding the mechanisms that drive this 
diversification is one of the primary goals of microbial ecology. Metabolic interactions, be it 
competitive or cooperative mechanism, are constantly shaping microbial communities. Here, 
enrichment culturing is used as a tool reduce the complexity of microbiomes to a case where two 
dominant species are competing for xylose in a continuous xylose limited environment. A 
complementary approach of metabolomics, metagenomics and isolation culturing was used to 
hypothesize how the metabolic interactions in this culture function. Citrobacter freundii and “Ca. 
Galacturonibacter soehngenii” were shown to be dominating the created environment as 
confirmed by metagenomics and quantified using fluorescent in situ hybridization (41%±5% and 
47%±7% respectively of the bacterial cell surface). We hypothesized that alanine, pyridoxine and 
biotin are shared by Citrobacter freundii toward “Ca. Galacturonibacter soehngenii”. Initially 
xylose was the only fermentable carbon source supplied besides a mineral medium. A differential 
enrichment was performed using a supplemented medium based on the mineral medium with the 
addition of alanine, pyridoxine and biotin. After 54 solids retention times of culturing, Citrobacter 
freundii and “Ca. Galacturonibacter soehngenii” were detected as 21%±9% and 67%±17% of the 
bacterial cell surface respectively. We propose a model where commensalism and competition 
drive this coexistence. This model might extend as a general concept in carbohydrate 
fermentations, where prototrophic r-strategists limit the growth of auxotrophic K-strategists. 

 

Keywords: Enrichment culturing – chemostat – xylose – microbial diversity – fermentation – 
metabolic interactions – metagenomics – metabolomics  
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Introduction 

The microbial diversity in terms of species that we can observe probably outnumbers the amount 
of stars in our universe [211]. In line with the theory of evolution proposed by Charles Darwin 
[212], microbial species have evolved over many generations into their most optimal ecological 
state due to survival of the fittest. As the microbial world is crowded, metabolic interactions are 
unavoidable. Microbial diversity is constantly shaped by these metabolic interactions, which 
trigger evolutionary strategies for the members of a microbial community.  

A single microbial member is commonly viewed as a microbial strain or a microbial genotype.  
Metabolic interactions can be characterized as competitive mechanisms or cooperative 
mechanisms, us outlined by Hibbing et al.[213]. Metabolite exchange between bacteria is an 
example of a cooperative mechanism.  Pande and Kost have outlined several hypotheses why and 
how bacteria are triggered to exchange metabolites [214]. In their scenario that sketches the 
evolution of metabolite sharing, two community members start by interacting due the secretion 
of metabolic by-products. This triggers an “auxotrophic loss of function” by the recipient member. 
This auxotrophic loss of function likely gives the recipient member a fitness benefit, which can be 
expressed in terms of biomass specific growth rate (µ) and is observed using pure culture 
approaches using e.g. E. coli [215]. Metabolite exchange can occur as exchange of anabolic 
metabolites, creating anabolic dependencies. 

Enrichment culturing can offer the biological complexity of environments while giving the 
researcher a tool to manipulate the environmental conditions. A chemostat, or continuous-flow 
stirred tank reactor (CSTR) can be used as a tool to impose a specific dilution rate on a microbial 
community. Here, the dilution rate equals µ and Monod kinetics apply to describe the microbial 
growth on a certain substrate S:  

µ =  µmax ∙
Cs

Cs+Ks
     (1.1) 

The maximum biomass specific growth rate (µmax) is commonly estimated using batch cultures. 
The residual substrate concentration Cs in the bioreactor is determined by the combination of µmax 
and the affinity constant for this substrate, Ks. In the case of a single substrate limitation, the 
member of the community with the best “affinity” for the substrate given a certain µ, can lower 
the residual concentration to such an extent that other members will be washed out. This concept 
can be illustrated by plotting the Cs against the applied µ [140]. Competition for substrates is one 
of the competitive mechanisms driving microbial diversity [213].  
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Figure 5.1: The complementary approach used to detect metabolic interactions 

In this chapter, the aim is to understand metabolic exchange between bacterial members using a 
complementary approach of enrichment culturing, metabolomics, metagenomics and isolation 
studies (Figure 5.1). A microbial community obtained previously (Chapter 2) was studied which 
was shown to be dominated primarily by Citrobacter freundii and an uncharacterized 
Lachnospiraceae population. This chapter uses enrichment culturing to find its niche in the bridge 
between pure culture ecosystems and complex microbiomes. The final aim of this work is to 
contribute to the understanding of how and why microbial populations coexist in natural or man-
made ecosystems. 

Material and Methods 

Enrichment culturing 

The CSTR was inoculated with enrichment culture remaining from the CSTR as run by Mos  et al. 
[137] stored at -20°C with 15% (v:v) glycerol (sample from 07-04-2017). The original inoculum 
was bovine rumen with 10% glycerol stored at -20°C. The experiment was started with 
approximately 15 mL of fresh inoculum. The reactor was run in batch mode until the base profile 
indicated that the exponential growth phase had passed, at which time the operation was 
switched to continuous mode. This enrichment was performed twice in this study (Figure 5.2). 

The initial enrichment was performed using a mineral medium in combination with 4 g L-1 of D-
xylose as sole carbon source as published previously [137]. Temperature was maintained at 30°C, 
pH at 8.0 and the solids retention time (SRT) was maintained at 8 hours. The carbon and mineral 
solutions were prepared and fed separately. The carbon medium was autoclaved at  
110 °C for 20 min before use. 

A supplemented medium was designed to study the anabolic dependencies of “Ca. G. soehngenii”. 
This consisted of the mineral medium used in combination with 4 g L-1 of D-xylose and 0.4 mg L-1 
of biotin, 0.2 mg L-1 of pyridoxine and 55.2 mg L-1 of L-alanine (Merck, Darmstadt, Germany). 
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Isolation of Citrobacter freundii XYL1 

Isolation of C. freundii was carried out using the same medium as for the enrichment culturing on 
mineral medium and xylose. Volumes of 100 µL of 10-4 and 10-6 diluted samples from the CSTR 
were plated on 2% (w/v) agar plates with this medium. After ~48 h of incubation, colonies were 
picked and streaked on fresh agar plates, which was repeated four times to ensure that pure 
cultures were obtained. This was validated through 16S rRNA gene sequencing of the full 16S 
rRNA gene region directly. 

Following this, colonies were picked from the last plate and used to inoculate 50 mL round-bottom 
shake flasks containing 30 mL of the cultivation medium at pH 8. The flasks were incubated at 
room temperature for approximately a week on a shaking incubator at 200 rpm. All incubation 
steps were carried out in an anaerobic chamber (Bactron III, Sheldon Manufacturing Inc., 
Cornelius, OR, United States) with a gas composition of 89 % N2, 6 % CO2 and 5 % H2. 

 

Figure 5.2: Enrichment strategy employed to study metabolic interactions in a xylose limited CSTR 
environment. Grey boxes indicate the type of ecosystem obtained, with the type of medium underlined (mineral 
or supplemented medium). Arrows indicate the method used to bring one system to the next. In all three 
enrichment studies an initial batch phase (monitored by the online base addition) was used, after which the 
reactor was switched to continuous mode 
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Metagenomics 

Sampling 

A volume of 50 mL of reactor effluent was collected on ice and subsequently centrifuged for 15 
min at 4,200 rpm (Sorvall Legend X1R centrifuge, Thermo Fisher Scientific, Pittsburgh, PA, United 
States). Supernatant was discarded and the pellet was stored at -20 °C. Using the Genomic DNA 
kit with Genomic-tips 100/G (Qiagen Inc, CA, USA), DNA for library construction was extracted. 
The protocol was deviated from in the addition of 2.6 mg/mL zymolyase (20T, Amsbio, UK) and 4 
mg/mL lysozyme to lyse cells. The amount and quality of the purified DNA was determined using 
the Qubit dsDNA HS assay kit (ThermoFisher Scientific) and a NanoDrop™ 2000 
spectrophotometer (ThermoFisher Scientific), respectively. 

Sequencing 

The gDNA extracts were sent to the Department of Microbiology of the University of Nijmegen 
(Nijmegen, the Netherlands) to perform the sequencing using an Illumina MiSeq Sequencer 
(Illumina, San Diego, CA, USA), with MiSeq® Reagent Kit v3 (2 x 300 bp read length). The Illumina 
Nextera XT DNA sample preparation kit was used for the DNA libraries and BBDuk (BBTOOLS 
version 37.17, DOE Joint Genome Institute) was employed for quality-trimming, adapter removal 
and contaminant-filtering of paired-end sequencing reads.  

