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Thermophilic anaerobic digestion (TAD) is characterized by higher biogas production rates as
a result of assumedly faster microbial metabolic conversion rates compared to mesophilic AD.
It was hypothesized that the thermophilic microbiome with its lower diversity than the
mesophilic one is more susceptible to disturbances introduced by alterations in the operating
factors, as an example, the supply of nitrogen-rich feedstock such as poultry manure (PM).
Laboratory scaled TAD experiments using cattle slurry and increasing amounts of PM were
carried out to investigate the (in-) stability of the process performance caused by the
accumulation of ammonium and ammonia with special emphasis on the microbial community
structure and its dynamic variation. The results revealed that the moderate PM addition, i.e.,
25% (vol/vol based on volatile substances) PM, resulted in a reorganization of the microbial
community structure which was still working sufficiently. With 50% PM application, the
microbial community was further stepwise re-organized and was able to compensate for the
high cytotoxic ammonia contents only for a short time resulting in consequent process
disturbance and final process failure. This study demonstrated the ability of the acclimated
thermophilic microbial community to tolerate a certain amount of nitrogen-rich substrate.
Keywords: Ammonia inhibition, microbiome, process disturbance, biogas

Introduction
Reducing greenhouse gas emissions resulting from open
storage and uncontrolled spreading of animal slurries and
manures is a major challenge faced by the agricultural
sector [1]. One of the most important and commonly applied
technologies to achieve this goal is the bioconversion of
animal wastes into energy-rich biogas by anaerobic
digestion (AD) [2, 3].
The thermophilic AD (TAD, 50–60ºC) has generally higher
metabolic rates and hence higher overall process efficiency
than mesophilic AD performed at 37ºC [4-7]. On the other
hand, TAD is very sensitive to changes in operating factors
such as total solids (TS), mixing rate, organic loading rate
(OLR), pH, volatile fatty acid (VFA) content, and total
ammonium nitrogen content (TAN) which in turn reduce

the process stability [8-11].
Due to the cytotoxic effects of ammonia (NH3), resulting
from deprotonation of ammonium (NH4+), many efforts
have been previously made to determine the TAN
thresholds in mesophilic and thermophilic AD processes
which ranged between 1.8 and 5.0 g NH4+-N/L. These
inhibition thresholds varied widely due to the direct or
indirect effect of many other factors such as the substrate
composition, the initial nitrogen concentrations, the
temperature, the pH, the OLR, the acclimation period, and
the acclimation of the inoculum [12-20].
The efficiency and stability of the AD process are entirely
dependent on the concerted and syntrophic activity of the
involved microorganisms. Several studies investigated
basically the effect of increasing TAN on the thermophilic
microbial community structure [11, 21-25]. For example,
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Hao et al. [21] showed in batch thermophilic acetate fed
experiments at two TAN (low, i.e., 0.26 g/l, and high, i.e.,
7.00 g/l) - that the microbial communities were similar for
both TAN conditions. While in a previous work the
syntrophic acetate oxidation coupled with hydrogenotrophic
methanogenesis was shown as the dominant pathway in
both mesophilic and thermophilic full-scale anaerobic
digesters with high ammonia levels (2.8–4.57 g NH4+-N/L),
whereas the acetoclastic methanogenic pathway dominated
at low ammonia content (<1.21 g NH4+-N/L) [22]. Other
studies showed that the mesophilic microbial community
shifted significantly as members belonging to the Bacteroidetes
and Methanosaeta were gradually disappeared with elevated
TAN and hence elevated NH3 contents [20, 26, 27].
However, with main focus on the reactor performance
and the microbial community structure of the TAD of
nitrogen-rich substrate, only a few is known about the
relationship between TAD microbial community shifts
and performance variation resp. disturbances due to the
accumulation of TAN.
We hypothesized that the potential impact of the stepwise
increase of the TAN, as a consequence of the application of
nitrogen-rich fermentation substrates, and hence the
consequent prevalent operational process conditions will
lead to more serious disturbances in the TAD process
compared to mesophilic ones as previously published by
Alsouleman et al. [20]. So that, this study focused mainly on
the (in-) stability of the long-term TAD process in terms of
biogas and methane yield, VFA content and accumulation
of TAN as a response to the environmental perturbations
arising from increasing amounts of poultry manure (PM).
Also the response of the thermophilic microbial community
was determined by 16Sr RNA gene targeted terminal
restriction fragment length polymorphism (TRFLP)
fingerprinting which allows the direct screening and
comparison of microbial communities’ dynamics in different
samples [28-36]. Subsequent determination of respective
nucleotide sequences enables the identification of
representatives for the most abundant taxa [37-39].

