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A B S T R A C T

The effect of the organic loading rate (OLR) on the performance and microbial composition of a two-stage UASB
system treating coffee processing wastewater was assessed. The system was operated with OLR up to 18.2 g COD
(L d)−1 and effluent recirculation. Methane production and effluent characteristics were monitored. The mi-
crobial composition was examined through next-generation sequencing and qPCR from the anaerobic sludge of
the first reactor (R1) operated at low and high OLR. The system showed operational stability, obtaining a
maximum methane production of 2.2 L CH4 (L d)−1, with a removal efficiency of COD and phenolic compounds
of 84 and 73%, respectively. The performance of R1 at high OLR in steady conditions was associated with an
appropriate proportion of nutrients (particularly Fe) and a marked increase of the syntrophic bacteria Syntrophus
and Candidatus Cloacimonas, and acetoclastic and hydrogenotrophic methanogens, mainly Methanosaeta,
Methanoculleus, Methanobacterium and Methanomassiliicoccus.

1. Introduction

Coffee agro-industry represents one of the leading economic activ-
ities in tropical developing countries (FAO, 2015). Currently, about
50% of the coffee production worldwide (4.3 million tons) is con-
centrated in Brazil, Vietnam and Colombia (ICO, 2018). To improve the
quality of the final product, the leading producing countries have in-
creasingly adopted the wet coffee processing as a post-harvest proce-
dure. This method requires about 7.5m3 of water to process 1 ton of
coffee cherries, generating a significant volume of coffee processing
wastewater (CPW), rich in organic matter represented mainly by easily
fermentable sugars (Alves et al., 2017). Moreover, CPW contains ni-
trogen, phosphorus, and toxic chemicals including tannins, caffeine and
polyphenols (Rattan et al., 2015), constituting a serious threat to the

ecosystems in producing areas, unless treated or appropriately reused.
It has been demonstrated that CPW can be stabilized by anaerobic

digestion, a process in which a highly adapted microbiota produce
biogas containing methane (Beyene et al., 2014). The application of the
up-flow anaerobic sludge blanket (UASB) or related technologies con-
stitutes a promising strategy for this purpose, which can be submitted to
high organic loading rates (OLRs) to enhance the energy recovery.
However, three major drawbacks should be attended to optimize this
process: i) the high content of easily fermentable sugars and low alka-
linity of CPW, which can produce an acid accumulation that inhibits the
methanogenic activity; ii) the reduction of the effluent quality by ap-
plication of high OLR and iii) the lack of knowledge of the associated
microbiota, since previous works have only focused on operational
aspects or analysis limited to study of cultivable microorganisms (Pires
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et al., 2017; Villa-Montoya et al., 2017).
Despite the implementation of the single stage UASB, expanded

granular sludge bed, anaerobic fixed bed and up-flow anaerobic hybrid
systems, the first two issues aforementioned have not been satisfactorily
resolved (Cruz-Salomón et al., 2017; Fia et al., 2012; Guardia-Puebla
et al., 2014; Selvamurugan et al., 2010). In this regard, diverse studies
have attempted to separate the acidogenic and methanogenic phases in
independent reactors (Guardia-Puebla et al. 2014; Jung et al., 2012).
However, this approach seems impractical in technical terms, as it re-
quires greater process control, increases the cost of investment and
operation for an eventual application in producing regions.

Since the CPW is easily hydrolysable, we consider that the appli-
cation of two UASB reactors installed in series (two-stage UASB
system), in which proper operational conditions (i.e. alkalinity source
by effluent recirculation and successive OLR increase) could allow a
high methane production in the first reactor, maintaining a stable
pollutant removal efficiency favored by the second. In addition, the
system operation could be eventually optimized by an improved un-
derstanding of the microbial composition and its adaptation in response
to control parameters such as OLR increase. In this regard, molecular
procedures such as next generation sequencing (NGS) or quantification
of specific microbial groups by quantitative real-time PCR (qPCR)
constitute excellent approaches to unravel phylogenetic and functional
aspects about prevalent microbial communities in anaerobic reactors
(Cai et al., 2016; Delforno et al., 2017; Kim et al., 2013).

Therefore, the aim of the present study was to assess the effects of
the OLR on the performance and microbial composition of a two-stage
UASB system treating CPW. For this, the OLR was gradually increased
from 6.1 to 18.2 g COD (L d)−1, controlling the influent alkalinity by
effluent recirculation. The system performance was assessed con-
sidering the effluent characteristics, nutrients proportion and sludge
development. To gain valuable insight on the microbial community
composition associated with this process, we analyze the sludge of the
first reactor by NGS and qPCR in response to low and high OLR con-
ditions.

2. Material and methods

2.1. Configuration of the two-stage UASB system

The system was composed of two UASB reactors in series (R1 and
R2) (Fig. 1), with working volumes of 20 L and 10 L, respectively. The
characteristics of the reactors used had been previously described

(Bruno and Oliveira, 2013). This configuration was established in order
to reach stabilization of easily biodegradable organic matter in the first
reactor, enhancing the rate of organic conversion, and subsequently
carrying out the degradation of persistent chemical oxygen demand
(COD) and remaining soluble compounds in the second reactor, thus
attempting to ensure a high removal efficiency at high OLR. The UASB
reactors were already in operation, at OLR of 6.0 g COD (L d)−1 and the
total and volatile solids (TS, VS) of the sludge were respectively (g L−1):
46.2 and 36.8 (R1), and 36.6 and 30.5 (R2). The operation was realized
for 365 days, increasing the OLR when stability conditions were
achieved: constant biogas production and COD removal, with variation
coefficients minor than 20%, establishing five operational phases
(Table 1).

2.2. Influent characteristics

The influent of the UASB system was constituted by CPW collected
in a producing farm in Pedregulho, in the state of São Paulo State
(Brazil) (latitude: 20°15′27″ S, longitude: 47°28′39″ W), during the
harvest period (April–July of 2015) and stored at −5 °C. Due to large
amounts of substrate required, continuous operation was ensured
through the preparation of simulated CPW, as described previously by
Bruno and Oliveira (2013). Before its use, physicochemical character-
istics of the raw CPW were determined. Then, the substrate was diluted
to keep the COD concentration as needed to reach the adequate OLR.
The pH of the influent was adjusted to optimal levels for anaerobic
treatment (7.0 ± 0.2) using lime (Ca(OH)2) and effluent recirculation.
The influent characteristics are shown in Table 1.

