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reached about 720 and 560 mg/L at the end of the second and third 
cycles, respectively (Fig. 4B). The average pH values, shown in Fig. 4d, 
are between 7.4 and 8.1 for all samples. The lowest values correspond to 
the first cycle where the VFA concentrations were the highest, whereas 
at the opposite the highest pH value was measured at the end of the 
second cycle when the VFA concentration was the lowest. This range of 
pH is really classical in a normally operating anaerobic digestion tank 
[22]. These concentrations are below the concentrations usually 
encountered in anaerobic digestion, with bicarbonate concentrations 
(about 95% of the total inorganic carbon under anaerobic digestion 
conditions) that are rather around 2–5 g/L [11]. The concentrations 
observed during the first cycle were of the same order as those observed 
by Voegel et al. [37], who worked with the same reaction medium, and 
those of the second cycle could indicate an evolution of the system to-
wards stabilization around the values usually encountered in anaerobic 
digestion [17,34]. 

3.2. Characterization of the microstructure, chemical composition and 
deteriorated depth of cement paste samples 

Table 2 shows the evolution of the total biodeteriorated depth with 
the duration of the associated biodeterioration assay. This depth varies 
from about 540 µm at 2 weeks to almost 820 µm after 15 weeks of im-
mersion. After 4 weeks of immersion, we were unable to measure the 
total deterioration depth accurately, because of a variation of the total 
deteriorated depth among the samples. Fig. 5 shows the pictures used to 
determine this value for the 5 weeks immersion time. 

Fig. 5A shows the biodeterioration profile (from the surface to the 
core) of a cement paste sample immersed in the bio-waste for 5 weeks. 
The combination of the SEM micrograph (Fig. 5A) and the mapping 
representing the distribution of the elements calcium and silicon (Fig. 5B 
and C) was used to identify several areas. Four zones can be distin-
guished: a first zone, darker than the others, of about 100 µm, a second 
zone, of about 20–30 µm, identified around a crack parallel to the sur-
face of the pellet, a third zone, with a thickness of about 400 µm, and a 
fourth zone constituting the core of the sample and corresponding to the 
non altered paste. Fig. 5B and C show the distribution of the elements 
calcium and silicon in the sample respectively. This mapping allows 
decalcified zone 1, slightly enriched in silicon, and zone 2, highly 
enriched in calcium, to be easily identified. The transition from Zone 3 
to the healthy paste was also easily identified by a slight increase in the 
amount of calcium. 

Fig. 6 shows the evolution of the relative proportions of calcium (Ca), 
silicon (Si) and aluminium (Al) from the outer surface to 900 µm in the 
depth of the biodeteriorated cement paste sample for all exposure times 
tested. Zone 1, the closest to the cement surface, has a low proportion of 
Ca, about 10%, a high proportion of Si, about 30%, and a high pro-
portion of Al, about 7%, compared to the other zones. Zone 2 has a 
particularly specific composition: the proportion of Ca is significantly 
higher there than in any other zone, up to 70–76% in the two samples 
immersed for 3 and 4 weeks, and a lower proportion of Al and Si, 
respectively of the order of 1% and 5%. The presence of phosphorus was 
also observed in the first two zones (data not shown). Zone 3 is close to 
that corresponding to the sound paste, only a very slight divergence in 
composition being detected - between 20% and 30% Ca, about 10% Si 
and 1.5–2% Al on average. The Ca, Si and Al composition is therefore 
different for each zone. Zones 1, 2 and 3 are present at each exposure 
time tested with a relatively comparable overall composition. Fig. S1 
(Supplementary data) shows the mineralogical composition of the 
different zones for a cementitious paste immersed in the reaction 

Table 2 
Evolution of the total biodeteriorated depth according to the immersion time.  

Exposure time (weeks) 2 3 4 5 10 15 

Total biodeteriorated depth (µm)  542  569 – 622  756  817

10 and 15 weeks) and the biodeterioration in an anaerobic digestion 
environment was followed by a method developed previously by Voegel 
et al. [36]. The evolution of the concentrations of aggressive agents 
(VFA, NH4

+ and CO2) was measured in the liquid phase. Then, the 
biodeterioration of the cementitious materials was qualitatively and 
quantitatively evaluated by electron microscopy analysis of the polished 
surfaces of pellet cross sections and also by X-ray diffraction. Finally, the 
biofilms established on the surface of the cementitious materials were 
removed using two protocols developed to recover, on the one hand, the 
part of the biofilm loosely attached to the cementitious surface and, on 
the other, the part of both the biofilm strongly and loosely anchored on 
the surface, i.e. the basal layers of the biofilm. The DNA of these sam-
ples, and of samples taken from the reaction medium, was extracted and 
sequenced. For each sampling time, among the 6 replicates, 3 replicates 
were used to recover the weakly attached biofilm and the 3 others for the 
strongly attached one. At the end of each test period, there were 
therefore 6 samples of reaction medium and 3 of each biofilm layer. 

