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Abstract Anaerobic fermentation by an open mixed
culture was investigated at different pH values (4–8.5)
and with three substrates (glucose, glycerol and xylose).
The populations established in each condition were
assessed by denaturing gradient gel electrophoresis analysis
of the 16S ribosomal RNA gene fragments. The fermenta-
tion pattern and the composition of the microbial popula-
tion were also evaluated when operational variations were
imposed (increase of substrate concentration or introduction
of a second substrate). The experimental results demon-
strated that at low and high pH values, a clearly different
fermentation pattern was associated with the dominance of
a specialised group of clostridiae. At intermediate pH
values, the product spectrum was rather variable and
seemed to be sensitive to variations in the microbial
community. Different substrates resulted in the establish-
ment of different microbial communities. When fed with a
mixture of two substrates, mixotrophic microorganisms
(capable of degrading both substrates) were found to
overgrow the originally dominant specialists. Overall, the
experiments have shown that some operational variables
have a clear impact on the fermentation pattern and on the
population established. However, a uniform relationship
between the process characteristics (associated to a meta-
bolic response) and the microbial population present is not
always possible.
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Introduction

Mixed culture biotechnology may become an attractive
addition to traditional pure-culture-based biotechnology for
the production of bulk chemicals fromwaste streams (Dai et al.
2007; Kleerebezem and van Loosdrecht 2007; Reis et al.
2003; Rodriguez et al. 2006). Open mixed cultures, based on
natural inocula with a high microbial diversity, allow
continuous operation of bioprocesses under non-sterile con-
ditions with no risk of strain degeneration. Additionally, due
to the high microbial diversity, these cultures can deal with
mixtures of substrates and of variable composition. The
conditions in these processes are chosen such that the
metabolic conversion of interest provides an ecological
advantage to the microorganisms. It has been proposed that
in mixed culture fermentation (MCF) systems, the operational
conditions will determine which catabolic product allows the
more efficient growth and will therefore dominate (Claassen
et al. 1999; Hawkes et al. 2007; Rodriguez et al. 2006).

Ecosystem functioning often depends on the microbial
composition. Recent studies on bacterial communities
showed that changes in ecosystem functioning are associ-
ated with changes in the genetic structure of bacterial
communities, suggesting that the performance of ecosys-
tem-based processes depends on the bacterial community
composition (Dejonghe et al. 2001; Wittebolle et al. 2005).
However, it has also been shown that bacterial communities
are functionally redundant, i.e. communities with different
compositions can perform similar functions such as
catalysing metabolic reactions and primary production
(Fernandez et al. 2000; Findlay and Sinsabaugh 2003;
Langenheder et al. 2005).
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The pH is a powerful parameter that can be used to
control both the metabolism and to select the micro-
organisms that are best able to survive. The pH affects
several microbial parameters such as the growth rate, the
utilisation of the carbon source, efficiency of the substrate
conversion, etc. (Russell 1992). Furthermore, the pH
determines the fraction of undissociated acids in the broth,
which are known to be able to permeate cell membranes.
Indeed, it has been shown that the environmental pH has a
strong impact on the product spectrum of mixed cultures
fermentation (Temudo et al. 2007; Zoetemeyer et al. 1982).
Another important factor that shapes the community
structure and product formation is the substrate. The degree
of reduction of the substrate and the metabolic pathway
used for its degradation determine the product spectrum
(Temudo et al. 2008). The most abundant sugar in nature,
glucose, is always accompanied by other compounds, e.g.
xylose. The growth on such mixtures may not be controlled
by only a single nutrient, and the kinetic properties of a cell
may change due to adaptation (Kovarova-Kovar and Egli
1998). To which extent these factors have an impact on the
microbial community composition or on its functioning is
an important question in microbial ecology. Insight in these
interactions between the environment and the microbial
population may allow the prediction of the product
spectrum formed in MCF systems. This is a prerequisite
for successful implementation of mixed culture biotechnol-
ogy-based processes. The fundamental question to be
answered is whether the process conditions are determining
the product spectrum or is the product spectrum resulting
from the established microbial community.