2.3. Analytical methods

System performance was evaluated using physicochemical de-
terminations on influents and effluents twice a week. The samples of
influent (inlet of R1) and effluents (output of R1 and R2) were com-
posed from single samples of 0.2 L. Parameters TS, VS, COD, pH, total,
partial, and intermediate alkalinity (TA, PA, and IA), total volatile acids
(VFA), total ammonia nitrogen (TAN), total Kjeldahl nitrogen (TKN),
and total phenol content (TPC), and were measured as stated in the
methodologies described in APHA (2005), Ripley et al. (1986), DiLallo
and Albertson (1961) and Singleton et al. (1998). The concentration of
total phosphorus (TP), K, Mg, Ca and the trace elements iron (Fe), zinc
(Zn), copper (Cu) and manganese (Mn) was determined weekly after
acid (nitric-perchloric) digestion of the sample and measured by atomic
absorption spectrophotometer, as described by APHA (2005). The vo-
lume of biogas produced was measured daily in gasometers, and biogas
composition was analyzed weekly by gas chromatography (APHA,
2005). The results of the methane production were reported at standard
temperature and pressure (STP. 101.325 kPa. 273.15 K). Samples of
sludge (50mL) were collected at intervals of 30 days from different
sludge collection points (Fig. 1), to measure the TS and VS (APHA,
2005). The distances from the base of each reactor to the corresponding
sampling points were 15, 45 and 65 cm in R1 and 18, 38 and 58 cm in
R2, conforming three levels along of the digestion compartments:
bottom, middle and top, respectively.

2.4. Theoretical calculations and statistical analysis

The optimum ranges of essential elements for the anaerobic diges-
tion were estimated according to Wu et al. (2016) using the composi-
tion of major and trace elements of methanogenic archaea determined
by Scherer et al. (1983). Optimal levels calculated were (mg element
(mg COD removed)−1): 3.9–575.1 (K), 1.4–56.5 (Mg), 1.3–4.5 (Ca),
1.1–30.1 (Fe), 0.1–6.6 (Zn), 0.02–1.69 (Cu) and 0.04–0.75 Mn. For
macronutrients, a theoretical optimal ratio of COD:N:P of 350:5:1 was
considered (Chernicharo, 2007). For the statistical analysis of the re-
moval efficiencies, an analysis of variance was performed using the

Fig. 1. Configuration of the two-stage UASB system (R1 and R2) for CPW
treatment.
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Tukey test. Linear association between some critical variables was
performed using the Pearson correlation coefficient (R), and its statis-
tical significance (p). The statistical data analysis was carried out using
R software (version 3.1.3).

2.5. Microbial community composition

2.5.1. Sampling and genomic DNA extraction
Sludge samples were collected in operational stability conditions

from three different levels of R1 (Fig. 1), at 90 and 335 days of op-
eration, corresponding to low and high OLR: 6.1 and 18.2 g COD
(L d)−1, respectively. The VS concentrations (g L−1) for the bottom,
middle and top levels were respectively: 46.4, 39.2 and 34.8 (low OLR),
and 86.4, 66.5 and 40.0 (high OLR). Individual sludge samples of each
level and a composite sludge sample from the three levels for each
condition were used. The collected sludge was homogenized and cen-
trifuged at 10.000×g for 10min. After removing the supernatant, the
resultant pellets (0.25–0.30 g) were used for the following steps. Total
DNA was extracted using the QIAGEN's DNeasy PowerSoil Kit – Sil Life.
We used Nanodrop ND-1000 (Thermo Scientific, Wilmington, DE, USA)
and visualization on 1% (w/v) agarose gel with 1× TAE buffer to assess
the quality and integrity, respectively. The quantification was assessed
using the Qubit dsDNA HS Assay Kit (Invitrogen, Carlsbad, California,
USA), following the manufacturer's instructions. The genomic DNA was
stored at −20 °C until the assays were conducted.

2.5.2. Sequencing and data analysis
The microbial composition was examined from composed sludge

samples of each collection point of R1 (Fig. 1) considering the two OLR
conditions. DNA libraries for NGS were prepared using the TruSeq Nano
DNA LT Sample Prep Kit (Illumina, USA), following the manufacturer’s
instructions. The samples were sequenced on a single lane on an Illu-
mina HiSeq 2500 (Illumina, San Diego, CA) in paired-end mode
(2× 100 bp). For the bioinformatic analysis, the raw data were initially
submitted to a quality control using the SeqClean software (v1.9.10),
and then low-quality regions were trimmed. From this point only reads
above 80 pb were considered. A quality report was generated using
FastQC (v0.11.5, Babraham Institute, UK). Subsequently, human con-
taminants were removed by aligning sequences on hg38 human

reference genome using the FR-Hit (v0.7) software (Niu et al., 2011).
Afterward, sequences were masked for rRNA and tRNA using the rna-
hmm3.py (v3.0) and the tRNAscan-SE (v1.3.1) software respectively.
The reads were identified using NR database as reference with the
Diamond (v0.7.12.61) software for alignment. MEGAN (v6.11.1) was
used for subsampling taxonomic classification by the lowest common
ancestor (LCA) algorithm (Huson et al., 2007). The metagenome was
assembled using the IDBA-UD (v1.1.1) software (Peng et al., 2012).