3.1. Evolution of aggressive compounds during the biodeterioration test 

Fig. 4 shows the evolution of ammonium ions, total inorganic car-
bon, pH and organic acid (acetic, butyric and propionic acids) concen-
trations in the reaction medium during the entire duration of the 
biodeterioration assay. Ammonium ions were produced throughout the 
biodeterioration test (Fig. 4A). After slight production during the first 
two weeks of the first cycle, resulting in a concentration of about 0.7 g/ 
L, an increase of about 0.1–0.2 g/L was observed during the second half 
of the first cycle, with the amount of ammonium ions produced 
increasing in subsequent cycles. During the second cycle, the average 
concentration increased by 0.35 g/L and, for the third cycle, the increase 
was even more significant, with a production of 0.5 g/L of ammonium 
ions resulting in an ammonium ions concentration in the medium of 
1.67 g/L. Since the production of ammonium ions comes from the 
fermentation of amino acids during acidogenesis [24], the relatively low 
production observed in the second half of the first cycle can be explained 
by the fact that the majority of ammonium ions were probably produced 
during the first two weeks of the cycle. The same phenomenon is found 
for the production of VFA, the concentrations of which are shown in 
Fig. 4C. During the first cycle, the production of acetic and butyric acids 
took place during the first two weeks before their almost complete 
consumption by the third week. For propionic acid, production took 
place during the first 4 weeks, up to a value of 6.6 g/L before its partial 
consumption during the 5th week, resulting in a concentration of 
3.2 g/L. For the following cycles, propionic and butyric acids were 
completely consumed and the acetic acid produced was only partially 
consumed, its concentration at the end of the second cycle being a little 
less than 1 g/L, and 3.2 g/L at the end of the third cycle. For the first 
cycle, the evolution of butyric and acetic acids concentrations corre-
sponds to what could be expected from an anaerobic digestion process, i. 
e., hydrolysis followed by acidogenesis in the first two steps of the 
anaerobic digestion process, during the first ten days. At the end of these 
steps, acetogenesis began and acetate accumulated in the system. 

Finally, methanogenesis began and consumed the acetic acid pro-
duced. Its consumption occurred between the second and third weeks of 
the first cycle, so methanogenesis took place at this time. For propionic 
acid, on the other hand, consumption started late, from the fourth week, 
which resulted in the accumulation of propionic acid in the medium 
before four weeks. Nevertheless, propionic acid was then completely 
consumed by the end of the next two cycles, indicating that the accu-
mulation could not prevent the smooth running of the anaerobic 
digestion process. The evolution of the concentration of acetic acid 
seems to indicate a slight accumulation of acetic acid at the end of the 
last two cycles, especially at the end of the third cycle, where 5 out of the 
6 samples had more than 2.7 g/L of acetic acid, while the last one had 
1.5 g/L. The total inorganic carbon concentration varied slightly be-
tween 30 and 130 mg/L during the second half of the first cycle and 



medium after 3 weeks. As the surface of the pellet showed calcite pre-
cipitates (confirmed by DRX), these were removed. Zone 1 is charac-
terized by an intense signal corresponding to calcite and a lighter signal 
corresponding to Brownmillerite (Ca2(Al,Fe)2O5). Zone 2 has a miner-
alogical composition close to that of Zone 1 with the appearance of 
vaterite (a less stable form than calcite). Zone 3 contains mostly 
ettringite and calcium silicate (C3S) with the presence of larnite (C2S). 
Finally, the sound paste has these three phases, to which can be added 
portlandite, a phase mostly present in this zone. The mineralogical 
composition of the different zones is identical regardless of the duration 
of exposure to the anaerobic digestion reaction medium. 

3.3. Evolution of microbial populations during the biodeterioration test 

The results of the 16S high throughput sequencing of the DNA ex-
tracts from the liquid samples and the biofilm removed from the cement 
paste pellets after 2, 3, 4, 5, 10 and 15 weeks of incubation are sum-
marized in Fig. 7. The groupings by similarity allow two large groups of 
samples to be distinguished, A and B, associated with two clusters, of 
OTUs I and II, respectively. Group A contains all samples associated with 
the second and third cycle separated into two subgroups according to the 
cycle. Group B concerns the integrality of the samples associated with 
the 2-, 3-, 4- and 5-week biodeterioration tests. The two-week-old 
samples are pooled in a separate subgroup and all other Group B sam-
ples are pooled in three other subgroups. 

