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Evolution of microorganisms in thermophilic-dry anaerobic digestion
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Abstract

Microbial population dynamics were studied during the start-up and stabilization periods in thermophilic-dry anaerobic digestion at
lab-scale. The experimental protocol was defined to quantify Eubacteria and Archaea using Fluorescent in situ hybridization (FISH) in a
continuously stirred tank reactor (CSTR), without recycling solids. The reactor was subjected to a programme of steady-state operation
over a range of the retention times from 40 to 25 days, with an organic loading rate between 4.42 and 7.50 kg volatile solid/m3/day.
Changes in microbial concentrations were linked to traditional performance parameters such as biogas production and VS removal.
The relations of Eubacteria:Archaea and H2-utilising methanogens:acetate-utilising methanogens were 88:12 and 11:1, respectively, dur-
ing start-up stage. Hydrogenotrophic methanogens, although important in the initial phase of the reactor start-up, were displaced by
acetoclastic methanogens at steady-state, thus their relation were 7:32, respectively. The methane yield coefficient, the methane content
in the biogas and VS removal were stabilized around 0.30 LCH4/gCOD, 50% and 80%, respectively. Methanogenic population correlated
well with performance measurements.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Anaerobic digestion has been widely used as a suitable
treatment for organic waste, including the organic fraction
of municipal solid waste (OFMSW) (Akao et al., 1992;
Moorhead and Nordstedt, 1993). This process has many
advantages and these include a low sludge generation,
reduced energy consumption and high methane produc-
tion. The main disadvantage of anaerobic digestion is its
slowness (Chanakya et al., 1992). Anaerobic processes
operating under thermophilic (55 �C) conditions have
attracted a great deal of attention in recent years due to
their apparent advantages, which include high pathogen
destruction, enhanced hydrolysis of complex organic/bio-
logical materials, and foaming reduction (Hartmann and
Ahring, 2005). Besides, with this technology two residual
effluents are produced: biogas (mainly methane and carbon
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dioxide) which can be used as an energy source, and a
liquid effluent which could be used as a soil conditioner
due to its physicochemical properties (Flotats et al., 1997).

Anaerobic digestion of organic fraction of municipal
solid waste (OFMSW), which is ultimately converted into
methane and carbon dioxide, is carried out by the coordi-
nated action of various groups of microorganisms and goes
through several intermediate stages. The intermediary
products are volatile fatty acids, acetic, propionic, and
butyric acids. Two-thirds or more of the methane produced
in anaerobic bioreactors is derived from acetate (Zinder,
1993). The conversion of acetate to methane by methano-
genic populations becomes the rate-limiting step in biogas
production, as methanogens are known for their slow
growth, resulting in a relatively small population size
(Zinder, 1993). The methanogens occupy the terminal posi-
tion in the anaerobic food chain and are normally divided
into two main groups based on their substrate conversion
capabilities. Acetoclastic methanogens are capable of
converting acetate to methane and carbon dioxide and
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Fig. 1. Diagram of CSTR used in the experimental protocol.
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are regarded as playing a dominant role in methane pro-
duction since ca. 70% of the methane produced in digesters
comes from acetate (Zinder, 1993). Hydrogenotrophic
methanogens convert H2/CO2 to methane. These species
also play a key role in the overall process by maintaining
the very low partial pressures of H2 (<10 Pa) necessary
for the functioning of the intermediate trophic group, the
syntrophic bacteria, which are responsible for the conver-
sion of acids organic and alcohol intermediates to direct
methane precursors (Pauss et al., 1990).

The parameters normally employed in the control of
anaerobic digestion, such as the percentage of COD
removal, the concentration of volatile fatty acids and the
amount and composition of biogas generated in the pro-
cess, are not always representative of the composition
and physiological state of biomass contained within the
system. From a practical standpoint, given the importance
of methanogens in anaerobic treatment processes, the abil-
ity to monitor methanogens and understand their ecology
is essential to make effective controls of the start-up and
operation of anaerobic bioreactors possible.