Trimming and binning 

Trimmed reads were co-assembled with metaSPAdes v3.10.1 [216]. The program also assembled 
the metagenome (iterative with kmer size 21, 33, 55, 77, 99 and 127) of the mixed culture. The 
Burrows-Wheeler Aligner 0.7.15 employing the “mem” algorithm mapped the reads of each 
sample back to the metagenome and the mapping files were converted using SAMtools 2.1 [217, 
218].The algorithms BinSanity v0.2.5.9, COCACOLA, CONCOCT, MaxBin 2.0 2.2.3 and MetaBAT 2 
2.10.2 binned the metagenome [219–223] to extract genomes of single lineages out of the 
metagenome. Subsequently, DAS Tool 1.0 used the five bin sets as input for consensus binning, 
resulting in the final optimized bins of single-lineage genomes [224]. Their quality was assessed 
with CheckM 1.0.7 [225]. 

Gene annotation and interpretation of auxotrophies 

Bins were manually scanned on relevance (coverage, redundancy and completeness) and the 
relevant bins (coverage > 100) were uploaded to RAST version 2.0 for functional gene annotation  
[226–228], in combination with the SEED database [226].  The KEGG database was used to study 
biosynthetic pathways [1]. BLASTn [229] was used to compare 16S rRNA gene sequences 
obtained in this study to sequences provided by L.C. Valk [230].  

In the event that all genes were identified in the genome of “Ca. Galacturonibacter soehngenii” 
strain XYL1, it was assumed the organism was prototrophic for an amino acid. In the event that 
>50% of the genes were identified in the genome of ca. Galacturonibacter soehngenii strain XYL1, 
it was assumed the organism was prototrophic for a vitamin. 
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Fluorescent in situ hybridisation 

In this work we have used the protocol described previously [137]. A specific probe set was 
designed and tested to target “Ca. G. soehngenii”, with the aim to have it species-specific (see 
supplementary information). The ARB software, version 5.2 was ran using RedHat 5.6 64bit and 
Xconfig version 14.0.0.350 and the SILVA database version 132 (released 13th of December 2017) 
was loaded. The full 16S rRNA gene obtained from the metagenome bin of “Ca. G. soehngenii” was 
used to construct a set of three 18 base pair probes to target this species (Table 5.S1), of which 
Lac87 was chosen. Overnight hybridization was used as this method significantly improves the 
signal observed when detecting gram positive microorganisms, such as “Ca. G. soehngenii”, in 
combination with a paraformaldehyde fixation (data not shown). 

Full 16S rRNA gene sequencing of C. freundii isolates 

Samples for 16S rRNA gene amplicon sequencing were obtained by centrifuging 1-2 mL of cell 
culture for 3 min at 13,000 rpm (Heraeus Pico 17, Thermo Fisher Scientific). The supernatant was 
discarded and DNA was extracted from the pellet using a protocol based on bead-beating (DNeasy 
UltraClean Microbial Kit, Qiagen, Hilden, Germany). DNA extraction was assessed by loading 5 µL 
of the extracted sample on a 1% (v/w) agarose gel (SYBR Green stained) and DNA concentrations 
were determined using the Qubit dsDNA HS assay (Thermo Fisher Scientific). volume of 25 µL of 
samples that had been pure cultures was at this point sent to BaseClear (Leiden, The Netherlands) 
for Sanger sequencing.  

Metabolomics 

High performance liquid chromatography (HPLC) was performed as described previously, with 
the aim to detect major metabolic compounds [137]. For analysis of the amino acids, rapid 
sampling using a specific volume of cold steel balls was employed. The balls were -80°C at the 
moment of sampling, resulting in 2°C of filtered supernatant. This supernatant was stored at  
-80°C, thawed and analysed for amino acids using a method described elsewhere in the 
supplementary information. 
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Results 

Microbial community analysis using FISH showed a community dominated by 
Enterobacteriaceae and “Ca. Galacturonibacter soehngenii” 

A previously described enrichment [137] was reproduced, enriching on a mineral medium 
containing 4 g L-1 of xylose as fermentable carbon source. The enrichment culture showed a stable 
catabolic production of dominantly acetate, ethanol and coupled formate and hydrogen and CO2 
after 9 SRTs (data not shown). The enrichment culture showed after 60 SRTs a distribution of 
roughly equal amounts of Enterobacteriaceae and “Ca. G. soehngenii” (Figure 5.3). “Ca. G. 
soehngenii” is a member of the Lachnospiraceae family. The microbial community composition 
obtained here was similar to the distribution  of Enterobacteriaceae and Lachnospiraceae of our 
previous enrichment under the same conditions, which was 53%±3% Lachnospiraceae and 
44%±6% Enterobacteriaceae ([137] and Chapter 2). 

 

Figure 5.3: Fluorescence in situ hybridization (FISH) of the anaerobic chemostat xylose enrichment culture at 
day 60 SRTs. The culture was stained with DAPI (blue), a general probe for bacteria (EUB338, green) and a 
probe for members of the Enterobacteriaceae family (ENT183, red, panel B) or a probe for “Ca. G. soehngenii” 
(Lac87, red, panel D). Panels A and C show unstained cells obtained using phase contrast microscopy. Scale 
bars in all panels represent 20 µm. 

After 103 SRTs, a cell pellet was used to extract DNA to construct a metagenome from the 
enrichment culture. The metagenome showed three dominant bins (Table 5.1). One bin was 
classified as a species in the family of Lachnospiraceae, another bin was classified as Citrobacter 
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freundii. The metagenome data supported the FISH analysis, as 51% of the metagenome was 
linked to Lachnospiraceae and 35% to Citrobacter freundii, an Enterobacteriaceae. The obtained 
16S rRNA gene sequence of the Lachnospiraceae bin was compared to the 16S rRNA gene of a bin 
obtained from a galacturonate-limited enrichment culture study performed previously by Valk et 
al. [230]. This resulted in 100% similarity (using BLASTn). This confirmed that the recently 
discovered “Candidatus Galacturonibacter soehngenii” was present in our enrichment system.  

Table 5.1: The phylogeny of the three obtained binned genomes using the metagenomic approach. The closest 
matching taxa of the binned genomes is given as population, the completeness and coverage of the bin is given 
and the fraction of the population compared to the rest of the community is estimated. 

Population f. Lachnospiraceae s. Citrobacter freundii g. Ruminococcus 
Completeness 98.42% 97.17% 97.08% 
Coverage 1063.72 710.19 135.4 
Est. community % 50.7% 35.1% 6.6% 

Xylose transport and biosynthetic pathways of “Ca. G. soehngenii” 

The xylose symporter XylE and the ABC transporter XylFGH were both found to be present in  
C. freundii (Table 5.2). Only XylG and XylG were found to be present in “Ca. G. soehngenii”. XylF 
was also found in the bin of “Ca. G. soehngenii”, but its E value was quite high (4e-11). This gene 
was identified through RAST and SEED as a ribose ABC transport system (RbsB). It is likely that 
this gene represents the gene for RbsB and not that of XylF. 

Table 5.2: An overview of the xylose transport systems derived from the genomic bins of C. freundii and “Ca. G. 
soehngenii”. The name, TC number, genetic nomenclature of the genes with the highest annotation  and their 
corresponding expected value (E value) are shown 

   E value (-) 
Protein  Gene TC number C. freundii “Ca. G. soehngenii” 
D-xylose-proton symporter xylE 2.A.1.3.3. 1e-104 No hits 
D-xylose-binding periplasmic protein xylF 3.A.1.2.4 4e-11 4e-79 

Xylose import ATP-binding protein xylG 3.A.1.2.4 1e-151 1e-156 

Xylose transport system permease xylH 3.A.1.2.4 7e-52 6e-75 

 
The biosynthetic pathways of “Ca. G. soehngenii” were evaluated using a specific substrate. Of the 
20 amino acids evaluated, all 20 amino acids showed complete pathways (Table 5.3). L-aspartate 
showed all genes present for two distinct pathways (Table 5.3). The analysis of the biosynthetic 
pathways for 8 B-vitamins and Coenzyme A were also evaluated (Table 5.4), which indicated a 
potential auxotrophy for pyridoxine and biotin. 