The grouping of the samples according to their similarity to each 
other corresponds mainly to the duration of their immersion in the bio- 
waste. It also means that the disparity between samples depends more 
on their immersion time than on the type of sample (liquid, loosely or 
strongly attached biofilm). It therefore appears that the main factor of 
disparity within our samples was their duration of contact with synthetic 
biowaste. Concerning the first two groups, group I contains OTUs that 
are mostly found in samples from group B cultures, i.e. 5 weeks or less. 
For group II, even though these OTUs are mostly found in samples from 
cultures of 2 or 3 cycles, some OTUs of this group are present in samples 
corresponding to 3, 4 and/or 5 weeks. Among these is the OTU corre-
sponding to Methanoculleus chikugoensis, a hydrogenotrophic metha-
nogen, present in all samples except those aged 2 weeks. Similarly, 
several group II OTUs, corresponding to species of the genus are present 
in 4- and 5-week old cultures. Both groups contain methanogenic 
archaea. For group I, these are species of the genera Methanosarcina, 
Methanosphaera and Methanobrevibacter, i.e. acetoclastic and hydro-
genotrophic methanogens. For group II, they are mainly archaea of the 
genera Methanoculleus and Methanobacterium hydrogenotrophs. It 
therefore appears that, over time, the populations encountered in the 
bio-waste inoculated with activated sludge evolve into two distinct 
microbial communities. In particular, and even though a Methanosarcina 
species of group I is present in several samples aged 2 cycles (i.e. 10 
weeks), acetoclastic methanogens are much less present in cultures of 

more than 1 cycle and, moreover, the Methanosarcina genus is almost 
absent in samples of 3 cycles. 

The evolution of the mean diversity within the sequenced microbial 
communities according to the duration of the biodeterioration test was 
calculated using the Simpson diversity index, the Shannon-Wiener index 
and the Pielou equitability index and is summarized in Table 3. The 
evolution of these three indices according to the duration of the biode-
terioration test is relatively identical for all of them: the three linear 
correlation coefficients associated with the three indices are all greater 
than 0.95. This shows a slight increase in diversity between two and 
three weeks and then a stabilization throughout the rest of the first cycle. 
All three indices show a decrease in diversity after the second cycle and, 
to a lesser extent, after the third cycle. We can conclude that the com-
munity in Group II is less diverse than that in Group I. 

Sequencing data from samples taken from the reaction medium and 
biofilm surface after 2, 3, 4, 5, 10 and 15 weeks of biodeterioration were 
statistically analyzed by principal component analysis (PCA), the results 
of which are presented in Fig. 8. It shows the distribution of the in-
dividuals, i.e. the different samples sequenced, according to the first two 
principal components (PC), defined by the analysis. The first PC, on the 
X-axis, explains 38% of the variance. The distribution of the individuals
according to this PC is done according to the duration of the biodeteri-
oration assay. The samples are ordered from left to right, from the least
aged, 2 weeks of immersion in the biodeterioration liquid, to the most
aged, 3 cycles (i.e. 15 weeks). This corroborates the fact that the assay
duration is the most important factor of variability acting on the sam-
ples. The Y-axis explains 12% of the variance. It also appears that the
samples from the biofilm, in red, are generally located above the samples
from the liquid medium in black. However, there is no noticeable po-
sition difference among samples according to the biofilm removal
treatment. While the first PC is highly correlated with the duration of the
tests, the second PC is related to the type of samples used, depending on
whether the biomass is sessile or planktonic.

Fig. 8B presents the variables, i.e. the sequenced OTUs and their best 
correspondence in the database, related to the first two PCs and well 
represented (Cos2> 0.6) by them. 