Consequently, and in order to acquire more detailed
information in respect of this biomass, other parameters
have also been used in the characterization of the microor-
ganisms responsible for the anaerobic processes. Direct
count procedures by microscopic methods yield the highest
estimates of members of microorganisms and are occasion-
ally used for indirect calculation of biomass. Epifluores-
cence microscopy with fluorometric stains are widely used
for direct counting of microorganisms, since it does not
require culturing (Kepner and Pratt, 1994).

There are, however, several drawbacks to direct obser-
vational methods, including the inability to distinguish liv-
ing from dead microorganisms and the inability to perform
further studies on the observed microorganisms. Because of
this, an important avenue of research has been the develop-
ment and utilization of molecular techniques. Molecular
techniques have successfully been applied for the direct
detection and identification in situ of individual microbial
cells and have therefore been used to monitor the spatial
distribution of microorganisms in environmental samples
and treat systems. However, it must be kept in mind that
the physiological state (living or non-living) is operation-
ally defined and based on the general properties of a partic-
ular stain, and dormant or extremely slow-growing cells
cannot be detected (Williams et al., 1998).

Whole cell fluorescence in situ hybridization (FISH) is a
technique that uses fluorescently labelled phylogenetic oli-
gonucleotide probes to detect specific whole cells/organ-
isms in biological samples. DeLong et al. (1989) first
demonstrated its use with bacteria. It can be a valuable tool
for the study of microbial dynamics in natural environ-
ments (Hugenholtz et al., 2001; Davenport and Curtis,
2004). For instance, it is possible to carry out a hierarchical
phylogenetic analysis on a particular environment to iden-
tify the dominant groups of microorganisms present, after
which temporal and spatial changes in the diversity and
abundance of specific microbial population can be moni-
tored in relation to environmental effects (Amann et al.,
2001; Head et al., 1998; Zheng et al., 2006). Two good
examples can be found in Sekiguchi et al. (1999), who used
FISH to study the morphology of the flocs in an UASB
reactor, and Santegoeds et al. (1999), who studied the mor-
phology of aggregates present in three UASB lab-scale
reactors. Raskin et al. (1994a,b) have used to identify
and quantify species and genus of methanogens present
in anaerobic reactors. The microorganisms in anaerobic
reactors belongs to three domains: Bacteria, Archaea and
Eucarya. Bacteria is the majority of the microorganisms
in the reactors, Archaea are present in smaller amounts
and Eucarya is present at very low levels (below 1% in most
cases) which it indicates that anaerobic protozoa likely is
not abundant in anaerobic digesters (Griffin et al., 1998).

The main objective of this work was to estimate the con-
centration of principal groups of microorganisms involved
in anaerobic depuration during start-up and stabilization
of a thermophilic-dry anaerobic reactor. This was accom-
plished by Fluorescent in situ Hybridization (FISH),
employing different oligonucleotide probes.

2. Methods

2.1. Experimental system

The experimental protocol was designed to quantify the
main microbial population contained in a laboratory-scale
continuously stirred tank reactor (CSTR), without recy-
cling solids (see Fig. 1). In this reactor, the solids and
hydraulic retention times are equal. The reactor was oper-
ated from 40 to 25 days of retention time (RT). The organic
loading rate added to the system was modified, but a con-
stant organic loading rate (expressed as kg volatile solids/
m3/day) was maintained in each RT. It was used four
organic loading rates: 4.42, 5.07, 5.92 and 7.50 kg volatile
solids/m3/day.
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The stirred tank reactor consisted of vertical cylinder
tank. The active liquid volume was 4.5 L. Reactor temper-
ature was maintained at 55 �C and the biogas generated
was collected in a Tedlar bag (40 L). The feed was added
in a semi-continuous mode: one dose per day. Shaking
stick was used to mix and homogenise the liquid in the sys-
tem (13 rpm). pH was controlled by a controller on/off,
using dissolutions NaOH 5 N and H3PO4 1 N, that they
were added 0.2 L/h by peristaltic pump when it was strictly
necessary. Initial pH of OFMSW–inoculum was 7.2. The
range of operation of pH controller is around 6.5–8. These
values are appropriate for methanogenic population (Vavi-
lin et al., 1998).