The aim of this research was to study the link between
the functional performance and the microbial community
found under each condition. Furthermore, it was of interest
to evaluate the response and stability of a certain population
towards the introduction of other variables (product
concentration or other carbon source). To this end, the
microbial population established was assessed in several
continuous culture fermentation systems operated under
different operational conditions. The variables investigated
were the pH and diverse carbon sources (glucose, glycerol
and xylose). After achieving a stable performance, the
impact of higher inflow substrate concentrations and
introduction of a second substrate on the microbial
community present was assessed.

Materials and methods

Reactor operation and inoculum source

A continuously stirred tank reactor was operated at 30°C at
an influent substrate concentration of 4 g/l. The bioreactor

had a working volume of 2 l and was sparged with nitrogen
gas to maintain anaerobic conditions. The reactor was
freshly inoculated before each experiment with 40 ml of
two different inocula (a sludge from a distillery wastewater
treatment plant and another from a potato starch processing
acidification tank, Temudo et al. 2007) and was left in batch
mode until the substrate was depleted. It took 3–5 weeks to
establish stable operation. A stable operation was assumed
when the measured product and biomass concentrations
varied less than 20% within a time frame of at least a week.

For the study of the impact of the pH on fermentation by
mixed cultures, glucose was used as substrate. The pH
values were investigated in the following order: 5.0, 4.0,
5.5, 8.5, 7.75, 6.25, 4.75, 7.0 and 8.0. The dilution rate was
0.05 h−1 for pH values equal or lower than 5.5 and 0.12 h−1

for pH values equal or higher than 5.5. This corresponded
to approximately 30 volume changes at a dilution rate of
0.05 h−1 (pH≤5.5) and about 70 volume changes when the
dilution rate was 0.12 h−1 (pH≥5.5).

The influence of different substrates (glucose, glycerol
and xylose) on the product spectrum and the composition of
the microbial community was studied at pH 8.0, 30°C, and
D 0.12 h−1. The influent substrate concentration initially
was 4 g/l and later increased to 10 g/l. In the case of the
glucose and glycerol cultivated cultures, also 25 g/l was
tested (Temudo et al. 2008). The mineral medium compo-
sition was described previously (Temudo et al. 2007) and,
when needed, was adjusted to keep the C/N/P ratio
constant.

Fermentation of a mixture of two substrates was tested
on the biomass cultivated on a single substrate. A mixture
of glucose and glycerol was added to the glucose grown
culture. The same substrates mixture was fed to the glycerol
grown culture. A mixture of glucose and xylose was
supplied to the reactor cultivated on xylose. In these
experiments, the total amount of carbon supplied was kept
constant, and the two substrates were fed in equal amount
of carbon moles.

The reactors were opened and cleaned at least once per
week to remove wall growth and only allow suspended
biomass to remain. The carbon source solutions were
sterilised at 110°C for 20 min to avoid microbial growth
in the vessel.

Analytical techniques

Reactor broth samples were immediately filtered (Millipore
membrane of 0.45 μm). The substrate and end products
were determined and quantified. Xylose, glucose, glycerol,
volatile fatty acids (acetate, propionate, butyrate, isobuty-
rate, valerate, isovalerate and caproate), lactate, succinic
acid, formic acid and 1,3-propanediol were determined.
Measurements of H2 and CO2 in the off gas were performed
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online, and the base added to maintain the pH constant was
monitored. A detailed description of the analytical methods
used can be found elsewhere (Temudo et al. 2007). The
biomass dry weight was determined after filtration accord-
ing to standard methods (Greenberg et al. 1992).

Microbial diversity analysis

Nucleic acid extraction Bioreactor community samples
were concentrated by centrifugation. Genomic DNA was
extracted directly from the concentrated biomass using the
Ultra Clean Soil DNA extraction kit (MOBIO Laboratories,
California, USA) according to the manufacturer’s protocol.
Extracted DNA was stored at −20°C until further use.