Materials and Methods
Experimental Setup and Biogas Reactor Operation
Two thermophilic (55°C) continuously resp. completely stirred
tank reactors (CSTRs) with a working volume of 8 L were operated
in parallel for (385 days), allowing the adaptation of the microbial
community to the apparent process conditions. The start-up of the
CSTRs was conducted according to [40]. To ensure a high diversity
of a well-performing starter community, both reactors were
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initiated with anaerobic inoculum from previous experimental
reactors which were fed with cattle and pig slurry as well as maize
silage. This inoculum was diluted 1:2 with tap water before
inoculation. During the first 75 days, both reactors were fed with
CS starting with an organic loading rate (OLR) of 0.5 gVS/l/d and
gradually increased (using 0.5 gVS/l/d steps) until the final OLR
of 3.0 gVS/l/d was achieved. Afterwards, the OLR was maintained
at 3.0 gVS/l/d for the further 65 days.
To avoid process inhibition through a lack of micronutrient,
10 µl of the trace element solution DSMZ 144 was added per g
volatile solids (VS) (German collection of microorganisms and cell
cultures, Germany) as recommended by [41]. Both reactors were
operated at stable conditions indicated by pH, VFA as well as
biogas yield and methane content.
The experimental CSTR (= ER) was fed with an increasing
amount (based on VS) of PM as followed whereby the OLR was
kept constantly at 3.0 gVS/l/d: first experimental period (= EP1)
with 75% CS and 25% PM for 176 days and hydraulic retention
time (HRT) of 26 days; second experimental period (= EP2) with
50% CS and 50% PM for 165 days and HRT of 39 days. Over the
entire EP, the control reactor (CR) was operated with CS as sole
substrate with a constant OLR of 3.0 gVS/l/d equal to the OLR of
the ER.
Biogas production was monitored daily using a drum-type gas
meter (Meter TG 05, Ritter Apparatebau, Germany). The biogas
composition was analysed three times per week using the gas
analyser SSM 6000 (Pronova Analysentechnik, Germany).
Chemical Characterization of the Used Feedstocks and Digestate
Samples
The used feedstocks as well as the digestate samples (sampling
twice a week), were analysed as follows: Total solids (TS), volatile
solids (VS), total Kjeldahl nitrogen (TKN), the NH4+-N content, the
amounts of VFA in terms of acetate, propionate, iso- and nbutyrate, iso- and n-valerate, and capronate were analysed
according to [42]. The pH-value was measured three times a week
using pH/cond 340i with the pH-Electrode SenTix41 (WTW,
Germany).
The free ammonia (NH3) content was calculated based on the
NH4+-N content, the pH-value and the reactor temperature using
the formula previously described by Hansen [17].
Microbial Community Analysis
To investigate the process microbiology, samples were taken
from the ER at following process-relevant time points; day 81, and
162, i.e., the beginning and the end of EP1; day 199, i.e., the
beginning of the EP2: day 250, i.e., the beginning of short-termed
stable biogas yield period; day 300, i.e., the beginning of the
biogas yield decrease period; day 340, i.e., the end of EP2. From
the CR, samples were analysed for days 81 and 340, i.e., the
beginning and the end of ER, as the CR showed an almost stable
anaerobic digestion process during the whole ER as indicated by
VFA content, biogas yield, and methane content. From two sub-
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samples of each sample (i.e., technical replicates), the microbial
genomic DNA was extracted using the FastDNA SPIN Kit for soil
(MP Biomedicals, Germany) according to the manufacturer’s
guidelines.
To characterize the microbial community structure, terminal
restriction fragment length polymorphism (TRFLP) analysis
targeting the bacterial or the archaeal 16Sr RNA gene was applied
as described in [23].
16Sr RNA gene sequence analysis was conducted as described
before [23]. The obtained sequences were processed, grouped into
operational taxonomic units (OTUs) and virtually cut according to
[43] using the software package BioNumerics 7.6 (Applied Maths,
Belgium).
All sequences obtained in this study have been deposited in the
European Molecular Biology Laboratory (EMBL) database under