2.5.3. Real-time quantitative PCR analyses
Real-time quantitative PCR (qPCR) was conducted with DNA sam-

ples isolated from the sludge from three different collection points
(Fig. 1) of the digestion compartment of R1 (bottom, middle and top) at
low and high OLR. The domains Bacteria and Archaea, and the me-
thanogenic groups Methanobacteriales, Methanomicrobiales, Metha-
nosarcinales, Methanosarcinaceae and Methanosaetaceae were quanti-
fied using specific primers for the 16S rDNA region, described by Lee
et al. (1996) and Song et al. (2010). A detailed description of the qPCR
analysis performed in this study can be found in Duda et al. (2015). The
reactions were conducted in the Applied Biosystems 7500 Real-Time
PCR apparatus and included 6.25 µL of Power SYBR Green® MasterMix
(Applied Biosystems), primers at different concentrations, 10 ng of
metagenomic DNA and ultrapure water to bring the reaction volume to
12.5 µL. The cycle consisted in 2min at 50 °C; 10min at 95 °C; and 40
cycles at 95 °C for 15 s, 1 min at specific annealing temperatures and
30 s at 78 °C. To obtain a dissociation curve of the reaction products a
step with increasing temperature (60–95 °C) was applied. The copy
number of each sample was determined by serial dilution of the stan-
dard curve from a linearized plasmid containing the 16S rDNA regions,
3× 108–3×102 (1:10), except the order Methanobacteriales
(3×108–2×104 (1:5)). The values Ct of the samples were compared
to standard curves to determine the number of copies 16S rDNA per
volatile solids in the digestion compartment of R1.

3. Results and discussion

3.1. Stability of UASB reactors at increasing OLR

The two-stage UASB system showed a suitable buffer capacity

Table 1
Operational conditions of the two-stage UASB system and influent composition.

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5

Operational conditions
OLR R1 (g COD (L d)−1) 6.1 ± 0.4 7.0 ± 0.7 10.1 ± 1.2 15.0 ± 2.0 18.2 ± 1.7
OLR R2 (g COD (L d)−1) 1.6 ± 0.4 2.1 ± 0.5 2.5 ± 0.9 8.6 ± 1.1 9.5 ± 0.8
HRT R1 (h) 60 60 60 30 30
HRT R2 (h) 30 30 30 15 15
SLR R1 (g COD (g VS d)−1 0.26 0.23 0.21 0.16 0.18
SLR R2 (g COD (g VS d)−1 0.09 0.09 0.11 0.23 0.37
CPW: Effluent ratio 1:0 1:0 4:1 2:1 3:1
Ca(OH)2 (g L−1) 4.4 ± 2.1 4.7 ± 1.9 3.2 ± 1.7 2.4 ± 1.0 2.8 ± 1.6
Temperature (°C) 24.4 ± 2.1 20.7 ± 2.0 21.5 ± 3.1 25.7 ± 2.6 24.3 ± 1.6
Days in operation 95 90 60 60 60

Influent characteristics
pH 7.2 ± 0.3 7.3 ± 0.2 7.3 ± 0.3 7.2 ± 0.3 7.2 ± 0.4
PA (mg CaCO3 L−1) 785 ± 382 1138 ± 585 943 ± 204 1495 ± 546 1810 ± 589
VFA (mg L−1) 1497 ± 580 2741 ± 868 3413 ± 621 3650 ± 969 3923 ± 1314
TS (mg L−1) 9615 ± 2310 12185 ± 3837 17016 ± 5577 15142 ± 5237 20270 ± 6167
VS (mg L−1) 7197 ± 2595 7864 ± 3065 13326 ± 5644 9028 ± 4549 11948 ± 1633
COD (mg L−1) 15378 ± 548 17458 ± 1665 24945 ± 3948 18879 ± 3107 22489 ± 2242
TAN (mg L−1) 139 ± 51 166 ± 92 91 ± 29 243 ± 91 246 ± 63
TKN (mg L−1) 422 ± 154 350 ± 127 446 ± 38 750 ± 176 656 ± 93
TP (mg L−1) 160 ± 81 158 ± 46 91 ± 7 81 ± 6 101 ± 18
TPC (mg L−1) 374.0 ± 97.4 363 ± 124 517 ± 121 673 ± 200 627 ± 141

Means values followed by standard deviations. OLR: Organic loading rate; HRT: Hydraulic retention time; SLR: Sludge loading rate; TVA: Total volatile acids; PA:
Partial alkalinity; TS: Total solids; VS: Volatile solids; COD: Chemical oxygen demand; TAN: Total ammonia nitrogen; TKN: Total Kjeldahl nitrogen; TP: Total
phosphorous; TPC: Total phenol content.

W.A. Botello Suárez et al. Bioresource Technology 268 (2018) 158–168

160



Ta
bl
e
2

C
om

po
si
ti
on

of
U
A
SB

effl
ue

nt
s,

re
m
ov

al
effi

ci
en

cy
an

d
bi
og

as
ch

ar
ac
te
ri
st
ic
s
in

ph
as
es

1–
5.