PCR amplification Amplification of 16S ribosomal RNA
(rRNA) gene fragments was performed using the primer
pairs, 341F-GC (5′ CCTACG GGA GGC AGC AG 3′) and
907R(5′ CCG TCA ATT CMT TTG AGT TT 3′; Muyzer et
al. 1995). For the amplification reactions, 1 μl of genomic
DNA was used. The protocol used for the amplification of
16S rRNA gene fragments was as described previously
(Muyzer et al. 1995). Polymerase chain reaction (PCR)
amplification was performed in an automated thermal
cycler. Initial denaturation was at 94°C for 5 min; followed
by 30 cycles of denaturation at 94°C for 1 min, annealing at
65°C for 1 min and extension at 72°C for 20 s, except for
the last cycle which was 15 min. A touchdown protocol
was used to increase specificity of the amplification
reaction. This consisted of a decrease of 0.5°C in each
cycle of the annealing temperature, 65°C to 55°C in 20
cycles. The quality of the PCR products was examined on
1% (wt./vol.) agarose gel, and the yield was quantified by
absorption spectrophotometry using the Nanodrop ND-
1000 TM (NanoDrop Technologies, Delaware, USA).

DGGE of 16S rRNA gene fragments Denaturing gradient
gel electrophoresis (DGGE) was performed as described by
Schäfer and Muyzer (2001) using the D-Code system (Bio-
Rad Laboratories, California, USA). Electrophoresis was
performed with 1-mm-thick 6% polyacrylamide gels (ratio
of acrylamide to bisacrylamide, 40:1) submerged in 1×
TAE buffer (40 mM Tris, 40 mM acetic acid, 1 mM EDTA,
pH 7.5) at constant temperature of 60°C. PCR product in an
amount ranging from 300 to 500 ng was applied to the
individual lanes on the gel. The electrophoresis conditions
for 16S rDNA fragment were the same as described
previously (Schäfer and Muyzer 2001): 16 h at 100 V in a
linear 30% to 60% denaturant gradient [100% denaturants
is a mixture of 7 M urea and 40% (vol./vol.) formamide].
After electrophoresis, the gels were incubated for 30 min in
Milli-Q water containing ethidium bromide (0.5 μg/ml),
rinsed for 20 min in Milli-Q water and photographed using

a Bio-Rad GelDoc station (Bio-Rad). Individual bands were
excised, resuspended in 15 μl of Milli-Q water and stored
overnight at 4°C. A volume of 3 to 5 μl of the supernatant
was used for re-amplification with the original primer sets.
The re-amplified PCR products were run again on a
denaturing gradient gel to check their purity. Prior to
sequencing, the PCR products were purified using the
Qiaquick PCR purification kit (QIAGEN GmbH, Hilden,
Germany).

Phylogenetic analysis The obtained 16S rRNA gene
sequences were first compared to sequences stored in
GenBank using the BLAST algorithm. Subsequently, the
sequences were imported into the ARB software program
(Ludwig et al. 2004; Schäfer and Muyzer 2001) and aligned
using the automatic aligner function. The alignment was
further corrected manually, and an optimised tree was
calculated using the neighbour-joining algorithm with
Felsenstein correction.

Sequence accession numbers The 16S rRNA sequences
determined in this study were deposited in GenBank under
accession numbers EU435415–EU435434.

Results

Impact of the pH on glucose fermentation

The pH not only had a significant effect on the product
spectrum but also on the dominant type of microorganism
as can be seen in Fig. 1a,b. The full product distribution as
a function of the pH can be found in Table S1 of the
Electronic supplementary material. At low pH values, the
product spectrum mainly consisted of butyrate and acetate,
while at high pH, it shifted to acetate and ethanol. The
microbial population that established at each pH value also
differed as can be seen from the DGGE gel in Fig. 1. From
the gel, the dominant bands were excised and re-amplified.
The successfully sequenced DNA fragments are numbered
in Fig. 1 and the respective phylogenetic affiliation is
illustrated in the phylogenetic evolutionary tree (Fig. 2).
Four microbial communities could be distinguished: at
low (4–5.5), medium (6–7) and high pH values, 7.5–8 and
8.5. The dominant microorganisms at low and at high pH
were located at two different subclusters of cluster I of the
genus Clostridium. At middle pH values, the principal
microorganism belonged to genus Klebsiella; facultative
anaerobic bacteria that are known for lacking the enzymes
involved in butyrate production. This relates to the
observation that at pH 6.25 and 7.0, the butyrate yield
was lower (Fig. 1).
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Impact of the type of substrate