2.2. Inoculum and feed solution

The reactor was loaded with 1.5 kg of milled dry syn-
thetic OFMSW (90% TS). The moisture was adjusted using
an inoculum from SEBAC that consisted of a 1:1 v/v mix-
ture of thermophilic sludge and leachate. In this sense, 4 L
of inoculum (2 L of sludge + 2 L of leachate) were required
to add moisture to the synthetic OFMSW. The composi-
tions of the different inoculum and wastes used are given
in Table 1 (Fernández-Güelfo et al., 2005).

A synthetic feed based on the nutritional requirements
of the main populations of microorganisms involved was
prepared (Martin et al., 1999). This type of feed avoids
the problem of high variations in the composition of the
source selected OFMSW.

The inoculum used was a 1:1 v/v mixture of leachate
and sludge from the SEBAC (Sequential Batch Anaerobic
Composting) reactors A and B, respectively. The reactor
A was constituted of OFMSW from restaurant of
Faculty of Marine and Environmental Sciences in Uni-
versity of Cadiz and anaerobically digested swine wastes,
and the reactor B was mesophilic anaerobic sludge from
‘‘Guadalete’’ municipal wastewater treatment plant in
Jerez.
Table 1
Composition of inoculum and wastes (Fernández-Güelfo et al., 2005)

Parameter Units Inoculum

Leachate Sl

pH SU 8.62 8.
Density kg/m3 980 98
Alkalinity gCaCO3/L 21.78 16
Ammonium gNH3-N/L 26.88 14
Total nitrogen gNH3-N/L 25.66 21
Total suspend solid gTSS/L 14.46 20
Volatile suspend solid gVSS/L 10.73 9.
Mineral suspend solid gMSS/L 3.73 11
Total solid gTS/L – –
Total volatile solid gTVS/L – –
Total mineral solid gTMS/L – –
Total carbon mg/g 80.78 35
Total inorganic carbon mg/g 2.07 0.
Total organic carbon mg/g 78.41 34
Acidity mgAcH/L 12403 17
The control of the total solid concentration of the feed is
necessary to obtain a suitable level of performance for the
dry anaerobic digestion. Therefore, pre-treatment of
the OFMSW samples was necessary to adjust them to the
required optimum values. The samples were dried at
55 �C for 48 h and then at ambient temperature for 72 h
until final moisture content of 10% was achieved. The dried
OFMSW was milled until a particle size of approximately
1 cm was obtained and, finally, the moisture was adjusted
to 70–75% (25–30% TS, which is characteristic of dry
anaerobic digestion) with water, leachate from garbage,
sludge or combinations of these (De Baere, 2000).

2.3. Start-up strategy

The protocol employed for the start-up phase was pre-
sented by Fernández-Güelfo et al. (2005). This approach
allows a reduction in the time necessary for the start-up
and stabilization stages of a thermophilic anaerobic reactor
operating with a high solid concentration (30% TS). The
new procedure uses a mixture of two thermophilic inocula
(anaerobic sludge and leachate) from SEBAC (Sequencing
Batch Anaerobic Composting) technology to adapt the
inoculum to the solid waste and the operational conditions
prior to seeding the semi-continuous reactor. The level of
inoculum employed was 88% of the final digester volume
and started the daily feeding schedule immediately. The
start-up of the thermophilic anaerobic reactor operating
with a high solids concentration (30% TS) was reached to
14 days approximately and the stabilization phase to
30 days of operation.