The variables related to the first PC will be considered as related to 
the duration of the biodeterioration assay. The variables correlated with 
the second PC will be considered weakly correlated with the sample 
type, planktonic or sessile. The variables shown to have a high positive 
correlation with the first PC in Fig. 8B correspond to species of the 
genera Clostridium, Methanoculeus, Symbiobacterium and bacteroides. 
Among them, the species Clostridium butyricum, Clostridium paratrificum 
and Methanoculleus chikugoensis could be identified. The OTUs identified 
as negatively correlated with the first PC belong to the genera Tanner-
ella, Methanosphaera, Clostridium, Streptococcus and Selenomonas. For 
these genera, the species that have been identified are: Selenomonas 
bovis, Bifidobacterium adolescentis, Lactobacillus mucosae, Megasphaera 
elsdenii and Methanobrevibacter smithii. For methanogenic populations, 

Fig. 5. Distribution of the biodeteriorated zones (A) and mapping of the distribution of the elements calcium (B) and silicon (C) according to the depth of the cement 
paste sample immersed for 5 weeks in the methanation reaction medium. 



the results are in agreement with those presented in Fig. 7: the hydro-
genotrophic genera Methanoculleus are associated with longer exposition 
time and the genera Methanobrevibacter and Methanosphaera also 
hydrogenotrophic with shorter exposition time. The other genera or 
species correlated positively or negatively with the first PC correspond 
to populations involved in the first three stages of anaerobic digestion 
(hydrolysis, acidogenesis and acetogenesis) and mostly in the first two. 
For OTUs related to the second PC, they are less numerous. Among the 
species and genera identified and positively correlated with the second 
PC are 3 OTUs associated with the genus Clostridium and one species of 
the genus Tannerella, which are acidogenic [18,25]. For the OTUs 
identified as negatively correlated, only the species Methanoculleus chi-
kugoensis is present. As the second PC is correlated with the lifestyle of 
the sample collected, planktonic or sessile, it appears that the planktonic 
lifestyle contains more OTUs associated with methanogenic bacteria, 

while the sessile lifestyle contains several acidogenic bacteria. 

4. Discussion

4.1. Kinetics of the cement matrix biodeterioration

Concerning biodeterioration, the phenomena observed here are 
identical to those highlighted by previous work on the same systems, 
namely a leaching of calcium and, to a lesser extent, silicon from the 
dissolution of the hydrated phases of the cement paste [35–37]. This 
phenomenon is directly related to the diffusion of calcium, according to 
Fick’s law, within the cementitious paste. Consequently, the depth of the 
deteriorated cementitious paste is assumed to grow according to a linear 
relationship with the square root of time [7]. The evolution of the total 
biodeteriorated depth with time is shown in Fig. 9, where it is visible 

Fig. 6. Evolution of the relative atomic proportions of calcium, silicon and aluminum in the depth of cement pastes immersed in the medium for 2–15 weeks. The 
black vertical bars correspond to the boundaries between the 4 zones identified. For the sample submerged for 4 weeks, the boundary between the third and fourth 
zones could not be measured with satisfactory accuracy and is therefore not shown. 



that this evolution has, as expected, a linear relationship with the square 
root of time, with a squared coefficient of determination of 0.99. In the 
case of unidirectional diffusion with a constant diffusion coeficient, the 

relationship between the diffusion front, ∆x, the diffusion coefficient, D, 
and time corresponds to Eq. (1). 

∆x 2Dt
√

(1) 

The value of the slope observed in Fig. 9 can be used to calculate the 
diffusion coefficient, which is therefore: 1.13.10− 14 m2/s. Voegel et al. 
[37] worked with CEM I Portland cement pastes exposed to the same
aggressive conditions and obtained total deteriorated depths of 650 µm
and 750 µm after 5 and 10 weeks, respectively. Assuming a type of ki-
netics similar to that observed for our samples, this would correspond to
a diffusion coefficient of 1.92.10− 14 m2/s, a value very close to the one
we obtained. To position our results in another type of aggressive
environment, Goni et al. [9] calculated the calcium diffusion coefficient

Fig. 7. Heatmap with color scale of the 16S high throughput sequencing of DNA extracts from samples of reaction medium (liquid) and biofilm taken from the 
surface of cement paste samples after 2–15 weeks of biodeterioration. Y-axis: OTU with an abundance of at least 2% in a sample. X-axis: samples. "bio" and "liq" 
correspond to the type of associated sample, respectively biofilm and liquid. "lousy" and "strong" correspond to the biofilm removal treatment, respectively immersion 
in buffer and sonication treatment. 2s, 3s, 4s, 5s, 2c and 3c indicate the duration of the biodeterioration test, i.e. 2,3,4 and 5 weeks of the first cycle and then the 2nd 
and 3rd cycle cultures, i.e. 10 and 15 weeks. Finally a, b and c correspond to the triplicates. 

Table 3 
Averages of Simpson diversity index, Shannon-Wiener diversity index and Pie-
lou equitability within all samples by duration of biodeterioration test.    