The incompleteness of a B vitamin pathway was set at 50% of absent genes. This percentage was 
chosen to provide space for the chance of a gene being present but not being detected (false 
negative). The completeness of the “Ca. G. soehngenii” bin is relatively high (98%). The chance of 
1 or more genes being missed due to the method used for a 5 gene pathway is 10% (p=1-0.98n, 
n=5), while being 13% for 7 genes. Thus 50% was chosen as a safe border for short biosynthetic 
pathways (<10 genes). The complex pathway of cobalamin does show a significant number of 
missing genes (35%), but the probability for 1 or more genes not detected is also high here (41%). 
Therefore, it was considered as a pathway that is likely to cause an auxotrophy in “Ca. G. 
soehngenii”.  
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Table 5.3: The amino acid biosynthesis pathways identified in the genome of “Ca. Galacturonibacter 
soehngenii”, with the substrate, genes present and missing (gene names derived from RAST version 2.0) and if 
prototrophy was assumed, based on the number of identified genes in the pathway. 

Amino acid  Substrate Genes present  Genes 
missing 

Assumption 
prototrophic* 

L-serine pyruvate sdaAA, tdcB  Yes (2/2) 
Glycine L-serine glyA  Yes (1/1) 
L-cysteine L-serine cysE, cysK  Yes (2/2) 
L-methionine  L-cysteine mccB, metCH  Yes (3/3) 
L-tryptophan chorismate trpAbBCDE  Yes (5/5) 
L-aspartate Oxaloacetate aspB, nadB  Yes (2/2) 
L-glutamine Glutamate glnA  Yes (1/1) 
L-asparagine L-aspartate asnB  Yes (1/1) 
Arginine Glutamate argABCDFGHJ  Yes (8/8) 
Glutamate Α-ketoglutarate gltBD  Yes (2/2) 
L-aspartate Fumarate purAB  Yes (2/2) 
Histidine 5P-α-D-ribose-1DP hisABCDEGHIN  Yes (9/9) 
Threonine Oxaloacetate aspC, thrABC, asd, hom,   Yes (6/6) 
L-lysine  L-aspartate lysAC, asd, dapABFL,   Yes (7/7) 
L-alanine Pyruvate GGAT or alaR, iscR, ilvE  Yes (4/4) 
tyrosine chorismate tyrABC  Yes (3/3) 
phenylalanine chorismate tyrABC, pheA  Yes (4/4) 
L-proline glutamate proABC  Yes (3/3) 
L-valine  pyruvate ivlCDM, avtA  Yes (4/4) 
leucine 2-oxoisovalerate leuABCD,avtA  Yes (5/5) 
L-isoleucine Threonine ivlACDM, avtA  Yes (5/5) 

 

Table 5.4: The B-vitamin biosynthesis pathways identified in the genome of “Ca. Galacturonibacter 
soehngenii”, with the substrate, genes present and missing (gene names derived from RAST version 2.0) and if 
prototrophy was assumed, based on the number of identified genes in the pathway. 

B vitamin Chemical name  Genes present  Genes 
missing 

Uptake Assumption 
prototrophic+ 

1 Thiamine  ThiCDEFLMNS, 
dxs 

thiGHO45 thiT Yes (9/16) 

2 Riboflavin ribBEH  ribU Yes (3/3) 
3 Nicotinate/nicotina

mide 
nadABCD, pynN, 
pupG, pncB, 
nudC 

nadERM, 
pncAC 

 Yes (8/12) 

5 Pantothenate ilvCDM, panBCD   Yes (6/6) 
6 Pyridoxine Dxs, pfxF pdxABJP, 

edp 
 No (2/7) 

7 Biotin bioA bioBCFW bioY No (1/5) 
9 Folate pbaAB, folC12, 

folM, thyA 
pbaC, folP  Yes (5/7) 

12 Cobalamin EPRS, hemABDL, 
cobACUS, 
cbiBPHFDCAJ, 

HemC, 
cobPO, 
cbiETJGL 

btuBCF Yes (17/26) 

 Coenzyme A coaABCDE   Yes (5/5) 
 



Chapter 5 - Metabolic interactions driving microbial diversity in a xylose fermenting chemostat enrichment culture 

 

119 

 

Isolation and metabolic characterization of Citrobacter freundii 

Citrobacter freundii was successfully isolated from the reactor using a consecutive agar-plate 
approach. The identity was confirmed through comparing the obtained full 16S rRNA gene 
sequences from the isolated culture to the NCBI database (99% identity with multiple C. freundii 
strains). The isolated strain was able to grow anaerobically and aerobically on mineral medium 
with xylose as sole carbon source using shake flasks. 

 

Figure 5.4: Ratio of the averaged measured amino acids concentration (n=2) in supernatant of the C. freundii 
pure culture and that of the xylose mineral medium enrichment. 

The supernatant of the isolated C. freundii strain grown anaerobically was sampled to analyse the 
amino acid composition. Alanine had the highest relative and absolute concentration in the 
supernatant of the C. freundii pure culture compared to the enrichment culture (Figure 5.4). The 
absolute alanine concentration in the pure culture was measured to be between 0.11 and 0.16 mM 
(Table S3). 

FISH analysis revealed an increase in relative abundance of “Ca. G. soehngenii” after 
supplementation of the medium 

The enrichment was inoculated with frozen effluent obtained from the enrichment using xylose 
as sole carbon source with a mineral medium in CSTR mode [137] and enriched in an equivalent 
way as reported. The FISH imaging showed that after the 1st batch was performed, nearly all 
bacterial cells were detected as Enterobacteriaceae and “Ca. G. soehngenii” was not detected 
(Figure 5.5 and 5.6). After 4 SRTs, the Enterobacteriaceae fraction decreased and remained at 
about 20-50% of the cells as observed manually. At 51 SRTs, the fraction of Enterobacteriaceae 
was quantified as 41%±5%, while the fraction of “Ca. G. soehngenii” was quantified as 21%±9% 
(Figure 5.7) as compared to all probed eubacterial cells. 

After 51 SRTs, the medium was switched to a medium containing L-alanine, biotin and pyridoxine 
as supplementation. The Enterobacteriaceae fraction decreased to 10-20% of the cell surface, 
while the fraction of “Ca. G. soehngenii” increased to 50-80% as observed manually. After 54 SRTs 
of enrichment with supplemented medium, the fraction of Enterobacteriaceae was estimated to 
be 21%±9% and “Ca. G. soehngenii” was 67%±17% (Figure 5.7). We thus observe that when 
supplementing L-alanine, biotin and pyridoxine to the mineral medium, the fraction of 
Enterobacteriaceae decreases, while the fraction of “Ca. G. soehngenii” increases. 
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Figure 5.5: FISH imaging obtained for the differential enrichment culture experiment performed probing for 
Enterobacteriaceae at 400x magnification. Red is Ent183 probe, blue is EUB338 probe. SRTs for either mineral 
or supplemented medium are given per picture. 
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Figure 5.6: FISH imaging obtained for the differential enrichment culture experiment performed probing for 
“Ca. G. soehngenii” at 400x magnification. Red is Lac87 probe, blue is EUB338 probe. SRTs for either mineral 
or supplemented medium are given per picture. 
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Figure 5.7: Ratios of quantified cell surface of the Enterobacteriaceae probe (Ent183) or “Ca. G. soehngenii” 
probe (Lac87) compared to the Eubacteria probe (EUB338) for either the mineral medium or supplemented 
medium enrichment, with two images used for mineral and three used for supplemented. Images are taken at 
51 SRTs for mineral and 54 SRTs for supplemented medium. The averages of both time points sum to 89% cell 
surface. 

Maximum growth rate decreased moving from a batch enrichment to mineral chemostat 
enrichment to supplemented chemostat enrichment 

The maximum biomass-specific growth rate (µmax) of the enrichment culture was determined 
during the initial batch phase after inoculation with the thawed enrichment culture to be 0.23  
h-1. After 51 SRTs of enrichment using the mineral medium, the µmax was determined to be 0.18  
h-1. The medium was switched to the supplemented medium and after 54 SRTs of enrichment the 
µmax was determined to be 0.15 h-1. 

Table 5.5: The µmax values determined for the xylose limited enrichment culture. Growth rates were measured 
using OD measurements taken during a batch experiment performed after 51 and 54 SRTs of enrichment using 
mineral or supplemented medium respectively. 