2.4. Analytical methods

The analytical determinations made in this study can be
grouped in two categories: those utilised to monitor and
control the anaerobic digestion process and those utilised
to count the microbial population in the reactors.
Synthetic OFMSW OFMSW/inoculum mixture

udge

35 7.78 8.70
5 750 1116
.54 4.29 5.14
.56 1.68 2.80
.46 207.20 72.80
.46 – –
16 – –
.30 – –

0.90 0.31
0.71 0.25
0.19 0.07

.27 112.60 65.07
96 0.29 0.30
.31 112.30 64.75
353 1440 356
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2.4.1. Analytical determinations utilised to monitor and

control the anaerobic digestion process

For the control of the reactors the following parameters
were determined: the volume and composition of the bio-
gas (H2, O2, N2, CH4 and CO2), volatile fatty acids
(VFA), total solids (TS), volatile solids (VS), pH and chem-
ical oxygen demand (COD). The analytical techniques were
measured according to Standard Methods (APHA;
AWWA; WPCF (1990)) and Alvarez-Gallego (2005).

2.4.2. Analytical determinations utilised to count microbial

population

The main steps of fluorescence in situ hybridization
(FISH) of whole cells using 16S rRNA-targeted oligonu-
cleotide probes are cell fixation, consequent permeabiliza-
tion and hybridization with the desired probe(s).

The samples were collected from thermophilic-dry
anaerobic reactor into sterile universal bottles. Absolute
ethanol was added to the bottles in a volume ratio of 1
sample:1 ethanol. The samples were stored at �20 �C until
they were fixed as described in the following section (gener-
ally within two weeks).

The technique used for fixation and permeabilization of
cells was based on the one used by Amann et al. (1990a).
Previously, the samples were pre-treated. The most appro-
priate pre-treatment applied for microbiological count of
high solids content samples was the addition of Tween 80
and 120 seconds of shaking. 1 mL of pre-treated OFMSW
sample was transferred to a 1.5 mL eppendorf tube and
centrifuged at 13,000g for 3 min. The supernatant was
removed and the sample was washed using 1 mL of phos-
phate buffer saline (PBS). The sample was vortexed and
centrifuged at 13,000g for 3 min. The supernatant was
removed and the pellet was resuspended in 0.25 mL of
PBS and 0.75 mL of 4% paraformaldehyde fixative solu-
tion. The sample was then incubated at 4 �C over night.
Before hydridization, the fixed samples were diluted with
PBS (pH 7.2). Cell samples for in situ hybridization with
a family Methanobacteriacea specific probe (MB1174) were
treated by a freeze thawing method to improve probe per-
meability into the cells (Sekiguchi et al., 1999).

Fixed cells (10 lL of sample/well) were spotted on to
gelatin coated slides, air-dried at 37 �C for 20 min, and
dehydrated by serial immersion of the slides in 50%, 80%
and 96% (v/v) aqueous ethanol solutions for 3 min each
(Amann et al., 1992). For each hybridization, 8 lL hybrid-
ization solution (4.5 M NaCl, 200 mM Tris–HCl [pH 7.2],
10% SDS and formamide [theoretical concentrations for
each probe, see Table 2]) and 2 lL of probe solution
(50 ng/lL) were applied to each well of the slides. The fol-
lowing 16S rRNA-targeted oligonucleotide probes were
used in this study: Bacteria-universal probe EUB338
(Amann et al., 1990a,b), Archaea-universal probe
ARC915 (Stahl and Amann, 1991), H2-utilising methano-
gens probe MB1174 (specifically Methanobacteriaceae)
(Raskin et al., 1994a,b; Sekiguchi et al., 1999) that are
the main hydrogen scavengers during start-up of thermo-
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philic-dry anaerobic reactors (Griffin et al., 1998) and ace-
tate-utilising methanogens probe MX825 (specifically
Methanosaeta) (Raskin et al., 1994a,b). The genus Methan-

osaeta use only acetate like characteristic substrate (Griffin
et al., 1998; Raskin et al., 1994a,b). All probes were
labelled with 6-FAM at 5 0 terminal, except S-D-bact-
0338-a-S-18 labelled with Cy3. The slides were incubated
at the appropriate temperature for the probe (usually
46 �C) for 1.5 h in an isotonic moisture chamber.