1995

accession numbers LT718731 - LT718850 (Bacteria) and LT718710 LT718730 (Archaea).
Statistical and Ecological Analysis
Correlation coefficients among and between the operational
and microbiological parameters, an indicator species analysis
(ISA) [44], a non-metric multidimensional scaling (NMS) [45, 46],
Gini coefficients [47, 48] in addition to Shannon [49] and Richness
[47] diversity indices were estimated to show the correlation
amongst and between the operational and microbiological
parameters and to get more information about the microbial
system ecology and the diversity of the microbial community.
Detailed information on the whole materials and methods section
is provided as supplemental material appendix 1.

Fig. 1. Process performance parameters for the experimental (ER) and control reactor (CR) during experimental phases1 (EP1) and 2 (EP2).
The arrows on the X-axis indicate sampling points for molecular analyses. The arrows 1, 2, 3 indicate three-stage process disturbance.

December 2019 ⎪ Vol. 29 ⎪ No. 12

1996

Khulud Alsouleman

Results
Operation of CSTRs
Changes in control and experimental TAD performance
during the entire experimental period are shown in (Fig. 1).
During both experimental periods (EP1 and EP2), the
control reactor (CR) supplied exclusively with cattle slurry
showed no significant changes in the produced biogas
yield (R2 = 0.27; p < 3.7 × 10-25) (Fig. 1). Thus, the almost
stable chemical parameters in the CR indicated a more or
less stable and metabolically active microbial biocoenosis.
In the experimental reactor (ER), as expected, the change
of the feedstock composition during EP1 resulted in an
increased TAN content up to 3.0 g NH4+-N/kgFM at the end
of this experimental phase with a corresponding increase
in NH3 content up to 0.4 g/kgFM respectively (Fig. 1). The
total VFA content which consisted mainly of acetic acid
showed a minor increase in this experimental phase. The
content of the other volatile fatty acids in terms of
propionate, iso- and n-butyrate, iso- and n-valerate and
capronate was found in minor amount and was more or
less constant. The relative alteration of the VFA concentration
(as acetic acid) during EP1 was 1.46 g/l compared with
1.13 g/l in control reactor. The pH value was almost stable
with 7.62 ± 0.09 on average. However, the change of
feedstock composition had no significant effect on the
overall process performance indicated by a constant biogas
content (R2 = 0.31; p = 8.8 × 10-16).
In EP2, a gradual ongoing increase in the TAN was
recorded and reached highest values of 6.3 g NH4+-N/kgFM
with a corresponding NH3 content of 0.5 g/kgFM at the end
of this experimental phase. No evident alteration in the pH
value was recorded during the EP2 which recorded an
averaged value of 7.56 ± 0.14. Also, a gradual increase in

the VFA content was recorded, which reached up to 15.5 g/l
at day 253. Presumably the increased VFA content and also
the increased TAN/NH3 content led to a decrease in the
biogas yield as well as in the methane content (Fig. 1, first
phase showing process disturbance resp. microbiome
inhibition). Afterwards (from day 254 to day 309), a
gradual increase in the TAN and a constant and stable VFA
content of approximately 14.0 ± 0.7 g/l were recorded. So
that, a short-termed stable biogas yield- indicated by
comparatively constant biogas yield of 235.1 ± 44.57 LN/kgVS
over 55 days- was recorded indicating a stabilisation of the
process performance and microbial activity (Fig. 1, second
phase showing short-termed stable biogas yield). After that
and with continuous applying of 50% PM, an ongoing
accumulation of the VFA was recorded resulting in VFA
content of 38.1 g/l accompanied with a decreasing in the
biogas yield to 158.8 LN/kgVS with a methane content of
35.8% at the end of EP2. The previous conditions symbolized
a critical resp. significant process disturbance (Fig. 1, third
phase showing process disturbance resp. microbiome
inhibition).
Alteration of the Microbial Community Structure in the
Response of TAN Increase
The dynamic variation of the microbial community was
investigated by the fingerprinting method TRFLP targeting
either the bacterial or the archaeal 16SrRNA genes based
on the samples ER-81, ER-162, ER-199, ER-250, ER-300, and
ER-340 from the ER, and CR-81 and CR-340 of the CR,
followed by taxonomic profiling of the microbial community
by 16S rRNA gene nucleotide sequence analysis of the
samples ER-81, ER-250, ER-340, and CR-81.
The Shannon and the Richness indices for microbial
diversity were calculated and presented in (Table 1). Both