To study and compare the effect of different substrates
(glucose, xylose and glycerol), reactors were operated at
pH 8, dilution rate 0.12 h−1 and substrate concentration
4 g/l (0.14–0.15 Cmol/l). The system was characterised
after 80 volume changes in the case of glucose and glycerol
and after 240 volume changes for xylose. The main
catabolic products of glucose and xylose fermentation were
acetate, butyrate and ethanol (Fig. 3). The complete product
spectrum can be found in Table S2 of the Electronic
supplementary material. Glycerol has a higher degree of
reduction compared to glucose and xylose, and therefore, a
higher fraction is converted to more reduced compounds,
e.g. ethanol and 1,3-propanediol. In a chemostat at low
substrate concentrations, the main product was ethanol,
while minor amounts of 1,3-propanediol and acetate were
produced (Fig. 3).

The microbial populations that established on the three
substrates were different (Fig. 2 and 4). The glycerol and

xylose cultures had a bigger diversity compared to the
glucose grown culture. The glycerol community was
dominated by an enterobacteria closely related to Klebsiella
oxytoca (band number 58), a facultative microorganism
which has been reported to be able to ferment glycerol
(Homann et al. 1990). Other microorganisms in the
glycerol-grown culture were related to Pectinatus frisin-
gensis (band 61), to Clostridium intestinale, clostridium
cluster I (band 57), and the sequence from band 53 was
related to uncultured bacteria of the cluster XIVa of the
clostridia family. Species of the genus Pectinatus have been
reported in spoiled beer and are ethanol-tolerant up to 4.8%.
These species belong to the Clostridia family, cluster IX,
and are strictly anaerobic (Haikara and Helander 2006). In
the bioreactor fed with xylose, there were three dominant
bands present, represented by numbers 9, 18 and 23. The
two bands indicated with the number 18 seem to be an
artefact of this DNA sequence. Several attempts were made
to purify; however, the result was always the same (two
bands in the DGGE gel) and the purified DNA could be

Fig. 1 Impact of the operational
pH on glucose fermentation: a
the product spectrum and b
DGGE analysis of the 16S
rRNA gene fragment of DNA
samples from the biomass pres-
ent in the reactor at each condi-
tion. The dilution rate was
0.05 h−1 for the first pH values
(4–5.5) and 0.12 h−1 for the last
operational pH (5.5–8.5). Sym-
bols correspond to the yields of
the main products (Cmol/Cmol):
butyrate (square), acetate (cir-
cle) and ethanol (triangle).
Apart from biomass, the main
other products were CO2 and H2

at low pH values and formate at
high pH values
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Fig. 2 Phylogenetic tree based
on 16S rRNA gene sequences
obtained from the DGGE bands.
The sequences were mainly af-
filiated to a two distinct classes:
gammaproteobacteria and bac-
teroidetes and to b three differ-
ent genera of Clostridia familiae
(Collins et al. 1994)
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successfully sequenced. The sequence 18 was affiliated to
cluster I of the clostridium genus. The sequences 9 and 23
were affiliated to cluster XIVa of the clostridia family.
Many of the described species of this cluster live in
ruminant environments, which may explain a higher
affinity for xylose.