Ph
as
e
1

Ph
as
e
2

Ph
as
e
3

Ph
as
e
4

Ph
as
e
5

R
1

R
2

R
1

R
2

R
1

R
2

R
1

R
2

R
1

R
2

Effl
ue
nt

co
m
po
si
tio

n
TS

18
36

±
75

0
10

33
±

34
3

18
72

±
55

3
10

89
±

36
4

17
55

±
16

9
12

79
±

42
1

39
12

±
91

3
32

07
±

76
1

42
03

±
71

9
36

25
±

58
2

V
S

90
2
±

39
4

60
8
±

40
2

66
7
±

38
0

43
0
±

21
8

96
8
±

38
6

54
1
±

12
5

27
01

±
38

1
18

24
±

21
2

33
42

±
51

4
24

26
±

41
7

C
O
D

19
96

±
77

4
12

81
±

36
8

23
88

±
12

26
15

75
±

92
8

25
49

±
10

53
10

73
±

50
2

54
90

±
11

01
34

80
±

82
8

57
55

±
14

05
35

13
±

89
9

pH
8.
0
±

0.
3

7.
7
±

0.
3

7.
8
±

0.
4

8.
0
±

0.
3

7.
7
±

0.
2

7.
9
±

0.
3

8.
0
±

0.
1

8.
0
±

0.
1

8.
1
±

0.
1

8.
1
±

0.
1

PA
14

33
±

32
3

15
73

±
36

4
22

96
±

66
2

25
76

±
66

9
16

11
±

14
0

20
20

±
19

9
38

38
±

97
3

41
07

±
82

0
40

70
±

48
1

43
14

±
50

2
IA

/P
A

0.
22

±
0.
11

0.
20

±
0.
10

0.
20

±
0.
08

0.
12

±
0.
07

0.
30

±
0.
10

0.
20

±
0.
04

0.
25

±
0.
07

0.
20

±
0.
07

0.
30

±
0.
08

0.
20

±
0.
04

V
FA

40
5
±

20
1

27
3
±

15
5

34
8
±

18
9

24
5
±

17
2

34
1
±

17
8

12
7
±

56
64

3
±

16
6

52
7
±

15
5

75
8
±

26
3

51
4
±

21
8

TA
N

17
7
±

50
19

1
±

52
23

0
±

77
24

0
±

67
13

6
±

23
15

7
±

25
35

1
±

99
36

9
±

69
38

2
±

64
39

3
±

67
TN

26
4
±

12
0

19
7
±

10
8

22
4
±

66
17

4
±

57
28

1
±

20
21

7
±

16
1

64
4
±

16
2

53
4
±

11
5

55
3
±

10
8

48
7
±

10
2

TP
15

.8
±

2.
5

9.
1
±

1.
9

10
.9

±
3.
4

6.
0
±

1.
2

13
.2

±
8.
5

7.
4
±

2.
3

27
.6

±
18

.6
21

.7
±

9.
5

46
.6

±
11

.8
22

.9
±

6.
5

TP
C

15
6
±

62
75

±
35

11
3
±

58
59

±
20

13
3
±

15
72

±
10

29
0
±

68
13

5
±

29
29

0
±

78
14

2
±

65

R
em

ov
al

effi
ci
en
cy

(%
)

TS
re
m
ov

ed
80

.6
±

6.
8

40
.4

±
19

.6
83

.0
±

7.
3

39
.5

±
10

.2
89

.4
±

13
.1

22
.2

±
7.
0

74
.8

±
9.
5

19
.0

±
7.
7

68
.5

±
8.
7

15
.6

±
9.
6

V
S
re
m
ov

ed
86

.4
±

2.
9

35
.9

±
10

.1
88

.8
±

6.
1

35
.2

±
10

.9
93

.4
±

4.
6

43
.0

±
8.
8

68
.1

±
7.
3

32
.7

±
10

.9
69

.6
±

3.
1

28
.2

±
9.
7

C
O
D

re
m
ov

ed
87

.4
±

6.
1

35
.7

±
6.
6

85
.3

±
7.
0

34
.2

±
7.
3

88
.0

±
5.
4

50
.0

±
4.
2

71
.2

±
4.
6

36
.7

±
5.
8

74
.4

±
3.
1

38
.1

±
4.
4

TN
re
m
ov

ed
38

.5
±

11
.7

29
.8

±
9.
7

34
.1

±
13

.3
23

.3
±

8.
7

30
.1

±
4.
5

29
.3

±
8.
7

14
.4

±
5.
4

16
.2

±
5.
5

16
.1

±
6.
6

12
.1

±
3.
7

TP
re
m
ov

ed
91

.1
±

6.
3

41
.3

±
10

.1
92

.5
±

3.
1

43
.2

±
8.
4

90
.1

±
2.
7

44
.1

±
5.
3

66
.1

±
8.
7

42
,2

±
4.
7

52
.3

±
10

.4
51

.3
±

10
.8

TP
C
re
m
ov

ed
60

.0
±

17
.1

51
.5

±
13

.1
68

.8
±

14
.1

44
.7

±
17

.5
69

.8
±

14
.8

45
.4

±
11

.2
51

.3
±

7.
8

31
.9

±
6.
3

54
.7

±
10

.7
53

.7
±

13
.3

Bi
og
as

ch
ar
ac
te
ri
st
ic
s

SM
Y
(L
(g

C
O
D
r)
−
1
)

0.
12

±
0.
02

0.
02

±
0.
01

0.
15

±
0.
04

0.
02

±
0.
01

0.
16

±
0.
03

0.
03

±
0.
01

0.
20

±
0.
04

0.
10

±
0.
02

0.
16

±
0.
02

0.
10

±
0.
01

M
PR

(L
(L

re
ac
to
rd
)−

1
)

0.
65

±
0.
11

0.
04

±
0.
02

0.
92

±
0.
30

0.
04

±
0.
01

1.
61

±
0.
21

0.
13

±
0.
02

2.
01

±
0.
20

0.
25

±
0.
05

2.
18

±
0.
25

0.
40

±
0.
03

M
et
ha

ne
(%

)
74

.4
±

8.
8

57
.7

±
22

.3
61

.8
±

9.
5

60
.2

±
25

.7
59

.6
±

8.
7

64
.4

±
8.
5

59
.7

±
1.
7

65
.5

±
5.
4

62
.8

±
1.
0

61
.3

±
1.
9

Effl
ue

nt
co

m
po

si
ti
on

un
it
s
ar
e
ex
pr
es
se
d
in

m
g
L−

1
ex
ce
pt

fo
r
pH

an
d
IA

/P
A
.
M
ea
ns

va
lu
es

fo
llo

w
ed

by
st
an

da
rd

de
vi
at
io
ns
.
TS

,
V
S:

To
ta
l
an

d
vo

la
ti
le

so
lid

s;
C
O
D
:
C
he

m
ic
al

ox
yg

en
de

m
an

d;
PA

,
IA

:
Pa

rt
ia
l
an

d
in
te
rm

ed
ia
te

al
ka

lin
it
y;

V
FA

:V
ol
at
ile

fa
tt
y
ac
id
s;

TA
N
:T

ot
al

am
m
on

ia
ni
tr
og

en
;T

N
:T

ot
al

ni
tr
og

en
;
TP

:T
ot
al

ph
os
ph

or
ou

s;
TP

C
:T

ot
al

ph
en

ol
co

nt
en

t;
SM

Y
:S

pe
ci
fi
c
m
et
ha

ne
yi
el
d;

M
PR

:M
et
ha

ne
pr
od

uc
ti
on

ra
te
.

W.A. Botello Suárez et al. Bioresource Technology 268 (2018) 158–168

161



during the experimental period. The partial alkalinity (PA) in both, R1
and R2, was enough to neutralize the acids formed in the process,
without causing a substantial drop in pH (Table 2). Although effluent
recirculation did not completely reduced the alkalinizing use, allowed
the increase of the PA in the influent from phase 3, and even at highest
OLR applied the PA values reached mean levels above 4000mg L−1 in
the effluents of R1 and R2 (Table 2). The reduction of alkalinity re-
quirements for the substrate in the anaerobic digestion process is a
useful feature of effluent recirculation strategy, which allows making a
more economically viable operation. Besides, this alternative may also
be used to maintain appropriate OLR in the system, especially with
substrates with high concentrations of organic matter (Barros et al.,
2017). In this study, we have found that the effluent recirculation is an
effective method to maintain the buffer capacity in a two-stage UASB
system when a broad range of OLR is applied during the CPW treat-
ment.