Duration of the biodeterioration test (weeks) 

2 3 4 5 10 15 

Indices Simpson  0.87  0.91  0.91  0.91  0.82  0.78 
Shannon  4.79  4.99  5.13  5.01  3.90  3.89 
Pielou  0.54  0.56  0.56  0.56  0.47  0.47  



Fig. 8. PCA of microbial communities in 
anaerobic digestion samples of bio- 
waste. The PCA was performed with the 
sequencing data of the samples from the 
liquid (in black) as individuals. The data 
from the stalled biofilm samples (in red) 
were added as illustrative data. Part A 
represents the individuals according to 
the first two main components. Part B 
shows the variables with cos2 > 0.6. 
Concerning the names of the individuals, 
"lousy" and "strong" correspond to the 
biofilm removal treatment undergone by 
the cementitious paste pellet, respec-
tively immersion in buffer and sonication 
treatment. 2s, 3s, 4s, 5s, 2c and 3c indi-
cate the duration of the culture, i.e. the 
2, 3, 4 and 5 weeks of the first cycle and 
then the cultures of 2 and 3 cycles. a, b 
and c correspond to the triplicates. (For 
interpretation of the references to colour 
in this figure legend, the reader is 
referred to the web version of this 
article.)   



in the same way in Portland cement pastes CEM I exposed to a synthetic 
reaction medium simulating seawater aggression for 90 days. They ob-
tained diffusion coefficients of the order of 1.10− 14~1.10− 15 m2/s (two 
distinct velocities were found according to whether the data corre-
sponded to the first 7 days or the following days). These values are also 
close to those obtained and are associated with an environment 
considered aggressive for concrete, confirming the aggressiveness of the 
anaerobic digestion media towards cement. 

Fick’s law is governed by differences in the concentration of the 
compound that diffuses between two points in a solution to compensate 
for the concentration gradient. Therefore, if this compound, in our case 
calcium, is consumed by a chemical or biological reaction at one point (i. 
e. locally in the solution) it will accelerate the diffusion phenomenon
and thus the kinetics of biodeterioration. The production of VFA,
ammonium ions and CO2, which react with calcium to form, among
other things, calcium salts and calcium carbonates, such as calcite and
vaterite, observed on the surface of CEM I pastes and in zones 1 and 2
(Fig. S1) can increase this kinetics. Thus, the presence of bacteria pro-
ducing VFA, NH4

+ and/or CO2 directly in contact with the cementitious
paste is likely to amplify the calcium leaching from the cementitious
paste and thus its biodeterioration kinetics. We recall that failure to
detect the presence of a compound in the reaction medium does not
indicate the absence of its production in the system. In anaerobic
digestion, VFAs are simultaneously produced (steps 2, 3 and 4 in Fig. 1)
and consumed. It is therefore interesting to look at the distribution of
these microbial populations within the system.

4.2. Selection of microbial populations according to lifestyle, planktonic 
or sessile 

The microbial communities associated with sessile or planktonic 
lifestyles, in the same sample, appear to be relatively close. In fact, 
grouping the samples by similarity does not highlight groups associated 
with these lifestyles (Fig. 7). Moreover, no significant difference be-
tween bacterial populations could be found between the biomass of the 
loosely attached biofilm and that of the strongly attached biofilm. Sta-
tistical analysis of the results also seems to partially confirm this, since 
the second PC, weakly correlated with the lifestyle of the cells in the 
sequenced sample, alone explains 12% of the variability, whereas the 
first PC, very strongly correlated with the duration of the biodeteriora-
tion test, explains 38% of the variability (Fig. 8). Nevertheless, statistical 
analysis revealed some differences between sessile and planktonic mi-
crobial communities. These differences seem to be mostly observable in 
the samples exposed for longer durations since, with the exception of 
one OTU associated with a species of the genus Tanerella, all OTUs 
correlated with the second PC are on the right side of Fig. 8B, indicating 
a positive correlation with the first PC and thus with the duration of the 
biodeterioration test. Therefore, a selection of microbial populations in 
relation to their sessile (biofilm) or planktonic (suspended in the liquid 
medium) lifestyle seems to be made progressively during the biodete-
rioration test. Acidogenic populations of the genus Clostridium would 
then develop preferentially in the biofilm on the CEM I cement paste, 

whereas methanogenic populations would be more often found in the 
liquid medium. The low number of OTUs correlated with the second PC 
(Fig. 8B) may be due to the large difference in variability explained 
between the two PCs; the first PC could prevail over the variables 
correlated with the second PC. Therefore, Table 4 groups the OTUs 
correlated with the second PC with a p value lower than 0.05. The value 
of the associated correlation coefficient, r, is also shown. 