Impact of the increase of the substrate concentration

After characterising the system at low substrate concen-
trations in the influent, the substrate concentration of the
feeding solution was increased. The system was charac-
terised after reaching stable operation as obtained after
approximately 40 volume changes. The main product yields
are shown in Fig. 3; full product distribution can be found

in Table S3 of the Electronic supplementary material. The
substrate concentration inside the reactor was below the
detection limit. However, under the new conditions, higher
substrate conversion rate and higher product concentration,
the product spectrum shifted in the three reactors. In the
reactor fed with glucose and xylose, butyrate decreased to
very low values and ethanol and acetate became the major
products (1:1). In the glycerol-fed reactor, the ethanol yield
decreased, while 1,3-propanediol and acetate yields in-
creased (Fig. 3).

Figure 4 shows the DGGE pattern of the microbial
community at elevated substrate concentrations. Even
though a similar shift in the catabolic product spectrum
was observed in the glucose- and xylose-fed reactors, it
only resulted in a clear change in the microbial population
in the xylose-fed reactor. In the glucose system, the main
microorganism remained. In the chemostat fed with
glycerol, only small changes in the microbial community
occurred, band 57 disappeared and 48 emerged.

Mixed substrates fermentation

The cultures cultivated on different substrates (glucose,
glycerol and xylose) were submitted to a mixture of two
substrates: the glucose and glycerol grown cultures were
fed with a glucose–glycerol mixture, and the xylose grown
culture was fed with a xylose–glucose mixture. After
1 week feeding with the mixture of substrates, the product
spectrum in all reactors was very similar to the average of
the product spectra observed when the two substrates were
fed separately (Fig. 5). The full product distribution can be
found in Table S4 of the Electronic supplementary material.
Immediately after switching from a single substrate to a
mixture of substrates, the populations present in the reactor
were capable of degrading the additional substrate.

The DGGE pattern of the microbial communities at
different stages is shown in Fig. 6. Samples were taken
before feeding with a mixture of substrates (lane I), 1 day

Fig. 3 Main catabolic products of glucose, glycerol and xylose fermentation by open mixed culture at increasing substrate concentration in a
chemostat at pH 8, dilution rate 0.12 h−1 and 30°C. The main other products were biomass, CO2, H2 and formate

Fig. 4 DGGE pattern of the
16S rRNA gene fragments of
the DNA extracted from the
bioreactors cultivated on differ-
ent substrates: glucose, glycerol
and xylose. Impact of the sub-
strate concentration on the mi-
crobial community: I glucose
4 g/l, II glucose 26 g/l, III
glycerol 4 g/l, IV glycerol 23 g/l,
V xylose 4 g/l and VI xylose
11 g/l
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after (lane II) and 1 week after (lane III). The glucose-
grown culture could instantaneously convert glycerol. The
composition of the microbial population was not affected
after 1 week of being fed with the glucose–glycerol
mixture. In the glycerol-fed reactor where a more diverse
population was present, there was a microorganism (band
number 57, Fig. 6) that after only three volume changes
took advantage of the presence of glucose besides glycerol.
After 1 week, the bands 53, 61 and 58 almost disappeared,
and another population emerged represented by the three
bands that are positioned above band 57. These three bands
seem to be an artefact of band 57, since only one could be
successfully purified and gave the same sequence. In the
bioreactor initially fed with xylose, an analogous effect was
observed to the reactor fed with glycerol. One week after
additional glucose was supplied, bands numbers 9 and 23
remained in the system, band 18 disappeared and band 83
emerged.

Discussion

In this study, a mixture of two inocula was used in order to
initially provide a high microbial diversity. The high
diversity is reflected in the different microbial populations
established with different substrates and under the different
conditions studied as indicated in the phylogenetic tree
(Fig. 2a,b). A low number of significant bands was found
upon feeding with a single substrate: between one and three
when glucose was the substrate and less than six for
glycerol and xylose. At the relatively high dilution rates
applied (0.04–0.13 h−1), it can be safely assumed that the
microorganisms identified are metabolically active and
directly involved in the substrate conversion. This also
means that at each operational condition, the main
metabolic functions are catalysed by a limited number of
species. Such a result was expected based on the constant
operational conditions for a long period of time (at least 30
volume changes). The chemostat-type reactor is further-
more characterised by the absence of dynamics, gradients,
not allowing for niche differentiation and establishment of a
mixed culture with a high metabolic diversity.