Anaerobic digestion is considered to be stable at IA/PA ratio less
than 0.3 (Ripley et al., 1986). Despite the increase in VFA concentra-
tion, IA/PA ratio was maintained within acceptable levels, with similar
values for all phases evaluated in each reactor (Table 2). This indicates
operational stability (with a low risk of acidification), including phases
4 and 5, which had the highest OLR and the lowest hydraulic retention
times (HRT). Consequently, alkalinity supplementation by effluent re-
circulation allowed generating fair conditions for anaerobic digestion.

TAN concentrations were greater in phases 4 and 5, evidencing an
increase up to 50% with an increase in the OLR from 10.1 to 14.4 g COD
(L d)−1 (Table 2). This difference is possibly caused by increase of TAN
concentration in the influent of the UASB system (Table 1), effluent
recirculation, and major protein hydrolysis and ammonium production.
Although the TAN may cause an increase in the pH value, counteracting
its reduction by the acidification step, it may cause an adverse effect on
anaerobic digesters, usually between 1300 and 6000mg L−1 (Yenigün
and Demirel, 2013). Accordingly, concentrations of TAN were found
under tolerable levels in all phases tested.

3.2. Effect of OLR on COD removal and methane production

A high removal efficiency of organic matter was observed
throughout the experimental period, mainly in phases 1–3 (OLR:
6.1–10.1 g COD (L d)−1), which showed mean values for COD removal
up to 88% in R1 and 50% in R2, with a maximum global efficiency of
96% (Fig. 2a). These results were similar with the previously described
removal efficiencies using high-rate anaerobic reactors treating CPW at
low OLRs (Bruno and Oliveira, 2013; Jung et al., 2012; Selvamurugan
et al., 2010). The stability of the anaerobic reactors was not con-
siderably affected by the HRT reduction from 90 h to 45 h, and sub-
sequent OLR increase above 15 g COD (L d)−1.

At high OLR the system showed a removal efficiency of 84%. This
suggests an effective organic matter removal even under this condition,
favored by a stable performance. In addition, since COD removal in R1
in this condition was only 74% (Table 2), the operation of R2 proved to
be effective in maintaining high removal efficiency in the system. Thus,
the application of UASB reactors in series was adequate to the initial
purpose to reach a high OLR with effective removal efficiency. In ad-
dition, a positive correlation between the OLR applied and organic load
removed in the two reactors (Fig. 3) was found, with significant Pear-
son's correlation coefficients (p < 0.001). Therefore, the reduction of
COD removal efficiencies was also countered with higher rate of or-
ganic load removal.

Even though the highest COD removal efficiencies in R1 (approxi-
mately 2-folds greater than R2 (Fig. 2a), may be influenced by a major
HRT and highest substrate availability, it seems that, as expected, the
application of high OLR in R1 induce a positive effect in R2, improving
its contribution to the overall efficiency of the system. This is particu-
larly evident in phase 3 (at OLR of 2.5 g COD (L d)−1 in R2), where the
COD removal efficiency in this reactor was 16% higher than the

previous phase (Table 2). Accordingly, the observed increment of the
COD removal in R2 could be attributed to the increase of organic matter
concentration in the influent. Consequently, higher amounts of pre-
cursors for the anaerobic digestion in R1 provided larger concentration
of remaining biodegradable COD for R2.

The reactors presented a significant difference in terms of removal
of organic load, even at similar OLR (Fig. 3). This can be explained by
the high consumption of VFAs in the methanogenic step of R1. As is
well known, the VFAs are degraded by syntrophic associations of
anaerobic bacteria and methanogenic archaea to acetate, CO2, H2 and
formate (Stams et al., 2012). The high concentration of VFAs in the
influent of R1, which ranges between 1417 and 3923mg L−1 (Table 1),
suggests that in this reactor the anaerobic microbiota degraded directly
a significant fraction of the COD. Meanwhile, VFAs in the R2 influent
ranged between 341 and 758mg L−1 (Table 2), representing a low
fraction of total COD of the influent. Therefore, in this reactor the COD
removal depends mainly on the degradation of recalcitrant compounds.

CPW is composed by quickly fermenting sugars, and also presents
different constituents that become particularly difficult to degrade,
coming from the mucilage layer, mainly proteins, sugars, and pectins
(Rattan et al., 2015). Thus, it is probable that the easily degraded or-
ganic matter serves as a substrate for metabolic and microbial growth
activities in R1, and more complex constituents persist in the effluent.
In this way it is incorporated to R2, which can slow down the de-
gradation process in this reactor and as observed, generate lower rates
of organic load removal.

The highest methane production rates (MPR) were obtained after
306 days of operation, corresponding to OLR above 18 g COD (L d)−1 in
R1 (phase 5) (Fig. 2b–c). In this condition, the mean value of MPR in R1
(2.18 L CH4 (L d)−1) was 5.5 times greater in relation to R2 (Table 2),
and 3 times greater in relation to phase 1. Accordingly, a strong Pear-
son’s correlation (p < 0.001) was evidenced between MPR and OLR
variables in both reactors, which indicate that gradual increase of the
OLR allows a satisfactory methane production. These results were
consistent with the highest levels of organic load removal observed in
the same period and were higher with respect to those previously re-
ported in anaerobic digestion systems treating CPW (Guardia-Puebla
et al., 2014; Jung et al., 2012; Selvamurugan et al., 2010; Villa-
Montoya et al., 2017) due to the higher OLR reached.