Table 1. Statistical parameters of bacterial and archaeal 16S RNA gene libraries and TRFLP analysis for reactor effluent samples.
Reactor resp.
AD experiment

b

Sample
denomination

Shannon diversity
Bacteria

Archaea

Richness resp. no. of TRFs
Bacteria

Archaea

100% CS (vol/volVS )

81

CR-81

3.12

0.977

21

8

Experimental
phase 1 (EP1)

25% PM + 75% CS
(vol/vol VS)

81

ER-81

3.24

0.806

22

8

Experimental
phase 2 (EP2)

50% PM + 50% CS
(vol/vol VS)

100% CS (vol/volVSb)

CS, cattle slurry; PM, poultry manure.

b

Day of sampling
(day)

Control

Control
a

AD substratea

VS, volatile substances.
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162

ER-162

-

-

20

6

199

ER- 199

-

-

17

6

250

ER-250

2.87

0.223

13

7

300

ER-300

-

-

15

5

340

ER-340

3.10

0.532

13

6

340

CR-340

3.11

1.32

16

9

Ammonium Nitrogen in Thermophilic Anaerobic Digestion

1997

Table 2. Relative distribution of the terminal restriction fragments (TRFs) detected for Bacteria as the relative abundance of
particular TRFs divided on the sum of relative abundance of all TRFs in the sample (0, light green; 1 to 4, green; 5 to 9, yellow; 10 to
14, orange; ≥ 15, red).
Reactor resp.
AD experiment
AD substratea
Day of sampling (day)
Sample
denomination
Gini
coefficient

Control

Experimental phase 1
(EP1)

Experimental phase 2
(EP2)

Control

100% CS
(vol/vol VSb)

25% PM + 75% CS
(vol/vol VS)

50% PM + 50% CS
(vol/vol VS)

100% CS
(vol/vol VS)

81

81

162

199

250

300

340

CR-81

ER- 81

ER-162

ER- ER- ER- ER199 250 300 340

0.43

0.35

0.40

0.39 0.40 0.40 0.43

TRF [bp]

340
CR-340
0.40
Phylogenetic assignment of detected TRFsc

Relative abundance (%)

75

2

2

3

2

0

0

4

3

Firmicutes, Bacilli, Lactobacillales
(Firmicutes, Clostridia)

94

7

7

3

2

0

0

0

6

Firmicutes, Bacilli, Bacillales (Bacteroidetes)

99

5

5

5

6

8

3

8

0

Firmicutes, Clostridia, Natranaerobiales

141

5

5

8

7

0

0

0

0

Firmicutes, Clostridia (Actinobacteria,
Actinobacteria, Actinomycetales)

150

14

14

27

23

26

21

21

22

Firmicutes, Bacilli, Bacillales
(Firmicutes, Clostridia)

154

0

0

4

7

8

10

9

0

Firmicutes, Bacilli, Lactobacillales

159

4

4

0

0

0

0

0

0

Firmicutes, Clostridia, Thermoanaerobacterales

161

2

2

3

0

2

3

3

0

Firmicutes, Clostridia (Actinobacteria,
Actinobacteria, Actinomycetales)

166

3

3

4

6

6

7

6

0

Firmicutes, Erysipelotrichia, Erysipelotrichales
(Firmicutes, Clostridia, Clostridiales)

169

2

2

2

3

4

4

4

0

Firmicutes, Clostridia, Clostridiales

177

3

3

6

4

3

0

3

5

Firmicutes, Bacilli, Bacillales

180

8

8

10

10

9

8

10

9

Firmicutesd

190

5

5

0

6

7

8

0

10

Firmicutes, Clostridia, Clostridiales

194

3

3

3

3

3

3

0

5

Firmicutes, Clostridia, Clostridiales

198

0

0

0

2

3

3

2

0

nde

205

2

2

2

2

0

2

0

4

Firmicutes, Clostridia, Clostridiales

213

0

0

0

3

11

2

4

3

Proteobacteria, Gammaproteobacteria,
Pseudomonadales (Xanthomonadales)

216

5

5

8

7

3

3

0

6

Firmicutes, Bacilli, Lactobacillales
(Clostridia, Clostridiales)