Enrichment phase µmax (h-1) 

Initial batch1 0.23 (R2 = 0.995) 

Mineral 0.18 (R2 = 0.999) 

Supplemented 0.15 (R2 = 0.997) 
1Estimated from the base dosage during the batch phase at the start of the enrichment  
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Discussion  

Competition for xylose: “Ca. G. soehngenii” is likely more competitive in a fermentative 
xylose limited environment 

Enterobacteriaceae attained a high presence after the initial batch phase prior to the CSTR 
enrichment (Figure 5.5). The µmax of the highly Enterobacteriaceae enriched community during 
the initial batch phase (Table 5.5) was 28% higher than that of the roughly equally divided 
Enterobacteriaceae and “Ca. G. soehngenii” mineral medium CSTR enrichment (Table 5.5). When 
enriching using the supplemented medium, the fraction Enterobacteriaceae and “Ca. G. 
soehngenii” shifted to 21%±9% vs 67%±17% (Figure 5.7) and the µmax was 20% lower than 
measured in the mineral medium enrichment (Table 5.5). Thus, a higher fraction of “Ca. G. 
soehngenii” is linked to a lower µmax. 

The Ks for xylose uptake is likely lower for “Ca. G. soehngenii”. This difference is caused by the 
observed different xylose uptake systems detected (Table 5.2). The two studied import 
mechanisms are XylE, a proton symporter and XylFGH, an ATP-binding cassette (ABC) transporter 
which uses direct phosphorylation to uptake one molecule of xylose [106]. All three genes of the 
XylFGH complex are found in bin of “Ca G. soehngenii”, while xylF is likely missing in the C. freundii 
bin. RbsB is found, which is reported to bind ribose [231]. XylF is the xylose-binding domain of 
the complex and is structurally related to RbsB [106]. It is therefore possible that C. freundii has a 
high Ks value for xylose than “Ca G. soehngenii”, as it employs RbsB. 

Microorganisms in a chemostat environment are competing on the lowest Cs [232], which can be 
realized through attaining a high µmax or a low Ks value (equation 1.1). Andrews and Harris 
proposed a way to classify microbial selection through a continuum of r-vs K-strategists  [112].  
K-strategists are better adapted to a “crowded” environment, where substrate is limited and high 
YX,ATP and low Ks values are displayed, while r-strategists are better adapted to “uncrowded” 
environments, where substrate is abundant and a high µmax is displayed.  C. freundii can be 
classified as more a r-strategist, while “Ca. G. soehngenii” can be classified as more a K-strategist. 

Commensalism: biotin, pyridoxine and alanine likely supplied by C. freundii and taken up 
by “Ca. G. soehngenii” 

Based on the metagenomic and metabolomic data, a supplemented medium was designed to 
evaluate if “Ca. G. soehngenii” showed indeed auxotrophies. Biotin and pyridoxine were chosen as 
B-vitamins, as the metagenomic data showed 71% and 80% of the genes absent in the “Ca. G. 
soehngenii” bin (Table 5.4). “Ca. G. soehngenii” was therefore assumed to be auxotrophic for biotin 
and pyridoxine. 

The isolated C. freundii strain was shown to be a prototrophic microorganism, growing 
significantly batch wise in an anaerobic xylose mineral medium. The high relative and absolute 
presence of alanine in the supernatant of the C. freundii culture (Figure 5.4) shows that alanine is 
likely produced by C. freundii and then alanine is consumed in the enrichment culture. Alanine can 
be produced in a redox balanced way from xylose, if the pentose phosphate pathway is assumed: 

0.6 xylose +1 NH4+ → 1 L-alanine +1 H+ +1 H2O 

Per alanine, 1 ATP can be produced in glycolysis. Alanine can be an alternative fermentative 
pathway as opposed to succinate production, which is produced at about 0.1 Cmol Cmol-1 in the 
enrichment culture and yields a similar ATP yield. Microbial species have been reported to 
produce alanine naturally, such as Thermococcus kodakaraensis [233]. It is likely that alanine 
production is part of the metabolic strategy of C. freundii, as part of an inefficient r-strategist 
metabolic response. 
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Biotin and pyridoxine both fulfil essential metabolic roles (Table 5.6). Biotin is a costly commodity 
for a cell to produce. In E. coli its production is estimated to be 20 ATP per molecule from glucose 
[234]. Its octanol water coefficient is quite high (0.5) compared to pyridoxine (-0.77). This shows 
biotin dissolves more in octanol, while pyridoxine dissolves more in water. Biotin is a more 
hydrophobic B vitamin than pyridoxine. This means it can diffusive passively over cell 
membranes, while this is unlikely for pyridoxine. Biotin is suspected to leak away from C. freundii 
toward “Ca. G. soehngenii”. One of the three import proteins of active biotin uptake was found in 
the metagenome (Table 5.4) and this complex is an ATP-binding cassette system. It is therefore 
possible that “Ca. G. soehngenii” actively imports biotin, “pulling” the gradient of biotin into its 
cell.  

Table 5.6: Biological roles of pyridoxine and biotin 

 
The reason for pyridoxine overproduction of C. freundii is unclear. Pyridoxine production from 
xylose costs 1 ATP intracellularly, when assuming it to be formed from D-Erythrose-4-phosphate, 
and C4 intermediate of the pentose phosphate pathway. It needs to be exported as it diffusion over 
the membrane is very limited. Its degree of reduction is 4.63 electrons per Cmol, xylose has 4 
electrons per Cmol. This means pyridoxine formation can be coupled to acetate formation. This 
combined pathway will cost C. freundii net energy. From a bioenergetics point of view, sharing 
pyridoxine is costly for C. freundii. The cost of this sharing is potentially repaid by limiting the 
growth of “Ca. G. soehngenii”. Summarizing, C. freundii shows a growth strategy of commensalism 
and can potentially limit the growth of “Ca. G. soehngenii” through sharing alanine, biotin and/or 
pyridoxine. 

Oxygen scavenging as an additional way to explain the enrichment of C. freundii 

Enterobacteriaceae are known to be facultative fermenters, allowing them to metabolise 
carbohydrates aerobically and anaerobically [237]. The isolated C. freundii XYL1 strain was shown 
to grow aerobically in this work. “Ca. G. soehngenii” is expected to be an obligate anaerobe. Its 
closest cultivated  relative, Lachnotalea glycerini, is found to be highly sensitive towards oxygen 
[238]. We therefore hypothesize that C. freundii can scavenge oxygen in the reactor after the 
periodical cleaning during which the bioreactor is opened (once per 6-9 SRTs).  “Ca. G. soehngenii” 
would benefit from the anaerobiosis provided potentially by C. freundii. 

No. Name Function Reference 

B6 Pyridoxine 

The active form pyridoxal 5’-phosphate, which 
catalyses reactions in amino acid synthesis, plays a 
role in fatty acid metabolism and storage carbohydrate 
degradation and protects against reactive oxygen 
species 

[235] 

B7 Biotin 
Involved in (de)carboxylation reactions. Biotin-
dependent enzymes play key roles in fatty acid and 
amino acid biosynthesis and gluconeogenesis. 

[236] 
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Figure 5.6: Putative interactions and metabolic features driving the coexistence of C. freundii and “Ca. G. 
soehngenii” in the xylose-limited enrichment culture. C. freundii displays a commensalism strategy (dotted 
arrow), while “Ca. G. soehngenii” shows a competitive strategy (dotted inhibition). 

Metabolite sharing of Proteobacteria as a strategy to avoid being outcompeted by 
Firmicutes 

The coexistence of these two species is thus assumed to be driven by the oxygen scavenging and 
metabolite sharing features of C. freundii, allowing both species to coexist (Figure 5.6). Actual 
concentrations of B vitamins or amino acids from C. freundii can influence the biomass yield of 
“Ca. G. soehngenii” by creating a second growth limitation next to xylose. The exhibited kinetic 
properties of “Ca. G. soehngenii” on the other hand can cause the C. freundii population to slowly 
wash out. “Ca. G. soehngenii” is expected create a lower residual xylose concentration, through 
which it can outcompete C. freundii. 