Several theories have been formulated to elucidate the
relationship between species diversity and ecosystem
functioning (Lawton and Brown 1994; Verstraete et al.
2007). By cultivating in a chemostat, selection occurs for
those microorganisms that show a higher specific substrate
affinity (μmax/Ks). On the other hand, there is significant
redundancy in microbial species functions. Fermentation of
carbohydrates is a widespread function over many different
genera, and as long as all the functional groups are
represented, the functioning of an ecosystem does not
depend on species diversity (Lawton and Brown 1994).
This explains the finding of similar, but different, micro-
organisms at comparable operational conditions such as a
low or high pH value. Nevertheless, when the conditions
were changed as by the increase of influent substrate

Fig. 5 Main catabolic products on one (I) and two substrates (III) in a
chemostat at pH 8, dilution rate 0.12 h−1 and 30°C. A Culture
cultivated on glucose before (I) and 1 week after (III) being fed with a
mixture of glucose and glycerol; B culture cultivated on glycerol

before and 1 week after being submitted to a mixture of glucose and
glycerol; C culture cultivated on xylose before and being submitted to
a mixture of glucose and xylose for 1 week

Fig. 6 DGGE (30–60%) pattern
of the 16S rRNA gene frag-
ments of the DNA extracted
from the bioreactors cultivated
on different substrates before
and after being submitted to
mixtures of two substrates: glu-
cose, glycerol and xylose. Sam-
ples taken one day before (lane
I) 1 day after changing the
feeding solution (three volume
changes, lane II), 1 week after
(20 volume changes, lane III)
and 2 weeks after being changed
back to the initial conditions
(lane IV)
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concentration or by the introduction of a different substrate,
previously absent bands emerged, suggesting that non-
dominant microorganisms were still present in low numbers
and took over the main metabolic processes in the
bioreactor.

It is noteworthy that the operation time of the xylose
grown culture was at least three times longer than the
glucose and glycerol cultures. Nonetheless, the number of
significant microorganisms is higher in the xylose-cultivated
community. Coexistence of more than one microorganism in
chemostat has been reported when more than one nutrient
limitation or different environmental factors exert the control
on the growth of the different microbial groups (Gottschal
1993; Harder et al. 1977; Powell 1958; Taylor and Williams
1975; Yoon et al. 1977). Another aspect could be the effect
that a certain species can have on the growth of other
species, creating a symbiotic relation.

Coupling between metabolic function and community
composition

The pH was shown to have a clear impact on both the
product spectrum and the microbial community structure in
a glucose fermenting system. Such an impact of the
environmental pH on the process that results in a shift in
product spectrum has been reported before (Fang and Liu
2002; Horiuchi et al. 2002; Zoetemeyer et al. 1982).
Product spectra similar to those obtained in this study at
low and high pH have been found in other studies as well
(Zoetemeyer et al. 1982). At middle pH, however, many
other product combinations have been reported for similar
operational conditions. These product combinations mainly
vary from butyrate to propionate or ethanol and acetate
(Fang and Liu 2002; Horiuchi et al. 1999; Horiuchi et al.
2002; Walker et al. 2005). This suggests that at around
neutral pH values, the pH does not impose a strong
selective pressure on the system. In these cases, other
factors might become important, like an increased bicar-
bonate concentration that may favour propionate production
(via succinate; Koussemon et al. 2003; van der Werf et al.
1997).

Such product shift could not be explained using only
bioenergetic considerations at different pH values because
both conversions are equally favourable in terms of Gibbs
free energy change, and the estimated ATP yields on
substrate (YATPS) are also comparable (Table 1). A higher
ATP efficiency, as found at lower pH values, is justifiable
due to the higher maintenance requirements:

& a higher fraction of non-dissociated acids in solution,
& a lower dilution rate at lower pH values (pH≤5.5), and
& the higher toxicity of butyrate compared to acetate

(Herrero et al. 1985).

Therefore, at least two metabolic properties can be
distinguished with respect to acid toxicity tolerance at low
and high pH values (outside the range of pH values 6–7).