228

0

0

2

0

0

2

0

5

Bacteria3

288

2

2

4

3

0

0

0

3

Firmicutes, Clostridia, Clostridiales

294

3

2

2

0

0

0

0

2

Firmicutes, Clostridia, Clostridiales

367

2

2

2

0

0

0

0

2

Firmicutes, Clostridia, Halanaerobiales

376

2

2

0

0

0

0

0

0

Firmicutes, Clostridia, Halanaerobiales

453

3

3

0

0

0

0

0

2

Firmicutes, Clostridia, Clostridiales

466

0

0

0

0

0

0

2

0

nd

502

3

3

2

0

0

0

0

3

nd

558

0

0

0

0

0

3

2

0

Firmicutes, Bacilli, Lactobacillales

571

0

3

2

0

0

0

0

0

nd

TRFs with relative abundance >= 2% were shown.
a
CS, cattle slurry; PM, poultry manure.
b
VS, volatile substances.
c
In case of alternative sequencing or taxonomic identification results, corresponing taxonomic affiliation is given in brackets.
d
Lowest taxonomic rank.
e
nd, not determined.
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bacterial and archaeal communities compared to the
experimental reactor (Table 1). The bacterial community of
the CR reactor at both sample points (CR-81 and CR-340)
consisted mainly of members belonging to the phylum
Firmicutes from orders Clostridiales, Bacillales, and Halanaerobiales
(Table 2). The methanogenic community included members
belonging to genera Methanosarcina, Methanobrevibacter,
Methanothermobacter, and Methanoculleus (Table 3).
In the ER, during EP1, no significant changes were
detected in the overall reactor performance. Interestingly,
between sampling day 81 (sample ER-81) and 162 (sample

indices were considerably higher for bacterial than for
archaeal communities in both control and experimental
reactors. Also the bacterial community organisation in all
samples was more even than the archaeal one. At the same
time, the Richness indices for both bacterial and archaeal
communities were lower in thermophilic condition compared
to mesophilic ones as was previously shown by Alsouleman
et al. (Data not show) [20] and also was in accordance with
[50], reporting that the thermophilic microbiome has lower
diversity than the mesophilic one.
In the CR, the highest diversity was recorded for the

Table 3. Relative distribution of the terminal restriction fragments (TRFs) detected for Archaea as the relative abundance of
particular TRFs divided on the sum of relative abundance of all TRFs in the sample (0, light green; 1 to 4, green; 5 to 9, yellow; 10 to
14, orange; ≥ 15, red).
Reactor resp.
AD experiment

Control

Experimental phase 1
(EP1)

Experimental phase 2
(EP2)

Control

AD substratea

100% CS
(vol/vol VSb)

25% PM + 75% CS
(vol/vol VS)

50% PM + 50% CS
(vol/vol VS)

100% CS
(vol/vol VS)

Day of
sampling (day)

81

81

162

199

250

300

340

340

Sample
denomination

CR-81

ER-81

ER-162

ER199

ER250

ER300

ER340

CR-340

0.47

0.5

0.56

0.59

0.51

0.64

0.61

0.54

Gini
coefficient
TRF [bp]
68

0

4

5

4

3

0

0

0

ndc

73

2

6

6

7

9

5

5

3

Methanomicrobia, Methanosarcinales,
Methanosarcinaceae, Methanosarcina

84

0

0

0

0

3

0

0

2

Methanomicrobia, Methanosarcinales,
Methanosarcinaceae, Methanosarcina

108

9

22

3

4

5

3

3

1

Methanomicrobia, Methanomicrobiales,
Methanomicrobiaceae, Methanoculleus

173

4

7

7

7

7

5

5

5

nd

317

1

5

6

3

4

3

4

2

Methanobacteria, Methanobacteriales,
Methanobacteriaceae, Methanothermobacter

342

6

5

3

0

0

0

3

3

Methanobacteria, Methanobacteriales,
Methanobacteriaceae, Methanothermobacter

336

26

33

52

59

48

68

68

29

Methanobacteria, Methanobacteriales,
Methanobacteriaceae, Methanobrevibacter

471

3

0

0

0

0

0

0

3

Methanomicrobia, Methanosarcinales,
Methanosarcinaceae, Methanosarcina

627

28

4

0

0

0

0

0

29

Methanomicrobia, Methanosarcinales,
Methanosarcinaceae, Methanosarcina

TRFs with relative abundance >= 2% were shown.
a

CS, cattle slurry; PM, poultry manure.