The lack of biosynthetic genes for biotin and pyridoxine in “Ca. G. soehngenii” fits in the multi-
genome assessment of gut microbes performed by Magnusdottir et al. [118]. They report that the 
genes of the biosynthetic pathway for biotin are rarely found in Firmicutes, while they are very 
common in Proteobacteria. They also report that the gene to synthesize pyridoxal-5-phosphate is 
found in many Proteobacteria and only in a few Firmicutes. C. freundii is a Proteobacteria, “Ca. G. 
soehngenii” is a Firmicutes. We have also observed a coexistence of Clostridium intestinale (a 
Firmicutes) and Enterobacteria (Proteobacteria) in a glucose limited enrichment culture (Chapter 
2). Such an coexistence is also reported by Valk et al. [230], where Klebsiella (Proteobacteria) and 
Lachnospiraceae (Firmicutes) coexist. Horn et al. show that glucose is co-metabolized by both 
Clostridiaceae and Enterobacteriaceae in the earthworm gut [239]. The co-occurrence of 
Firmicutes and Proteobacteria in a substrate limited fermentative ecosystem can be argued to be 
a more general ecological concept, driven by the commensalism of more prototrophic 
Proteobacteria toward more auxotrophic Firmicutes. 
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This work shows that a combination of hypothesis-driven research, using bioreactor enrichment 
culturing and targeted “omics”-approaches leads to novel insights in the functioning of microbial 
communities. Microbial diversity is shaped by both competition and cooperation. Future work to 
characterize in situ metabolic interactions will aid from meta-proteomics to validate functional 
enzymes and the detection of B vitamins using chromatography and MS. The proposed model for 
metabolic interactions might extend as a general concept in carbohydrate fermentations, where a 
prototrophic r-strategists limit the growth through metabolite sharing of auxotrophic K-
strategists. 
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Supplementary material  

Design, specificity and testing of Lac87 probe 

Table 5.S1: Overview of the three probes designed to target specifically “Ca. G. soehngenii” using the SSU 
r132 database released by SILA and the ARB software 

 Sequence 
BLAST 

position 
number 

Region GC 
Formamide 

(%) 

Lac189 CGGCCUCGUUGGCUUAUG 172-189 V2 61% 39 

Lac203 CCAACUAGGCCAUGCGGC 186-203 V2 61% 39 

Lac87 UCAGACUUGCAUCGCCAC 70-87 V1 56% 36 

 
Three probes were designed to target “Ca. G. soehngenii” specifically. No matches were found with 
the SILVA database using the TestProbe function available at the SILVA website 
(https://www.arb-silva.de ). Zero mismatches were allowed and SSU r132 was used. The 
formamide concentration was calculated from the 0.9M Na+ concentration used during 
hybridization and the GC content. All three probes were tested in vivo with a sample obtained from 
the xylose limited enrichment culture as a positive control and a glucose limited enrichment 
culture ran in SBR mode as a negative control The latter culture was shown to be >90% dominated 
by Enterobacter cloacae, an Enterobacteriaceae species and 16S amplicon sequencing showed 
<0.001% relative abundance using 16S rRNA gene amplicon sequencing with the Lachnotalea 
genus, which is the closest matching genus with Galacturonibacter [137]. All three probes showed 
little hybridization with the negative control sample (<0.1% of the cell surface of DAPI and 
EUB338). Both Lac189 and Lac87 showed good hybridization and Lac87 was used at 35% 
formamide concentration onwards. 

Table 5.S2: Oligonucleotide probes used for FISH analysis in this study 

Probe Sequence 5’-3’ 
Formamide 

% (v/v) 
Specificity Reference 

EUB338 GCWGCCWCCCGTAGGWGT - Most bacteria [126] 

Ent183 CTCTTTGGTCTTGCGACG 20 
Enterobacteriaceae 
except Proteus spp. 

[127] 

Lac435 TCTTCCCTGCTGATAGA 25 Lachnospiraceae [129] 

Lac87 GTGGCGATGCAAGTCTGA 35 
“Ca. Galacturonibacter 

soehngenii” 
This study 

 

GC-MS/RP-ESI-Q-TOF-MS/MS result to detect amino acids in the supernatant 

Gas chromatography (GC) was coupled to reverse phase (RP) liquid chromatography. An 
electrospray ionisation (ESI) was used to inject the liquid phase into the mass spectrometer (MS), 
which consisted of a Q time of flight (TOF) unit to detect charged fragments. This method was 
designed according to previously published work which describes the use of a GC coupled to 
isotope dilution mass spectrometry detecting pentose phosphate pathway intermediates [240].  

https://www.arb-silva.de/
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General conclusions 

The aim of this thesis was to explore and understand microbial strategies for interaction in 
fermentative environments. To achieve this goal, a specific set of experiments was designed 
according to pre-defined research questions. The overarching method was to evaluate enrichment 
cultures using a combined approach characterising the stoichiometry, kinetics, and microbial 
community structure, where glucose and xylose were used as model substrates.   

In Chapter 1, the ecology of carbohydrate fermenting systems is introduced, with a focus on 
bioenergetics and kinetics. The industrial applications of mixed culture fermentation experiments 
are also introduced here. In Chapter 2 and 3, xylose and glucose were used in combination with 
the mineral medium used by Temudo et al. [51] (Appendix I). The environmental parameters 
were chosen to compare the results of these chapters to the work on xylose and glucose 
fermentations presented by Temudo [6].  The addition of SBRs to CSTRs was used to explore the 
ecological response of microbial communities to these opposite environments. Single or dual 
substrate limitation was performed for more than 30 SRTs, to accurately observe the impact of 
this setting. In Chapter 4, amino acids and B vitamins were used to test the influence of these 
nutrients compared to the mineral medium with the aim to study the ecology of lactic acid 
bacteria. In Chapter 5, pyridoxine, biotin, and alanine were supplemented to identify a potential 
commensalism mechanism shaping the microbial diversity in a xylose limited continuous culture. 
Open, non-sterile (i.e., non-axenic) two-litre bioreactors were used to perform a specific set of 
enrichment cultures that are all carried out under mesophilic conditions (30°C±0.1) and at 
relatively high dilution rates (final SRTs ranging from 8 to 12 h). Bovine rumen and mesophilic 
anaerobic digestor sludge were the two different inocula used.   

A relatively concise amount of conditions was tested (Table 6.1), as the aim was to thoroughly 
analyse the enrichment cultures in terms of kinetics, bioenergetics and microbial community 
structure. There is a significant number of 303 peer-reviewed articles available up to 2018 that 
have explored fermentative enrichment cultures, as reviewed by Moscoviz  et al. [190], were these 
experiments are termed “dark fermentation”. Most enrichment culture studies do not exceed the 
level of resolution of a stoichiometric analysis of a predefined ecosystem in a bioreactor with 16S 
rRNA gene sequencing, where most studies are performed in continuous or CSTR mode. SBR 
enrichments are not often characterised. SBRs, in combination with online data harvesting, offer 
the option to analyse the kinetics of the enrichment over every microbial generation. As explained 
in the supplementary information of Chapter 2, the growth rate can be calculated for every cycle, 
but also hydrogen and CO2 yields can be calculated per cycle. This additional benefit should be 
considered next to choosing a selection on µmax or qsmax (SBR, Chapter 2) or on “affinity” (Chapter 
2 and 3). 
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Solely performing 16S rRNA gene amplicon sequencing, or a comparable method, such as 
denaturing gradient gel electrophoresis (DGGE) or terminal restriction fragment length 
polymorphism (TRFLP) is common practice in literature, when aiming to characterise a 
microbial community. Solely extracting DNA and using such methods when characterising a 
microbial community structure offers information on the identity of taxa, not on the quantity of 
taxa, due to systematic biases [241]. Fluorescent in situ hybridisation coupled to epifluorescence 
microscopy offers (semi) biovolume quantification at family, genus or species level. As discussed 
in Chapter 2, 3 and 4, a “full-cycle rRNA analysis”  is required to complete the microbial 
community analysis [169]. Other methods such as flow cytometry or modern day 
metaproteomics can offer a similar (semi) biovolume quantification. Besides, complementary 
methods are useful to check the accuracy of a given method.  Ambiguous terms such as 
“predominant” were avoided in this thesis, due to attempting “complete” microbial community 
analyses. 

The main conclusions following out of these experiments are detailed in this section. Metabolic 
strategies that microorganisms employ to compete for substrate(s) were evaluated using the 
proposed approach of analysing the stoichiometries, kinetics, and microbial community 
structures.  

At pH 8.0 this resulted in the observations that: 
 

1. Xylose and glucose were fermented to similar products at pH 8.0 (Chapter 2 and 3): 
a. The dominant observed catabolic products were acetate, ethanol, butyrate and 

formate, hydrogen, and CO2; 
b. CSTR environments favoured more butyrate production and SBR environments 

favoured more acetate and ethanol production;  
 

2. Butyrate formation was linked to slow uptake rates, while acetate and ethanol formation 
was linked to high uptake rates (Chapter 2) 
 

3. Enterobacteriaceae dominated SBR environments, while Clostridiales dominated CSTR 
environments at pH 8.0 (Chapter 2 and 3). 