The specific methane yield (SMY) calculated to each phase showed
mean values ranged from 0.12 to 0.2 L CH4 (g CODremoved)−1 in R1, and
0.02 to 0.1 L CH4 (g CODremoved)−1 in R2 (Table 2). To obtain the
overall specific methane yield of the reactors the methane production
rate as a function of substrate consumption rate was plotted, obtaining
determination coefficients (R2) above 0.92. Thus, SMY for the anae-
robic reactors were 0.16 and 0.10 L CH4 (g CODremoved)−1 for R1 and
R2, respectively. Theoretically, the maximum SMY that may be ob-
tained in anaerobic digestion corresponding to 0.35 L of CH4 (at STP)
per g of COD stabilized (McCarty, 1964). Thus, the overall SMY
achieved in this study represent efficiencies of 46% (R1) and 26% (R2),
obtaining the maximum efficiency in R1 in (phase 4), corresponding to
57% respected the theoretically estimated.

The levels of SMY obtained can be explained partly as a result of
dissolution in the liquid phase and throw away with the final effluent.
Besides, the use of lime as alkalinity source may lead to the precipita-
tion of organic matter (Chen et al., 2008) and consequently part of the
removed COD is not biologically degraded. Therefore, the values of
SMY suggests that the process can be optimized through others strate-
gies (i.e. operation at constant temperature. The high methane pro-
duction and organics removal obtained suggest that the operation of the
two-stage UASB system for treating CPW was effective, allowing the
application of high OLR and maintaining a suitable removal efficiency
of organic matter provided by the operation of R2.
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3.3. Pollutant removal efficiency at increasing OLR

In order to establish the effectiveness of the serial configuration of
UASB reactors at increasing OLRs concerning pollutant removal, we
analyzed some environmental, well-known indicators of water quality
related to the CPW characteristics. Thus, removal efficiencies for total
nitrogen (TN), total phosphorus (TP), volatile solids (VS) and total
phenol content (TPC) in R1, R2 and for the system (R1+R2) were
established for each phase analyzed (Table 2).

As expected, the highest removal levels were obtained at low OLRs
(6.1–10.1 g (L d)−1): 96%, 94% and 83% for VS, TP and TPC, respec-
tively. In the majority of the parameters the increase of OLR to 18.2 g
(L d)−1 and consequent decrease of HRT to 45 h induced a reduction of
the removal efficiency (Table 2). However, except TN, the reactor R2
did not present significant variations along the increase of OLR
(p < 0.05), enabling an increase of the efficiency of the system in such
conditions. This observation underlines that, although R2 does not
contribute substantially to methane production, it has a critical role in
the stabilization of CPW regardless the OLR applied, generating a
better-quality effluent.

TN removal was generally low in the two reactors, obtaining a
maximum efficiency at low OLRs (about 55%). This reduction may be
associated mainly with the assimilation of organic nitrogen by the
system microbiota. Otherwise, the levels of TP removal (mainly in
phases 1–3) were probably induced by chemical precipitation phe-
nomena, which can be attributed to the lime application in the influent.
Hosni et al. (2008), working with synthetic wastewater showed that
phosphorus precipitation is increased starting from molar ratios of Ca/
P > 0.3. We determined the Ca and P concentrations in the influent,
obtaining molar ratios of Ca/P of 0.4–0.8, which might suggest ideal
conditions to phosphorous precipitation.

At high OLRs, the UASB system was particularly efficient in the
removal of TPC (73%) (Table 2). Several biochemical pathways have
been described to explain the biodegradation of phenols under anae-
robic conditions (Wirth et al., 2015), which lead to the generation of
acetate that subsequently may be the substrate for acetotrophic me-
thanogens. Therefore, the TPC removal observed in the UASB system
indicates activity of phenol-degrading microorganisms, favored by the
gradual OLR increase and possibly by the effluent recirculation, which
allows the reincorporation of adapted microorganisms to the system.
Apart from the high methane production, phase 5 showed removals

Fig. 2. Efficiencies of COD removal and methane production rate (MPR) in the two-stages UASB system at different OLRs (a) Temporal variation of COD removal
during the experimental period; (b) MPR in R1; (c) MPR in R2.

Fig. 3. Linear regression analysis for the correlation between the organic
loading rate and rate of organic removal in R1 and R2.
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efficiencies above 76% for COD, TP, and VS. In terms of biological
degradation, there was also evidence of TPC reduction. Therefore, these
findings highlight the advantages of the two-stage UASB system im-
plemented, in which a high MPR and effective pollutant removal effi-
ciency can be obtained.

3.4. Effect of OLR increase on macro- and micronutrients proportion

The proportion of the analyzed nutrients was found among the
optimal values recommended for methanogenesis, obtaining a ratio of
COD:N:P about 350:5:1, and proper concentrations of Mg and Ca, with
values ranged from 1.0 to 2.4 and 0.52 to 1.41mg (mg CODremoved)−1,
respectively. The proportion of Ca was higher in the first operational
phases (phases 1 and 2), favored by the application of lime for pH
neutralization. Consequently, although the addition of this external
source of alkalinity increases the operational cost, it provides a stimu-
latory concentration of Ca for anaerobic digestion.

Starting from the implementation of effluent recirculation (phase 3),
the proportion of Fe and Zn was increased. These elements are key
factors required in diverse anaerobic reactions involving hydrogenase
and methane-monooxygenase activity, among others (Takashima et al.,
2011). A gradual increase in the proportion of Fe was also observed
during the experimental period (associated with the OLR increase),
obtaining a proportion in phase 5 of 2.5 and 7.0mg (mg CODremoved)−1

for R1 and R2 respectively. These values were in optimal theoretical
levels according to Wu et al. (2016) (1.1 to 30.1mg Fe (mg CO-
Dremoved)−1).

Fe can decrease the oxidative-reductive potential in the medium,
generating proper environmental conditions for anaerobic digestion.
Besides, it is a key cofactor of enzymatic activities of methanogens, such
as Fe-only hydrogenases (Pelletier et al., 2008) and pyruvate-ferredoxin
oxidoreductase (Romero-Güiza et al., 2016). Previous studies have
shown that supplementation of Fe during the anaerobic treatment of a
variety of effluents plays a prominent role in the system efficiency,
increasing the conversion rate of organic volatile acids to methane
(Barros et al., 2017; Yamada et al., 2015). Thus, the increase of Fe at
high OLR evidenced in the present study is consistent with the stability
and the high MPR obtained.