After hybridization, the slides were flushed with 2 mL of
wash solution (4.5 M NaCl, 200 mM Tris–HCl [pH 7.2],
10% SDS and 0.5 M EDTA [pH 8.0]) and immediately
were immersed in enough volume of the same wash solu-
tion as to cover the wells of interest (e.g. approx. 50 mL
in an universal tube) at 48 �C for 15 min. This step was
repeated. Finally, the slides were rinsed thoroughly
with milliQ water and were air-dried for 5 min. These
slides may be stored in the dark at �20 �C, or viewed
immediately.

For viewing, the slides were mounted in a small drop of
the antifadant Citifluor (AF1, Canterbury, UK) prior to
the addition of a cover glass. The edges of the cover glass
should be coated in colourless nail varnish, to prevent
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movement of the slide and evaporation of the Citifluor,
when an oil-immersion lens is to be used during micros-
copy. The slides prepared in this manner can be stored in
the dark at 4 �C. If the slide is not viewed using an oil-
immersion lens, the cover glass may be removed after view-
ing, the Citifluor can be rinsed away with milliQ water, and
the slide air-dried prior to storage in the dark at �20 �C.
The samples were examined visually and cells counted
using a Nikon Labophot-2A/2 epifluorescence microscope
fitted with a 100 W mercury lamp and an x100 oil objective.
According of labelled probe, if the fluorochrome was
6-FAM, the filter was used B-2A (DM 510, Excitation
450–490 and Barrer 520) and Cy3, the filter was G-2A (DM
580, Excitation 510–560 and Barrer 590). Digital images
of the slides were taken with a digital camera. For each
sample, 20 fields of view in randomly located were counted.

2.4.3. Statistical analysis

The relation between microbial populations and perfor-
mance and operating parameters in reactor were studied by
Pearson correlation. The results that present a Pearson’s
correlation coefficient higher than 0.8 were checked for lin-
ear regression with Spss v11.5 program.
80 90 100 110 120 130 140 150

80 90 100 110 120 130 140 150

y days

0

2

4

6

8

O
L

R
0

(k
gV

S/
m

3
/d

ay
)

tion rate OLR

80 90 100 110 120 130 140 150
ays

0

2

4

6

8

O
L

R
0

(k
gV

S/
m

3
/d

ay
)

CO2 OLR

 days

0

2

4

6

8

O
L

R
0

(k
gV

S/
m

3 /
da

y)

efficient OLR

OLR= 
7.50 

OLR= 
7.50 

OLR= 
7.50 
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3. Results and discussion

3.1. Microbial characterization of the inoculum

Since the methanogenesis is critically important during
start-up, we determined methanogens levels in the inocu-
lum using oligonucleotide hybridization probes (Table 2).
The inoculum contained a percentage of Archaea, approx-
imately 23%. This value is higher than those obtained by
Griffin et al. (1998) (12.1%) and McMahon et al. (2001,
2004) (4.52%). Therefore, high content methanogens in
our inoculum could be due to its previous acclimation
and the utilization of anaerobic sludge and leachate as
source of inoculum. In fact, the protocol used allows a
reduction in the time necessary for the start-up and stabil-
ization stages of a thermophilic anaerobic reactor operat-
ing with a high solid concentration (30% TS). This
procedure uses SEBAC (Sequencing Batch Anaerobic
Composting) technology to adapt an inoculum to the solid
waste and the operational conditions prior to seeding the
reactor.