b
c

Phylogenetic assignment of detected TRFs
within phylum Euryarchaeota

Relative abundance (%)

VS, volatile substances.

nd, not determined.
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Fig. 2. Non-metric multidimensional scaling (NMS) of the effects of the prevalent process parameters in the experimental reactor
(ER) in terms of ammonium nitrogen (NH4+), free ammonia nitrogen (NH3), total volatile fatty acids (VFA), volatile solids (VS)
and conductivity (C) on the bacterial and archaeal community structure.
The x-axis symbolizes the distance in ordinations space while the y-axis symbolizes the dissimilarity of the investigated objects. EP1, EP2 indicate
exprimental phases. Sampling points are indicated by triangles. TRFs indicate detected methanogenic archaea.

ER-162), a definite shift in both the fermentative bacteria
community and the methanogenic archaea community was
observed (Fig. 2). The Gini coefficients of the bacterial
community and the archaeal communities of ER-81 were
0.35 resp. 0.50, and for ER-162 were 0.40 resp. 0.56 which
indicate a well-balanced community composition at both
process stages as they were in the medium range of the
community organisation.
Similar to the CR, in the ER the most abundant members
of the bacterial community were also belonged to the order
Clostridiales followed by members of the order Bacillales
(Table 2). This result was supported by the performed
indicator species analysis where the highest significant
indicator values (IV = 100; p ≤ 0.05) in this phase were
found for the TRFs related to the order Clostridiales
independent from the tested process factors (data not
shown). The calculated pairwise distance between the
bacterial communities of CR-81 and ER-81 resp. ER-162
showed a change in the bacterial community composition
in the ER of up to 17% (Table 4).
In the ER, the archaeal community during the EP1
showed more distinct changes in their composition as the
relative abundance of members belonging to the genus
Methanobrevibacterreached increased to 52% of the entire
archaeal community in the ER-162 comparing by 26% in
control reactor (Table 3). This increase through the whole

experimental phase was accompanied with a apparent
decrease in the relative abundance of members belonging
to the family Methanosarcinaceae TRF-627. While other
members of this genus did not affect (e.g., TRF-73) similar
to members of genus Methanothermobacter (TRF-317). The
calculated pairwise distance between the archaeal
communities of CR-81 and ER-81 resp. ER-162 showed a
change in the archaeal community composition in the ER of
up to 32% (Table 5).In the ER and during the EP2 (which
was divided into three phases depending on the reactor
performance (Fig. 1), Shannon’s diversity index for the
bacterial community of the sample ER-250 reflected the
lowest diversity of the microbial community during the
entire experimental phase (Table 1).
A slight alteration in the structure of the bacterial
community in sample ER-199, the first disturbance phases
(Fig. 1), was detected (Table 2). This slight alteration was
also supported by the calculated pairwise distance between
the bacterial communities of ER-162 and ER-199, which
reached up to 9% (Table 4).
For members of class Euryarchaeota, a clear decrease in
the relative abundance of the genus Methanothermobacter
accompanied with a continuous increase in the relative
abundance of the genus Methanobrevibacter was detected
(Table 3).
Between day 250 and day 300 (Fig. 1, second phase
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Table 4. Similarity matrix in comparison of the bacterial communities.
Reactor resp. AD experiment
AD substratea

Control

Experimental phase 1 (EP1)

Experimental phase 2 (EP2)

Control

100% CS
(vol/vol VSb)

25% PM + 75% CS
(vol/vol VS)

50% PM + 50% CS
(vol/vol VS)

100% CS
(vol/vol VS)

Day of sampling (day)

81

81

162

199

250

300

340

340

Sample

CR-81

ER-81

ER-162

ER-199

ER-250

ER-300

ER-340

CR-340

CR-81

100

99

83

81

65

62

60

81

100

84

81

65

62

60

81

91

77

75

80

78

100

89

88

84

79

91

91

71

100

86

71

ER-81

100

ER-162
ER-199

100

ER-250
ER-300

100

ER-340

57
100

CR-340

The calculated pairwise similarity considered both, changes in the number and the relative abundance of each detected terminal restriction fragment within and
between two samples depending on Pearson algorithm.
a

CS, cattle slurry; PM, poultry manure.

b

VS, volatile substances.