Building upon known catabolic networks, catabolic ATP yields of the observed product spectra 
were calculated. Using this approach, anabolic efficiencies (Yx,ATP) and substrate fluxes (qsmax) 
values could be compared, which resulted in the conclusion that: 

 
4. SBR communities maximised their qsmax, while CSTR communities maximised their Yx,ATP 

(Chapter 2). 
 

5. SBR communities enriched on either mineral or complex medium show a similar Yx,ATP 
value while the qs

max was almost double on complex medium (Chapter 4) 
 

These conclusions are in line with the microbial ecology model proposed for r- and K-selection 
by Andrews and Harris [112]. Their opinion paper proposes the continuum of r- and K-selection, 
where organisms maximise their fitness for survival in either “crowded” (r-selection) or 
“uncrowded” (K-selection) environments.  SBR and CSTR enriched communities are cultivated in 
opposite environments of “crowded” or “uncrowded”. Or in terms of actual reactor conditions:  
with high (>10 mM) or low (<0.05 mM) substrate concentrations. Cycles in SBR enrichments 
have high substrate concentrations (>10 mM of carbohydrate in Chapter 2, 3 and 4), 
continuous enrichment in CSTRs have low substrate concentrations (<0.05 mM in Chapter 2, 3 
and 5).   
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Supplementation of additional nutrients used in anabolism, in the form of amino acids and B 
vitamins, led to a significant substrate flux increase (qsmax was 94% higher, Chapter 4). This 
difference in flux was explained through the hypothesis of resource allocation [242]. This 
hypothesis states that functional proteins are “expensive” to biosynthesise (in terms of ATP). 
Therefore, cells attempt to allocate resources (ATP) in an optimal way to dominate a given 
environment. When enriching for communities in SBRs, qsmax is apparently optimised, as this 
increased the observed µmax the most (Chapter 4). This resulted in the selection of the microbial 
community which optimised its resource allocation: a heterofermentative community producing 
lactic acid and ethanol in complex medium and an acetate-butyrate-H2 type producing community 
in mineral medium. 

Here, it should be noted again that storage of substrate uncouples growth from substrate uptake. 
In other words, if a community stores glucose as e.g. trehalose [243] qsmax and µmax are not linearly 
correlated anymore. Storage was estimated to take place significantly (about 20% of incoming 
COD) in the mineral medium glucose fed enrichment at pH 5.0 using a SBR (Chapter 4). 

Microbial diversity was analysed using a combination of 16S rRNA gene sequencing and FISH 
coupled to epifluorescence microscopy, with or without cell surface quantification. In this way 
community structures were estimated accurately, following the proposed “full-cycle rRNA 
analysis” approach of Amman, Ludwig and Schleifer as discussed earlier[169]. In Chapter 2 and 
3, a full 16S rRNA analysis was employed to increase the taxonomic resolution. This led to the 
following conclusions: 

6. Single substrate limited enrichments can lead to communities highly enriched for one 

species (Chapter 2 and 3), though multiple species can also coexist limiting a single 

substrate (Chapter 2 and 3); 

 

7. Dual substrate enrichment in a CSTR system led to a very similar microbial diversity as 

the CSTR enrichment on glucose, with both systems being highly enriched for 

Clostridium intestinale (>85% of projected cell surface, Chapter 2 and 3); 

 

8. Ethanoligenens was the dominant genus in the mineral medium SBR enrichment at pH 

5.0, while Lactococcus, Lactobacillus, and Megasphaera populations coexisted on complex 

medium (Chapter 4). 

 

Carbon catabolite repression is an ecological phenomenon that is reported often during the 
uptake of xylose and glucose simultaneously in pure cultures of fermentative microorganisms 
[142]. 

9. Carbon catabolite repression was not observed for dual substrate fermentation on 

mixtures of xylose and glucose in either SBR or CSTR enrichments (Chapter 3). 

Glucose can be intracellularly stored in microorganisms as trehalose, glycogen or other C6 based 
polymers [243]. The potential storage of carbohydrates occurring in the enrichment cultures 
was evaluated by performing a batch experiment or cycle analysis. The measured concentrations 
of metabolites were used to construct a COD recovery over the cycle, thereby estimating the 
amount of potential storage polymer formed during the substrate uptake phase. 

10. No significant storage of either xylose or glucose was estimated in the SBR enrichments 

performed at pH 8.0 using a mineral medium (Chapter 2 and 3); 
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11. Significant storage of glucose (20% of incoming COD) was estimated in the mineral 

medium SBR enrichment at pH 5.0, while no storage was estimated using a complex 

medium in the same conditions (Chapter 4). 

In Chapter 5, metagenomics and metabolomics were used to study the phylogeny and potential 
metabolism and generate a hypothesis on possible metabolic interactions occurring in situ. 

12. In the bin of “Ca. Galacturonibacter soehngenii” the biosynthetic pathway for biotin and 

pyridoxine formation were considered incomplete, suggesting an auxotrophy for these 

two B vitamins 

 

13. Metabolomics of the enrichment culture and Citrobacter freundii XYL1 revealed that 

alanine is likely used by “Ca. Galacturonibacter soehngenii” 

A differential enrichment culture by an initial mineral medium enrichment, and subsequently 
supplementing biotin, pyridoxine and L-alanine showed that the fraction of “Ca. Galacturonibacter 
soehngenii” in the enrichment culture increased. This suggests that “Ca. Galacturonibacter 
soehngenii” was indeed growth limited by one, two or all three supplied nutrients. 
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Directions for further research 

1 The technological challenge in mixed culture fermentation: how to direct product 
formation? 

Microbial community engineering attempts to direct product formation through a mechanistic 
understanding of the ecology of the relevant microbial functionalities. In mixed culture 
fermentation, the industrial challenge is to direct the electrons to only hydrogen, lactate, ethanol, 
or to even (C2 and C4) or uneven (C3 or C5) fatty acids. In full scale systems, these conversions are 
performed using “real” feedstocks (e.g., wastewater effluent) as opposed to “synthetic” feedstocks 
used in this thesis (e.g., glucose and yeast extract). Then, how to study ecological concepts? 
Complex microbiomes offer the ecological relevance and can still be used to answer a certain 
ecological question when different operational parameters are compared in reproducible 
experiments (Figure 6.1). There is however a difficulty in understanding how such complex 
microbiomes function, which can be formulated in the question “Who is doing what and why?”. 
More specifically this question asks: why does a certain metabolism prevail over another 
metabolism under different conditions? Mechanistic understanding of which environmental 
conditions cause which effect to the resulting microbial community and product spectrum is 
difficult to achieve in complex microbiomes: the feedstock composition and SRT (i.e., applied 
growth rate) are difficult to manipulate. Feedstocks vary widely in content and can change over 
the course of the experiment as they are often not suited for sterilisation. Enrichment cultures can 
aid here, as feedstock composition and SRT can be carefully controlled (Figure 6.1). Thus, complex 
microbiomes offer relevant ecological knowledge to be generated, but suffer from careful 
controlling of essential parameters that determine the ecological niche studied preventing the 
researcher from mechanistically understanding the system. 

Figure 6.1: Bridging the gap between pure culture studies and complex microbiomes observed in full scale 
systems using enrichment cultures. E. coli electron microscope image (Public Health Matters, UK government), 
microscope image using 400x magnification and anaerobic digestor at Royal Cosun B.V. site in Dinteloord, the 
Netherlands. 

Enrichment cultures bridge the gap from complex microbiomes to pure cultures (Figure 6.1). Pure 
cultures are useful to simplify genomic and proteomic potential of a given culture and offer the 
advantage of knocking genes out or introducing new genes to verify how genotypes affect 
phenotypes. Pure cultures however offer limited ecological relevance, as virtually no microbial 
niche is inhabited by only one microbial species, let alone one strain. Interspecies interactions 
might be crucial to the functioning of microbiomes and are missed out in pure culture research. 
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Therefore, enrichment cultures offer a useful tool to the microbiologist, essentially bridging the 
gap from pure cultures to complex microbiomes. 

Temperature, pH, HRT (and coupled SRT) are relatively well studied for mixed culture 
fermentation or fermentative enrichment cultures as concisely outlined in Chapter 2 and 
reviewed by Dionisi et al. [244]. The feedstock composition is part of the molecular composition 
of the fermentative environment, which includes (i) the presence of certain types of salts (cations 
and anions), the type of fermentable carbohydrate (e.g. glucose), the presence of other metabolic 
nutrients (such as alanine), but also the metabolic products produced during fermentation. The 
exact mechanism of how different concentrations of certain molecules influence or do not 
influence the fermentative functionalities, e.g., the product spectrum, remains to be largely solved.  