The relation of main methanogenic group (H2-utilising
methanogens and acetoclastic methanogens) present in
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the inoculum was 15:8, respectively. Previous work (Griffin
et al., 1998) showed levels of H2-utilising methanogens
lower than obtained in our case. The high percentage of
H2-utilising methanogens in the inoculum used could
explain the very fast start-up of our digester due to the
key role played for this microbial group as H2-consumers
during hydrolytic/acidogenic stage.

3.2. Digester performance and microbial population

dynamics
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assayed in order to study the dynamics of microbial popu-
lation during the start-up and stabilization phase of anaer-
obic process. The organic loading rate added to the system
was modified, but a constant organic loading rate
(expressed as kg VS/m3/day) was maintained in each
period.

The microbial community structure was evaluated in
combination with physicochemical parameters to assess
digester performance during start-up and stabilization peri-
ods. A selection of rRNA-oligonucluotide probes (Table 2)
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Table 3
Microbial community structure in thermophilic-dry anaerobic reactor (% ±SD)

Probe Target group OLR = 4.42 OLR = 5.07 OLR = 5.92 OLR = 7.50

S-D-Bact-0338-a-A-18 Most Bacteria 87.58 ± 32.01 67.43 ± 16.74 60.66 ± 7.89 60.41 ± 15.10
S-D-Arch-0915-a-A-20 Most Archaea 12.42 ± 7.10 32.57 ± 17.31 39.34 ± 8.61 39.59 ± 8.57
S-F-Mbac-1174-a-A-22 Methanobacteriaceae (H2-utilising methanogens) 11.11 ± 5.56 8.58 ± 3.34 6.78 ± 2.12 7.19 ± 1.39
S-F-Msae-0825-a-A-23 Methanosaeta (acetate-utilising methanogens) 1.32 ± 5.28 23.99 ± 16.91 32.56 ± 7.01 32.40 ± 7.81

All the results shown are the average values for each OLR is organic loading rate expressed as kg volatile solids/m3/day.
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was used to determine the concentrations of the main
domains (Eubacteria and Archaea) and H2-utilising and
acetoclastics methanogens in samples collected from the
reactor during the course of the experiment.

Performance and operating parameters for the control
of the anaerobic process are shown in Figs. 2 and 3
(Fernández-Güelfo et al., 2005). Results of microorganims
obtained by FISH are shown in Table 3. All the results
shown are the average values for each OLR assayed. The
dynamics of microbial populations are represented in
Fig. 4. The sum of the relative amounts of Eubacteria

and Archaea was estimated as 100% because the main
anaerobic groups in the anaerobic reactors are contained
within these two domains (Griffin et al., 1998).

In the first stage, the OLR0 imposed was relatively slow
(4.42 kg volatile solids/m3/day) in order to check if the sys-
tem evolved appropriately. This value reported in the liter-
ature. Bolzonella et al. (2003) carried out start-up phase in
the mesophilic range with an extremely low organic loading
rate – less than 1 kg volatile solids/m3/day – for approxi-
mately 40 days, and continuing subsequently with an
increase in the OLR and temperature. As consequence,
the start-up period described in the literature are around
250 days (Bolzonella et al., 2003; Sebastien et al., 2002),
whereas the start-up of the reactor studied was reached
to 14 days approximately as described in Section 2.3. This
can be explain by considering that, in our case, the start-up
phase was carried out using inoculum adapted to the
waste and operational conditions: i.e., thermophilic range
and dry condition, with a high content of H2-utilising
methanogens.
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During the hydrolysis phase complex molecules are
transforming into others simpler products, without meth-
ane production. In the first days, fementers can acclimate
more quickly to new conditions because of their relatively
high growth rates, while methanogens grow much slower.
Hydrogen, carbon dioxide and butyrate were the main
products of the fermentative pathways of hydrolytic and
fermentative bacteria. Because of the metabolic capacity
of methanogens was initially not sufficient to balance
increasing activity of the fementers, acetate and hydrogen
were not consumed at the same rate at which they are pro-
duced. In this sense, even though significant levels of meth-
anogens were present in the digester, they were apparently
not able to adjust within 1 day to operation conditions, as
demonstrate by the low methane levels in the biogas on the
first stage. Under these conditions, the electron flux
through reduced intermediates (butyrate) increased
(Fig. 3a and b). In fact, Eubacteria were the main group
in the reactor (88%) while Archaea were maintained con-
stant 12%, except on the first day. Thus, the gas production
rate was low and its composition was usual for hydrolytic
phase: H2 (20%) and CO2 (80%) (see Fig. 2b).