At the end of the fermentation experiment, in sample ER340, the most abundant members of the bacterial community
were also belonged to the phylum Firmicutes mainly from
the orders Bacillales, followed by members of the order
Lactobacillales and Clostridiales (Table 2).
In the course of the experiment, the trend of the archaeal
community organization moved in the same way as ER199, and the most abundant members were belonged to the
genus Methanobrevibacter, whereby members belonging to

showing short-termed stable biogas yield), the calculated
pairwise distance between the bacterial communities of
ER-250 and ER-300 showed a change in the bacterial
community composition of up to 9% (Table 4).
Regarding the archaeal community, an increase in the
relative abundance of the genus Methanobrevibacter was
recorded which formed 68% of the entire archaeal community
structure, whereby members belonging to the genus
Methanosarcina completely disappeared (Table 3).

Table 5. Similarity matrix in comparison of the archaeal communities.
Reactor resp. AD experiment
AD substratea

Control

Experimental phase 1 (EP1)

Experimental phase 2 (EP2)

Control

100% CS
(vol/vol VSb)

25% PM + 75% CS
(vol/vol VS)

50% PM + 50% CS
(vol/vol VS)

100% CS
(vol/vol VS)

Day of sampling (day)

81

81

162

199

250

300

340

340

Sample

CR-81

ER-81

ER-162

ER-199

ER-250

ER-300

ER-340

CR-340

CR-81

100

93

68

63

65

61

60

90

66

77

67

65

63

79

100

79

83

82

80

72

86

85

84

70

100

88

86

56

90

53

100

52

ER-81
ER-162
ER-199
ER-250
ER-300
ER-340
CR-340

100

100

100

100

The calculated pairwise similarity considered both, changes in the number and the relative abundance of each detected terminal restriction fragment within and
between two samples depending on Pearson algorithm.
a

CS, cattle slurry; PM, poultry manure.

b

VS, volatile substances.
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the genus Methanosarcina completely disappeared (Table 3).
After this inhibited steady state phase, a severe perturbation
in the process performance was recorded.

Discussion
In the CR, AD was performed by members of the
bacterial phylum Firmicutes in combination with obligate
or facultative hydrogenotrophic methanogens, namely of
genera Methanosarcina, Methanobrevibacter, Methanothermobacter,
and Methanoculleus. The predominance of the Firmicutes
phylum is mostly explained by its capability to produce
diverse enzymes performing celluloylsis, hydrolysis,
acidogenesis, and acetogenesis. This microbial structure
under thermophilic conditions was in accordance with
previously published results and supported the assumption
of more or less stable microbial biocenoses and metabolic
activity in the CR [11, 23, 51-53]. The moderate alteration
in the microbial community structure in the CR between
sampling days 81 and 340 with constant biogas yields can
be assumed to be more related to the natural development
of the microbial community itself (Table 4)
In the ER, during EP1, no significant effects on the
reactor performance were recorded. The TAN reached a
maximum of 3 g/kgFM with a corresponding NH3 content of
0.4 g/kgFM, values which are lower than the published
thresholds for process inhibition [11, 14, 54]. Even a slight
increase in the VFA concentrations was recorded in this
experimental phase, the degradation process run stably. It
is assumed that the increase in the TAN concentration led
to an increase in the buffer capacity, which supports a
stable process. The recorded VFAs concentrations were
lower than the recorded inhibition thresholds [55, 56].
Nevertheless, it is known that the used feedstock can
affect the microbial community structure [57-60]. Hence,
in this study, a definite shift in the microbiome structure
was observed between ER-81 and ER-162 in the EP1,
according to 25% PM addition as well as the consequent
abiotic parameters. In the first sample ER-81 of the EP1 a
minor change in the microbial community structure was
recorded as was indicated by the changes of the relative
abundance of the detected archaeal and bacterial TRFs.
While in the second sample ER-162 of EP1, a clear shift was
detected as indicated by the similarity values (Tables 4 and
5), the relative abundance of the detected archaeal and
bacterial TRFs (Tables 2 and 3) in addition to the NMS
analysis. The NMS revealed no significant correlation
between the investigated process parameters and the
related arrangement of the bacterial community in the EP1.