The presence of clostridiaceae has been widely reported
in similar operational conditions: fermentation of carbohy-
drates, mesophilic temperatures, anaerobic conditions,
dilution rate between 0.04–0.2 h−1 and pH from 4–8 (Fang
et al. 2002; Iyer et al. 2004; Kim et al. 2006; Ren et al.
2007; Ueno et al. 2001). The cluster I of the genus
clostridium are strictly anaerobic “Gram-positive” micro-
organisms (Collins et al. 1994). Little is known about the
difference within this cluster in terms of acid tolerance.
Most clostridia cannot grow at pH values lower than 6.2 or
need to change their metabolism by producing solvents
instead of fatty acids (Svensson 1992; Wiegel et al. 2006).
Here, however, growth occurred with formation of acids at
low pH. The microorganisms found at low pH were closely
related to C. acidisoli and C. pasteuranium, species that
have been described as acid-tolerant and grow at pH 3.6–
7.0 (Wiegel et al. 2006).

When different substrates were tested at the same pH,
different populations established. Part of the metabolic
pathways utilised for degradation of the different substrates
is comparable, but the substrate uptake mechanisms or the
substrate oxidation state may induce different pathways. As
the influent substrate concentration was increased, a shift in
the metabolism was observed with all the carbon sources
tested. However, this functional shift was not always
followed by a shift in the population (glucose and glycerol)

Table 1 Free energy of the main reactions observed at different pH values

Reactions ΔG0, YATPS

Glucose+0.53H2O→0.6Butyrate+0.53 Acetate+0.27glycerol+0.27H2+1.73formate+2.87H+ −259.3 2.4
Glucose+H2O→Ethanol+Acetate+2formate+3H+ −258.3 2.0

Calculations were made based on the standard free energy of formation and corrected to pH 7 (Hanselmann 1991). The yield of ATP was
estimated based on the catabolic products, assuming glycolysis occurs through the Embden Meyerhof Parnas pathway (EMP) and substrate level
phosphorylation (SLP) involved in each product formation pathway.
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where the same communities remained with a different
metabolism. This suggests that the product shift was rather
a metabolic response to the operational conditions than a
different community selection.

Fermentation of a glucose–glycerol mixture resulted in a
comparable product spectrum, independent of the fact that it
has been previously cultivated on glucose or on glycerol. The
response of the microbial community, however, was strongly
dependent on the cultivation history. Once a second substrate
is added, the present population can either be able to use it or
not. Examples of both populations were observed during these
experiments. Specialised microorganisms as represented by
bands with the numbers 18, 53, 58 and 61 lost some advantage
by the presence of a second substrate, whereas mixotrophic
microorganisms as 9, 23, 45 and 57 that could convert a
second substrate had a competitive advantage under these
conditions and started to dominate the microbial community.
After reversing the substrate to only xylose or glycerol, the
bands that emerged on the substrate mixture disappeared, and
the original microbial composition was reestablished.

Mixotrophs have a competitive advantage over the
specialists when fed with a mixture of substrates. In a
chemostat, mixotrophs convert two substrates while main-
taining the same growth rate equal to the dilution rate. This
means that the individual growth rates on each substrate can
be lower than when growing on a single substrate. As all
the kinetic parameters remain the same, a lower rate is only
associated to a lower substrate concentration inside the
reactor. Under these conditions, the substrates concentra-
tions maintained by the mixotrophs become lower than the
concentrations established by the specialist population that
will be washed out from the chemostat. This phenomenon
has been extensively studied and described with similar
results for pure cultures with different substrates (Kovarova-
Kovar and Egli 1998; Kuenen 1983; Yoon et al. 1977).

At this stage, the study of the microbial composition is
an interesting tool to investigate mixed culture processes. It
allows for microbial diversity analysis, identification of
dominant metabolic groups in an ecosystem and how these
react towards changes in the operation. However, given the
largely unpredictable relationship with the metabolic
functioning of the ecosystem, it does not provide straight-
forward insight of the process characteristics.
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