The genus Clostridium is clearly more present in the biofilm than in 
the reaction medium since 6 out of the 10 OTUs detected as having a 
sessile lifestyle belong to this bacterial genus containing bacteria 
involved in the hydrolysis and acidogenesis steps (steps 1 and 2, Fig. 1). 
Among the other 4 OTUs also associated with this lifestyle are another 
acidogen of the genus Tanerella, a syntrophic acetogen of the genus 
Syntrophaceticus, a hydrogenotrophic methanogen of the genus Meth-
anobacterium and a bacterium of the genus Pseudomonas known for its 
ability to form pathogenic biofilms under anaerobic conditions. This 
genus is indeed known to achieve CO2-producing nitrate respiration [25, 
28,41]. OTUs associated with the planktonic lifestyle are less numerous; 
only 6 have been detected. Among them, 2 methanogens have been 
identified: a hydrogenotrophic Methanoculleus chikugoensis and a 
simultaneously acetoclastic and hydrogenotrophic Methanosarcina. 
Three OTUs of the genus Syntrophomonas, known as acetogenic syntro-
phic bacteria, and a last bacterium of the genus Dehalobacterium, usually 
producing VFAs from dichloromethane, have also been detected [30, 
32]. Microorganisms responsible for the first two stages of anaerobic 
digestion were found mainly in the biofilm, while those responsible for 
the last two stages (stages 3 and 4, Fig. 1) were more often detected in 
the liquid medium. This selection conditioned by lifestyle seems to be 
completely independent of the duration of the biodeterioration test, 
since the two methanogens found in the liquid are of the genera Meth-
anoculleus and Methanosarcina, which belong to groups I and II (Fig. 7). 
Thus, we can propose the hypothesis that the first steps of anaerobic 
digestion preferentially take place in the biofilm, while the last two steps 
would take place in the liquid medium. 

4.3. Inhibition of acetoclastic methanogenic populations in favor of 
hydrogen methanogens 

The success of an anaerobic digestion process is directly linked to the 
state of the methanogenic populations in the digester, as they are 
responsible for the last stage of anaerobic digestion, methanogenesis 
(stage 4, Fig. 1). Moreover, these microbial populations are among the 

Fig. 9. Evolution of the total biodeteriorated depth with the squared root of the 
exposure time. 

Table 4 
OTUs correlated with the lifestyle of the sequenced sample. Only correlations of 
the second CP with OTUs identified with a p value <0.05 are presented. The PCA 
was performed in a manner strictly identical to that observed in Fig. 8.  

Sessile biomass (biofilm) Planktonic biomass (suspended in the 
liquid medium) 

OTU identified r p value OTU identified r p value 

Pseudomonas sp  0.67 9.58E- 
06 

Methanoculleus 
chikugoensis 

-0.70 2.39E- 
06 

Clostridium sp.2  0.57 2.75E- 
04 

Syntrophomonas sp -0.52 1.25E- 
03 

Clostridium 
paraputrificum  

0.56 3.44E- 
04 

Syntrophomonas 
sp.1 

-0.45 0.01 

Clostridium sp.3  0.55 5.08E- 
04 

Syntrophomonas 
wolfei 

-0.40 0.02 

Syntrophaceticus sp  0.53 9.82E- 
04 

Methanosarcina sp -0.40 0.02 

Tannerella sp  0.45 6.20E- 
03 

Dehalobacterium 
sp.1 

-0.39 0.02 

Clostridium sp.5  0.41 0.01    
Clostridium sp.4  0.38 0.02    
Methanobacterium 

sp.1  
0.35 0.03    

Clostridium 
butyricum  

0.35 0.04     
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Alonso, N. Gaju, L. Martín-González, T. Vicent, E. Marco-Urrea, Molecular and 
carbon isotopic characterization of an anaerobic stable enrichment culture 
containing Dehalobacterium sp. during dichloromethane fermentation, Sci. Total 
Environ. 581–582 (2017) 640–648. 

[33] K. Venkiteshwaran, B. Bocher, J. Maki, D. Zitomer, Relating anaerobic digestion 
microbial community and process function: supplementary issue: water 
microbiology, Microbiol. Insights 8s2 (2015), MBI.S33593. 

[34] C. Voegel, 2016. Impact BIochimique des effluents agricoles et agroindustriels sur 
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