2001

So that the bacterial community of EP1 (ER-81 and ER-162)
formed a separate cluster (Fig. 2), while the archaeal
community structure already showed a clear shift during
EP1 as the archaeal community of the first sample of EP1
(ER-81) formed a separate cluster (Fig. 2).
It can be assumed that functional redundancy was the
primary microbial strategy in EP1, ensuring an ongoing
and stable biogas production as the compositional shifts
did not affect significantly the reactor performance [61, 62].
The results of this study showed that the phylum Firmicutes
was the most abundant phylum during the whole
experimental phase which was shown previously [63, 64]
The archaeal community in EP1 seemed to have lower
tolerance values for the elevated TAN. The more sensitive
response of the archaeal community was related to a clear
decrease in the abundance of some obligate (Methanoculleus)
or facultative (Methanosarcina) hydrogenotrophic methanogens
which accompanied with a substantial increase in the
abundance of other and exclusively hydrogenotrophic
genus Methanobrevibacter (Table 2). These results are in
accordance with [22, 50] reporting that the obligate or
facultative acetoclastic methanogens dominate the archaeal
community preferentially at medium TAN, VFA, and/or
salt concentrations. High concentrations of these parameters
in combination with thermophilic conditions were positively
correlated with a predominance of obligate hydrogenotrophic
methanogens.
Hydrogenotrophic methanogens utilize carbon dioxide
(CO2) and molecular hydrogen (H2) for methane production.
Thus, the acetate produced by fermentative bacteria has to
be converted via the acetate oxidation pathway performed
by syntrophic bacteria [65, 66]. This fact could explain the
previous slight recorded changes within the bacterial
community composition of the EP1. To conclude, the shift
within the microbial community was the result of a
synergetic effect of physical (temperature) and chemical
(partial feedstock change) factors which had no effects on
the overall process performance.
In the second experimental phase (EP2; day 177- 341) the
amount of PM was doubled to 50% (vol/vol based on VS).
As expected, shortly after starting EP2, the reactor
performance was distinctly negatively influenced symbolized
by a decrease in both the biogas yield and the methane
content which was significantly related to a gradual increase
in the NH4+-N and NH3 as well as the VFA concentrations
(Fig. 1).
The high VFA and TAN concentrations led to the presence
of them in their un-dissociated forms, which are more toxic
for microorganisms [67, 68].
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As is known, in a highly buffered system like this system,
the VFA is the best indicator for indicating process
imbalance and reactor failure [69]). The relative alteration
of the VFA concentration in EP2 reached to 36 g/l compared
with 1.13 g/l in the control reactor.

During EP2, a three-stage process disturbance was
recorded: an initial disturbance (as mentioned above), a
short-termed stable biogas yield stage, and a final complete
process disturbance resulting in complete process failure.
The initial accumulation in a VFA led to a drop in the pH

Fig. 3. Correlation matrix indicated by linear regression among and between the operational parameters.
The operational parameter values were determined for 6 sampling points of the experimental reactor. Statistical significance was established at the
p < 0.05 level.
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value and hence, a decrease in the NH3 content (between
day 250 and 270, Fig. 1). It can be assumed that these
conditions encouraged the microbial communities especially
the archaeal community to adapt and recover again which
could be interpreted the subsequent process stability at
elevated TAN but with a lower biogas yield and methane
content [14].
The reason for the final reactor performance deterioration
could not be related to one, but rather to different prevalent
environmental factors (Fig. 3).This is reflected in the NMS
analyses results which showed that the variation within the
bacterial and the archaeal community structure community
in EP2 could be related to different parameters; VFA, NH4+-N,
NH3, salt content, and/or VS (Fig. 2). The salt content was
symbolized in our study by the conductivity which
reached to the reported threshold value of 30 mS/cm [57,
70]. Here, it could be assumed depending on our finding
that, the alteration in the microbial community structure in
the ER was more related to the strong impact of the PM
addition (Table 4). As the methanogenic activity is seriously
inhibited, it can be assumed that the growth of acid
converting bacteria is restricted as they can only grow if the
H2 is consumed by their syntrophic archaeal partners which
subsequently led to a VFA accumulation of more than
38 g/l at the end of this experimental phase. Based on these
findings and in comparison with an AD experiment
performed under the same but mesophilic conditions [20], an
anaerobic microbiome adapted to thermophilic conditions
can be assumed as much more sensitive for process
disturbances in consequence of biomass load with high
contents of organic nitrogen.
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