The total methanogen concentrations remained rela-
tively constant during the first few days of operation,
because the loss in acetate-utilising methanogens was com-
pensated by an increase in the H2-utilising methanogens
levels. These microorganisms are the most important H2-
consumer in the acidogenic phase. The latter apparently
served as the main hydrogen scavengers during this period
of rapidly increasing activity, reflected by rapid increases
in the gas production rate and the level of methane in the
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biogas during the next stage (Fig. 2a and b). When the lev-
els of H2-utilising methanogens increased, butyrate levels
also decreased after 10 days of operation in the digester.
However, acetate levels increased continuously during all
studied period (Fig. 3b). The relation between H2-utilising
methanogens and acetate-utilising methanogens was 11:1
during start-up stage (Fig. 4).

The results obtained in the first 14 days were favourable
and therefore the organic loading rate was increased to
5.07 kg VS/m3/day. During this stage, methane content in
the biogas had increased until reached 45% at 30 days. This
can be explained by the VFA biodegradation by acetogens
and subsequent methane generation by acetate-utilising
methanogens. In fact, during this period, the decrease of
hydrogen content was accompanied by an increased of ace-
tate-utilising methanogens until these became a 24% of
Archaea. After a short start-up period (30 days) stable per-
formance was observed with high organic removal effi-
ciency (89% VS), high gas production rates (1.94 m3/m3/
day) and substantial levels of methane in the biogas
(45%) (see Fig. 2a and b and Fig. 3c). The increase of
Archaea was higher than Eubacteria, thus the relation
between them was 33:67, respectively (Fig 4). The rise of
stable performance was paralleled by an increase in aceto-
clastic methanogens.

In the OLR0 5.92 kg VS/m3/day period, after a slight
decrease in the Archaea, these was recovered, no accumu-
lating great amount of VFA because of control of pH by
a controller on/off connected system. Nevertheless, the vol-
ume of biogas generated and methane yield coefficient
decreased from 1.94 to 1.16 m3/m3/day and from 0.42 to
0.34 LCH4/gCODdegraded, respectively (Fig. 2a and c).
This was because most of the initial residue which the reac-
tor was loaded had been degraded. However, the methane
content in the biogas increased from 25% to 48% (Fig. 2b).
At the end of this stage, the composition of biogas was sta-
bilized with values of CO2 and CH4 at around 50% which
indicated that the balance between the different microbial
populations involved in the digestion was reached. The rel-
ative abundance between Eubacteria and Archaea, was
61:39, while acetoclastic constituted 33% of those all of
methanogens (see Fig. 4).

In the last period, the microorganisms concentrations
increased since there was an increased of OLR0 (7.5 kg
VS/m3/day). The relation Eubacteria and Archaea was
60:40, with 32% of acetoclastic methanogens (see Fig 4).
These values were practically similar to those obtained in
previous stage and according to the physicochemical
parameters. Thus, the organic removal efficiency and meth-
ane yield coefficient were maintained constant around 80%
VTS and 0.30 LCH4/gCODdegraded, respectively (see
Fig. 2c and Fig. 3c).