Efforts have been taken to study the effect of the hydrogen partial pressure on the product 
spectrum [87] (Chapter 2). A first research opportunity (I) will lie in studying the effect of other 
gaseous compounds that can be crucial in controlling the product spectrum, such as the partial 
pressure of CO2 (more “oxidative” environment) or of H2S (potential toxicity at higher pH due to 
futile cycling). Secondly, the impact of cations on a fermentative ecosystem can also be a direction 
for further research (II), as fermentative mixed cultures have not been compared well on the 
impact of concentrations Na+, K+, Ca2+, Mg2+ or other relevant cations in terms of product spectrum, 
kinetics and microbial community structure yet. Halophilic and alkaliphilic (high salt, high pH) 
environments are present in natural and manmade habitats, such as soda salt lakes [245] and in 
residual cellular fractions of NaOH treated carbohydrates. Such cellular fractions are available 
through processing aerobic granular sludge [246]. The residual fraction after extracellular 
polymeric substance (EPS) extraction, contains carbohydrates and proteins and can be used for 
mixed culture fermentation to produce economically interesting products, such as introduced in 
Chapter 1. The question if it is economically more feasible to produce an exopolymer, like 
Kaumera [247] or a bulk chemical, such as lactate (Chapter 4), remains to be solved by the 
biochemical industry and ultimately, the consumer.  

A third research opportunity lies in understanding the ecology of fermentations in food using 
enrichment cultures (III). Specifically, the influence of the composition of nutrients available at 
the start of the fermentation (e.g., types and amounts of amino acids) is of interest to research, to 
be able to better understand the fermentative mechanisms at work in food ecology, such as during 
kimchi or “natural wine” fermentations. Fourthly, in the light of the ecology of food fermentations, 
very low pH enrichment cultures (pH<3.5) are also interesting (IV), as grape juice has an average 
pH of 3.3. The SRT of the enrichment will have de be adapted to low growth rates, so a membrane 
bioreactor or a granular sludge reactor as used by Tamis et al. [248] are expected to be suitable 
for this type of work. 

Fifthly, studying the impact of the composition of the feedstock used to produce spectra of VFAs 
for either chain elongation or PHA production is a promising research opportunity (V). Feedstocks 
containing only slowly hydrolysable polymers such as cellulose and hemicellulose in combination 
with a relatively large content of salts (e.g., paper mill effluent) could induce a very different 
ecological effect in the fermentation/hydrolysis than the organic fraction of municipal waste (e.g., 
fruit and vegetable waste), as discussed with Dr. L. Welles at the Orgaworld waste processing site, 
Lelystad, the Netherlands (internal communication). Enrichment cultures can aid this research 
field, by exact control and evaluation of the stoichiometry, kinetics, and microbial community 
structure to understand the ecology of these fermentations, and ultimately to direct product 
formation as proposed by Temudo in 2008 [6] and further developed in this thesis.  
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2 What drives product formation: kinetics or ATP maximisation? 

Competing for substrate, microorganisms basically have two options to optimise their growth rate 
(µ), either optimising their maximum rate of substrate uptake (qsmax) or optimising their yield of 
biomass formation on substrate (Yx,s). 

µ = Yxs · qs + ms        (6.1) 

Optimising for flux or rate (qsmax) means optimising the internal enzymatic network. When 
assuming Michaelis-Menten type enzyme kinetics for a single substrate enzymatic reaction, then: 

𝑟𝑒 =
𝑘𝑐𝑎𝑡∙𝑐𝑒∙𝑆

𝑆+𝐾
        (6.2) 

In which re is the enzymatic rate, kcat is the “turnover” rate specific for this enzymatic reaction, ce 
is the enzyme concentration, S is the substrate concentration and K is the Michaelis-Menten 
constant of this specific reaction. If kinetics are optimised, than cells have to optimise their 
metabolic reactions as such that the “best” enzyme concentration levels are found. The best “fit” 
of the cellular enzyme concentrations levels with the applied conditions enables the highest qsmax, 
which in turn enables the highest µ, or µmax if no substrate is limiting growth and no inhibition 
takes place. This reasoning forms the basis behind the resource allocation hypothesis used in 
Chapter 4. 

The biomass yield on substrate (Yx,s) on the other hand can also be optimised to favour a high µ. 
As outlined in the introduction, biomass formation (anabolism) is coupled to catabolism. Thus, if 
a higher amount of energy (ATP) can be harvested in catabolism and if anabolism is equally 
“costly”, than with this higher YATP,s a higher Yx,s can be realised by this metabolism.  

A higher ATP harvested in catabolism can be realised by a longer enzymatic pathway. For example, 
2 ATP is harvested using substrate phosphorylation when fermenting glucose to lactate, while 3 
ATP is harvested when fermenting glucose to acetate and ethanol.  Electrons available at the start 
of the metabolism are cascaded to a lower energy state, than what would have been possible with 
a shorter enzymatic pathway. This is illustrated by the case of ethanol and coupled acetate 
production versus butyrate production (Chapter 2), and the case of heterofermentation versus 
acetate-butyrate-ethanol-H2 production (Chapter 4).  To produce acetate and ethanol from 
acetyl-CoA, 4 enzymes are needed, while 6 enzymes and potentially an ATPase and a motive force 
generating complex are used for butyrate production. Thus it seems that longer catabolic 
pathways relate to more potential for energy harvesting, but they also burden the proteome 
available in a cell. The question is than, how do microbiomes “choose” their pathways, and why is 
that so? 

3 Can we predict product formation?  

Resource allocation based models, such as proposed by Molenaar et al. [242] can be extended to 
microbial communities to attempt to predict the product formation in fermentative ecosystems. 
This prediction can be realised through simulating the optimisation enzyme levels to obtain the 
highest µ (equation 6.1), given a certain set ecological niche (see Chapter 1). In numerical terms, 
a vector ce,i for a number of enzymatic reactions i will have to be optimised to obtain the maximum 
growth rate µ given a certain environment. Layers of biochemical complexity can be added 
stepwise, such as futile cycles and more detailed biochemistry for anabolism. Predicting the 
switch between acetate, butyrate, ethanol, and hydrogen production on the one hand, and lactate 
and ethanol formation (by heterofermentation [4]) on the other hand under acidic pH conditions 
(Chapter 4) could be realised using a resource allocation based approach (as discussed in the 
previous section). Such species-independent models can realise the prediction of the metabolic 
properties dominating given a certain environment a priori.  
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To add to the complexity of constructing a predictive model, equation 6.2 shows that the rate of 
an enzymatic reaction is dependent on the substrate concentration S. In catabolic reactions, redox 
reactions can occur which are dependent on conserved moieties, such as NADH, Fd, CoA, ATP etc. 
If a certain metabolite, such as NADH, is present in a relatively low concentration, the enzymatic 
rate of this reaction will decrease, affecting the overall substrate uptake and product formation 
kinetics. In a dynamic environment, such as the SBR environment, intracellular metabolites are 
assumed to change concentrations, which also affects the enzymatic rates that form the 
metabolism. Enzymatic reactions form the basis of metabolic fluxes, and thus the regulation of 
enzymatic reactions through the levels of conserved moieties can help to understand the directing 
carbon is flowing in mixed culture fermentation. An attempt has been made in the context of this 
thesis to predict lactate over actete-butyrate-ethanol-H2 formation (Chapter 4) using a species-
independent model for a continuous glucose limited enrichment culture, which showed that lactic 
acid production is favourable when little anabolic enzymes are expressed for biosynthetic 
pathways (data not shown). Future modelling work should aim to evaluate the resource allocation 
and the metabolite concept to obtain an accurate prediction of product formation in open 
fermentative ecosystems. 