The requirements of micronutrients in the anaerobic digestion are
highly variable. Therefore, additional studies are still needed to limit
the optimal ranges of these compounds in order to enhance the anae-
robic treatment of CPW. However, the operational conditions applied in
this study, such as gradual increase of OLR and effluent recirculation
constituted important strategies to obtain values close to the optimal
nutrient levels to improve the performance of UASB reactor.

3.5. Biomass concentration in UASB reactors

The highest biomass concentration in the UASB reactors, expressed
as grams of volatile solids per litters of sludge (g VS L−1), was observed
in the bottom level of R1, reaching mean values between 20 and
103.6 g L−1. With the increment of the OLR to 10.1 g COD (L d)−1 (R1)
and 3.1 g COD (L d)−1 (R2) (phase 3), an increase of the VS in the three
sludge collection points of both reactors was obtained. This may be
related to a major availability of substrate for microbial growth. In
addition, the levels of sludge loading rate (SLR) ranged from 0.15 to
0.26 g COD (g VS d)−1 and 0.09–0.37 g COD (g VS d)−1 in R1 and R2,
respectively (Table 1). Chernicharo (2007) cited that in the anaerobic
treatment of domestic wastewater it is recommended a SLR between 0.1
and 0.4 g COD (g VS d)−1. In this study, the SLR was maintained in the
acceptable levels in R1 throughout the experimental period, and in R2
from phase 3. Consequently, these conditions are consistent with the
highest removals of COD obtained for both reactors in phase 3, and
facilitate higher methane production in both reactors at higher OLRs.
The major concentration of biomass in R1 is linked with the highest
efficiency. Besides, R1 has the highest HRT and compounds of the
substrate may afford significant energy for microbial metabolism.

In phases 4 and 5, the concentration of VS in the digestion com-
partment of both UASB reactors showed a decrease, particularly due to
the application of lowers HRTs. During phases 4 and 5, due to decrease
of HRT, the increased flow of influent lead to wash out of light sludge,
which may be the main reason to sludge decreasing. This could explain
the VS increment in the final effluent at high OLR (Table 2). Despite this
physical limitation, biomass concentration in the three sludge collec-
tion points analyzed in both reactors showed constant levels after
330 days of operation, and sludge development evidenced during the
experimental period allowed the generation and maintenance of an
adapted microbiota to the conditions imposed, contributing to a better
performance and stability of the reactors.

3.6. Microbial community composition of R1

3.6.1. Next generation sequencing analyses
The composition of the microbial community associated with the

sludge of R1 was determined at low and high OLR conditions (6.1 and
18.2 g COD (L d)−1, respectively). This reactor was selected as it was
submitted to higher organic load variation, showing a stable perfor-
mance and the higher MPR and COD removal. At domain level, the
majority of reads were assigned to Bacteria (Fig. 4a), which can be
explained by the high growth rate and wide metabolic versatility of
these microorganisms. Archaeal reads were accounted for a high pro-
portion at low OLR. The Eukaryota and Viruses did not represent above

Fig. 4. Taxonomic distribution at domain (a) and at phylum level (b) in R1 for low and high OLR (6.1–18.2 g COD (L d)−1, respectively). Others: taxa with<1% of
the total composition.
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0.05% of relative abundance for the analyzed conditions.
The high OLR condition presented a low diversity and a high

dominance of Bacteria and Archaea populations, which suggest that the
shift of operational conditions led to the selection of a more specific
microbiome. This was additionally influenced by the influent compo-
sition, which showed increasing concentrations of VFAs, COD, TPC and
nitrogen compounds from low to high OLR (Table 2, phases 1 and 5).
Therefore, the high performance evidenced in terms of methane pro-
duction and removal efficiency of organic matter and other con-
stituents, suggest that prevalent microorganisms highly adapted to the
imposed conditions participated actively in the anaerobic digestion of
CPW.

The taxonomic distribution of the phylum Proteobacteria increased
from low to high OLR (Fig. 4b). The dominant genus detected in this
division was Syntrophus, increasing about 58% from low to high OLR
Syntrophus produce H2 via fermentation of diverse organic compounds,
being able to establish syntrophic interactions with hydrogenotrophic
methanogens (McInerney et al., 2007). A large part of the energy re-
quirements of this bacterium derive from the degradation of organic
acids (McInerney et al., 2007). In fact, its prevalence has been docu-
mented in reactors operated at high concentrations of VFAs (Gulhane
et al., 2017), which is consistent with the results obtained in the present
study. An additional role of Syntrophus in the anaerobic digestion of
CPW could be associated with the anaerobic degradation of phenol via
benzoate to form acetate and H2 (Fang et al., 2006), which subse-
quently may be used by acetotrophic and hydrogenotrophic methano-
gens.

The phylum candidate Cloacimonetes represented by Candidatus
Cloacimonas showed a marked increase at high OLR (Fig. 4b), with a
relative abundance of 14.2%, being practically undetectable at low
OLR. This bacterium derives most of its carbon and energy from the
fermentation of amino acids (Pelletier et al., 2008). In addition, it
cannot produce polyamines, several cofactors and amino acids, which
must be obtained from the environment. Therefore, its prevalence could
be associated with a higher availability of organic nitrogen, since the
concentration of these compounds in the influent of the UASB reactor
increased up to twice from low to high OLR (Table 2).

Candidatus Cloacimonas can oxidize propionate as well as to pro-
duce H2 by fermentation or via Fe-only hydrogenases (Pelletier et al.,
2008), establishing syntrophic interactions with hydrogen utilizers.
Thus, its increase at high OLR is consistent with the abundance of hy-
drogenotrophic methanogens in this condition (Fig. 5b).

Since its different nutritional requirements and the increased sub-
strate availability for both, the interaction between Candidatus
Cloacimonas and Syntrophus was not competitive. Consequently, this
condition stimulated the development of hydrogenotrophic

methanogenesis that maintained a low hydrogen pressure, which al-
lowed a stable operation of the UASB reactor with high methane pro-
duction.

Despite the shift of the OLR, the phyla Bacteroidetes,
Actinobacteria, Chloroflexi and Firmicutes do not present a significant
abundance alteration (Fig. 5b). These divisions included genus like
Bacteroides, Propionibacterium, Clostridium, Longilinea and Sedimenti-
bacter, which presents a wide range of metabolic characteristics, such as
break down of complex organic compounds, fermentation of sugars,
amino-acids metabolism and syntrophic sulphate-reducing activity
among others (Enzmann et al., 2018). Consequently, since its similar
abundance during the overall anaerobic digestion of CPW, these mi-
croorganisms are part of the core microbiome necessary for the proper
reactor performance in the CPW treatment.