The gas production rate increased to 1.36 m3/m3/day
due to the higher organic loading rate (Fig. 2a). This result
was compared favourably to those obtained in other stud-
ies where gas production rates varied between 1.6 and
1.7 m3/m3/day (Stroot et al., 2001). The VS removal
obtained to our study (88%) was better compared to data
provided in the literature (67–68%) (Stroot et al., 2001).
However, an increase of organic loading rate is accompa-
nied by an increased of acetate concentration. Thus, acetat-
oclastic methanogens were nor able to consume acetate
quickly in the digester to prevent acid accumulation. A his-
tory of high acetate concentrations appears to select for a
population of methanogens capable of more rapid acetate
turnover. This effect was observed previously in similar sys-
tem (Griffin et al., 1998; McMahon et al., 2001), confirming
previous hypothesis (Zinder, 1993): Methanosarcina (gener-
alist with high growth rates at elevated acetate concentra-
tions) should be favoured in systems with significant
acetate accumulation, while Methanosaeta (specialist with
a higher affinity for acetate) should have a competitive
advantage in much more stable habitats, in which acetate
levels are low. In fact, it had been shown that digesters that
started up successfully contained high levels Methanosaeta

(McHugh et al., 2003; McMahon et al., 2004; Pender et al.,
2004).

Since the propionate level persisted at relatively low
(between 110 and 150 mg/L) during all assay, we suggest
that propionate-degrading syntrophs (e.g., Syntropher

wolinii) could be present in high numbers in our inoculum.
These syntrophs only can use a very limited range of sub-
strate (Schink, 1992) and have very low specific growth
rates, so they need an extensive amount of time to reduce
propionate concentrations. On the other hand, butyrate-
degrading syntrophs (e.g., Syntrophomonas wolfei) could
be not present in high numbers in our inoculum. Thus,
while propionate was consumed rapid in the digester, the
accumulated butyrate was removed very slowly by wash-
out and/or conversion to acetate by butyrate-degrading
syntrophs. To further investigate this hypothesis, our stud-
ies of population dynamics in digester systems need to be
complemented with studies of population dynamics of pro-
pionate-degrading syntrophs and others syntrophic fatty
acid oxidizing bacteria.

3.3. Correlations between microorganisms and

physicochemical parameters

Some correlations were obtained between physicochem-
ical parameters and microbial concentrations (see Fig. 5).

These results have shown that changes in microbial pop-
ulation, mainly methanogens, can be linked to the tradi-
tional performance parameters.

The results of total methanogenic population (Archaea)
and specifically acetate-utilising methanogens were positive
linear correlation with the volume of methane generated in
the digester (R2 = 0.76 and 0.72, respectively). These results
are in accordance to obtain in mesophilic anaerobic diges-
tion treating others kind of feedstock (Stroot et al., 2001).

Finally, Archaea and acetoclastic methanogens were
positive linear correlation with organic loading rate removal
ðR2

Archaea ¼ 0:79 and R2
acetoclastic methanogens ¼ 0:76Þ and VS

removal ðR2
Archaea ¼ 0:80 and R2

acetoclastic methanogens ¼ 0:80Þ.
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During this stage, these physicochemical parameters
reached their maximum values.

4. Conclusions

It has been shown that the application of 88% inocu-
lum from thermophilic SEBAC with 23% of methanogens
(15% H2-utilising methanogens: 8% acetoclastic methano-
gens) has been successful to reach rapid start-up of
reactor.

The development of a stable microbial community,
Eubacteria and Archaea, during start-up of the reactor
has been shown with a ratio 88:12, respectively. It was
clearly indicated that hydrogenotrophic methanogens,
although important in the initial phase of the reactor
start-up (11% of total methanogens), were displaced by
acetoclastic methanogens at steady-state (32% of total
methanogens). In the stable conditions, the percentages
were maintained at 60:40 for Eubacteria and Archaea.

We demonstrated links between digester operating con-
ditions, physical and chemical performance parameters,
and microbial population dynamics. The results have
clearly indicated that the relative abundance of Archaea

and acetoclastic methanogens was directly correlated with
organic loading rate, volatile solids removals and methane
production by anaerobic reactor.
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