4 Biochemistry is driving functionality not taxonomy 

The evaluation of the metabolism displayed by enriched microbial communities in this thesis is 
based on genomic information available for microbial strains, species and genera which is 
available in public databases and peer-reviewed articles (Chapter 2, 3 and 4). Metagenomics 
offered the possibility to evaluate the potential metabolism of one enrichment culture (Chapter 
5). There is a scientific opportunity for proteomic verification of assumed metabolic networks, in 
which meta-proteomics offers the advantage of the measurement of potentially functional 
proteins, supporting metabolic assumptions. Attempts have been made to measure XylF, XylG and 
XylH as compared to XylE in the xylose limited CSTR enrichment (Chapter 5), but this stranded 
in attempting to obtain soluble membrane proteins for targeted mass spectrometry experiments 
(data not shown). Comparing the presence of these two xylose uptake systems can prove the 
hypothesis that ATP-binding proteins are used for xylose transport under substrate limitation 
(CSTR), while proton mediated xylose uptake is used under substrate excess (SBR). Other suitable 
targets for proteome analysis are the verification of the Rnf complex with butyrate production at 
pH 8.0, and its absence when acetate and ethanol are produced. This measurement can support 
the concept of alternative ATP harvesting using an electrochemical potential, which likely led to a 
competitive advantage under growth limitation. The Mgl and PTS system can also be attempted 
to be measured in the glucose limited CSTR and SBR enrichment at pH 8.0, which can prove the 
assumption of ATP-binding proteins to be present under substrate limitation and not under 
substrate excess. The proteins involved in the metabolic network proposed in Chapter 4 can be 
verified using a similar approach.  

Proteomics is not straightforward. Soluble proteins (intracellular proteins) are easier to use for 
mass spectrometry than insoluble proteins (membrane proteins). Protein extraction, 
solubilisation and protein separation prior to injection in the mass spectrometer will have to be 
evaluated to obtain accurate and reproducible results. A direct stable isotope fingerprint method,  
as published by Kleiner et al. [249], could be used to obtain such metaproteomic data. In their 
work, the feeding of labelled carbon is combined with metaproteomics to determine active 
catabolic proteomes in a microbial community. Ultimately, metaproteomics can characterise the 
metabolic network, whilst also characterising the microbial community structure by comparing 
the proteome of a sample to proteomes of microbial taxa in databases, thereby analysing a 
microbiome on the two phylogenetic and functional levels simultaneously (Figure 6.2). 

Enzymatic assays can complement proteomic data, to validate the presence and (potential) rate 
of a certain assumed enzymatic reaction of the studied metabolism. The stoichiometry-based 
balancing in Chapter 2, resulted in the conclusion that the pentose phosphate pathway (PPP) was 



Chapter 6 - General conclusions and an outlook for future research 

139 

 

active, whilst the phosphoketolase pathway (PKP) was not active. The verification of this 
conclusion can be achieved using specifically designed enzymatic assays for to target these 
pathways. An attempt was made in this thesis, which indicated that the PKP was not measurable 
in a cell free extract of the xylose limited SBR enrichment culture, be it due to analytical or 
biological reasons (Chapter 2, data not shown).  

Metabolomics can offer the evaluation of the intracellular and extracellular metabolite 
concentrations in time, which can help to solve questions on limited enzymatic rates. Intracellular 
NADH, NAD+, Fd, CoA, ADP and ATP levels could be measured to understand the product 
formation from a metabolite point of view, as has been attempted for NADH/NAD+ to understand 
the impact of the hydrogen partial pressure on the product spectrum in mixed culture 
fermentation [87]. Extracellular metabolomics, as performed in Chapter 5, offers the 
investigation of extracellular composition of mixed or pure cultures. This is useful to generate 
ecological hypotheses of how microorganisms might be cooperating. 

Figure 6.2: Levels of complexity involved in mechanistically understanding mixed culture fermentation. The 
blue boxes indicate the type of research question that can be typically answered through using a certain 
approach. 

Depending on the type of research question asked, a certain type of methodology can generate 
results to support a hypothesis (Figure 6.2). Bioprocess design relies on differential experiments, 
varying environmental conditions and observing the impact of a certain variable. Many of such 
studies have been published. Meta-studies have also been performed to understand these 
experiments. Moscoviz et al. have analysed four hundred scientific documents to analyse the COD 
spectrum in different fermentative systems, including the combination with microbial electrolysis 
and photofermentation [190]. Their effort resulted in the observation that in dark fermentation 
experiments the hydrogen yield on incoming COD is 47% higher when using agricultural and 
green residues as feedstock compared to food waste. They also observed that the lactate yield was 
highest in a batch experiment using food waste (0.63 gCOD gCOD

-1). These observations are likely a 
direct consequence of the ecology offered by these different fermentable feedstocks, as discussed 
in Chapter 4. 

Microbial community analysis can show which microbial populations are the dominant fraction 
of a community. Linking this presence to a certain metabolism is more challenging. Databases such 
as NCBI and SILVA can be used to correlate microbial populations to functionalities. Recently 
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different types of software have been developed to perform such analyses, such as tax4fun [250]. 
Such pattern recognition-based tools can predict functionalities, if the dataset of functionalities is 
abundant and accurate enough. They cannot, however, explain the mechanism behind the 
prevalence of a functionality over another competing functionality. Data generated by 16S rRNA 
gene amplicon sequencing is useful to correlate microbial communities and functionalities, not to 
explain causal effects. The question of how microbial communities are shaped is not solved by 
linking microbial community structures to functionalities. The tools used in Chapter 2, 3 and 4 
are useful to perform the ecological experiment of “who is doing what”, which is the essence of 
taxonomy (Figure 6.2). 

Biochemistry methods such as proteomics and metabolomics can solve the issue which metabolic 
pathways are active under certain conditions and can thereby validate metabolic networks. Hassa 
et al. discuss the bundling metagenomics, metatranscriptomics and metabolomics when analysing 
anaerobic digestion plants [251]. They show that cellulose and hemicellulose decomposing 
enzymes in these plants are indeed verified by metaproteomics, which shows the power of 
metaproteomics to verify assumed metabolic networks. Predictive models are useful to 
understand why a certain functionality dominates over another functionality, given a certain 
theoretical set of axioms to the model as shown  for the catabolic shift of Lactococcus lactis by 
Molenaar et al. [167]. Most likely, a continuous iteration between all these layers of complexity 
(Figure 6.2) will result in an accurate understanding of how and why fermentative microbiomes 
behave the way they do. 

5 Strategies for growth: to cooperate or to compete? 

Microbial interactions likely driving microbial diversity, which is the inspiration for the work 
performed in Chapter 5. Hibbing et al. outline in their review paper different experimental studies 
which reveal metabolic interactions [213]. They discuss only one example of interactions 
occurring in mixed cultures or enrichment cultures, which shows the ample opportunity for 
scientists to use enrichment cultures as a tool to investigate metabolic interactions (Figure 6.1).  

Commensalism in parallel to competition as the mechanisms driving microbial diversity is not 
very widely noted in literature. A paper from Christensen proposes that these two mechanisms 
drive the interaction of Pseudomonas putida and Acinetobacter in synthetic co-culture which was 
grown on a single carbon source, benzyl alcohol [252]. They use this hypothesis to explain the 
biofilm formation occurring between the two used strains. If commensalism is more prevalent in 
fermentative ecosystems than mutualism remains to be settled by future work. 
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Appendix I – Medium and trace element solution used throughout this thesis 

The medium solution used in this thesis is replicated from the medium solution used by Temudo 
[6]. The solution used in this thesis has the same elemental composition, while some salts were 
added in a different water crystal form (e.g. CaCl2). 

Table A1: Concentration of compounds in the influent entering the bioreactor setup. The trace element 
solution was designed to be 1250x concentrated compared to the influent concentration. EDTA was used to 
keep especially iron in solution. 

Compound 
Influent 

concentration 
 

 
(g L-1)  

Carbohydrate 4.00  

NH4Cl 1.34  

KH2PO4 0.78  

NaCl 0.292  

Na2SO4*10H2O 0.130 
 

MgCl2*6H2O 0.120 Concentration 
trace solution 

Trace elements  (g L-1) 

FeSO4*7H2O 0.0031 3.875 

CaCl2 0.0006 0.750 

H3BO3 0.0001 0.125 

Na2MoO4*2H2O 0.0001 0.125 

ZnSO4*7H2O 0.0032 4.000 

CoCl2*H2O 0.0006 0.750 

CuCl2*2H2O 0.0022 2.750 

MnCl2*4H2O 0.0025 3.125 

NiCl2*6H2O 0.0005 0.625 

Na3 EDTA (titriplex III) 0.05 62.50 
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Appendix II – Relevant fermentative and non-fermentative stoichiometries 

Potentially, many different metabolisms can occur when enriching for fermentative metabolisms. 
A kinetic, thermodynamic and bioenergetics evaluation of relevant metabolisms was performed 
as introduced in Chapter 1 (Table 1.2), which was used as a tool to determine the effectiveness of 
“washing out” non-desired metabolisms (such as sulphate reduction or methanogenesis). The 
stoichiometries presented in Table A2 form the basis of the thermodynamic evaluation.  
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