The phylum Euryarchaeota decreased about 50% with the OLR, and
showed a high abundance of the families Methanosarcinaceae and
Methanosaetaceae (Fig. 5a). Considering that in these conditions the
higher methane production rates were obtained (Fig. 2a), the stable
performance of the anaerobic reactor can be explained by the different
microbial profile evidenced, which presented a high abundance of
syntrophic bacteria, generating proper thermodynamic conditions for
the methanogens activity. The genus Methanosarcina presented the
higher abundance at low OLR, whereas Methanosaeta was relevant at
high OLR (Fig. 5b). This observation has been evidenced in other
anaerobic systems treating high-strength wastewater, and could be at-
tributed to a lower affinity of Methanosarcina to form or incorporate
into the anaerobic granules in contrast to Methanosaeta (van Haandel
et al., 2014).

The hydrogenotrophic genera Methanoculleus, Methanobacterium,
Methanomassiliicoccus and Methanospirillum presented high abundance
at high OLR (Fig. 5b), suggesting that a wide distribution of both
acetoclastic and hydrogenotrophic methanogens is involved into the
anaerobic digestion of CPW at high OLR, producing high levels of
methane from acetic acid, H2 and CO2.

3.6.2. Real-time qPCR
Relevant microbial groups detected by next-generation sequencing

were quantified by qPCR from sludge samples of bottom, middle and
top levels of the digestion compartment of R1 at low and high OLR.
Fig. 6 shows that Bacteria predominated in the three levels, presenting
the higher abundance at high OLR (ranging from 1.2× 1013 to
1.4×1012 copies of 16S rDNA genes from bottom to top level). These
values represent an increase of 2.5 folds in relation to low OLR, which is
attributed to the high substrate availability in the influent. Therefore,
bacterial populations quickly consumed the substrate and achieved a
higher conversion of organic matter producing acetic acid, H2 and CO2

Fig. 5. Abundance of Archaea domain in R1 at class (a) and genera (b) levels. Low and High OLR: 6.1 and 18.2 g COD (L d)−1, respectively.
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for methanogenesis.
Despite the shift of the operational conditions, the relative abun-

dance of Archaea populations tended to be constant (Fig. 6). The pro-
portion of Archaea to the total microbe amount can vary according to
the substrate characteristics and system conditions. Although values
between 5 and 10% have been reported (Cai et al., 2016), studies of
anaerobic digestion of high-strength wastewater have evidenced values
as high as 22% (Barros et al., 2017; Duda et al., 2015). In this study, we
obtained a high proportion of Archaea, evidencing up to 20% and 11%
at low and high OLR, respectively. The quantities of Archaea detected
in R1 even at high OLR are in consonance with the levels of methane
output (Fig. 2b) and COD removal (Fig. 2a). Therefore, the stable per-
formance of this reactor depends on the balance between these do-
mains, regardless of their biokinetic and environmental requirement
differences.

The predominance of Methanosarcinaceae at low OLR (Fig. 6) in-
dicates that in these conditions the methane production is carried out
mainly by acetoclastic methanogenesis. With the OLR increase, a high
abundance of Methanosarcinales and similar 16S rRNA gene copies of
the families Methanosarcinaceae and Methanosaetaceae were observed.
Members of Methanosarcinaceae are metabolically versatile (able to use
H2-CO2, acetate and methyl compounds as substrate) (Liu and
Whitman, 2008). Therefore, despite the variable conditions and high
OLR applied on R1, the abundance of Methanosarcinaceae can be at-
tributed to its mixotrophic metabolism. Similar absolute quantities of
Methanosarcinaceae and Methanosaetaceae highlight the importance of
both families for methane production from CPW.

The abundance of Methanosaetaceae at high OLR is an indicative of
the development of the acetate pathway to methane production, and
suggests adequate microenvironmental conditions for its development
(i.e. presence of regions with low acetate concentrations into the re-
actor as occurs in the central region of anaerobic sludge granules)
(Guiot et al., 1992). Information regarding the effect of VFAs on

methanogens suggests that Methanosaetaceae can be dominant in
anaerobic digestion systems with concentrations of acetic acid lower
than 1000mg L−1 (Karakashev et al., 2005). In this study, the mean
value of total VFAs obtained in the effluent of R1 at high OLR was
758mg L−1, which indicates that acetic acid concentration is even
lower. Therefore, it is in agreement with the prevalence of Methano-
saetaceae in the UASB reactor treating CPW under the imposed con-
ditions.

A marked increase (up to three magnitude orders) of the hydro-
genotrophic methanogens quantified (Methanobacteriales) was evi-
denced at high OLR. This condition can be explained mainly by the
difference in the specific growth rate between acetoclastic and hydro-
genotrophic methanogens. In addition, the increment of the metabolic
activity of hydrogen producing syntrophic bacteria prevalent at high
OLR, with the relative abundance of Syntrophus and Candidatus
Cloacimonas, provided fair conditions to interspecies hydrogen
transfer, enabling the increase of hydrogenotrophic methanogens,
mainly Methanobacterium and Methanoculleus (Fig. 5b).

The important fraction of hydrogenotrophic methanogens present in
R1 provided stability conditions during the CPW, favoring the methane
production. This observation is supported by previous studies, which
reported a change from acetoclastic to hydrogenotrophic pathway, or
the relevance of hydrogenotrophic methanogens, mainly of the order
Methanobacteriales, at high organic load during the anaerobic diges-
tion of high-strength wastewaters, although operating conditions and
substrate were different from this study (Barros et al., 2017; Duda et al.,
2015; Jang et al., 2014). This was consistent with the hydrogenotrophic
profile obtained at high OLR, which showed a predominance of Me-
thanobacteriales.

Our results suggest that the high methane production in R1, (MPR of
2.2 L CH4 (L d)−1 at OLR of 18.2 g COD (L d)−1), depended on the high
relative abundance of highly specialist bacteria, mainly syntrophic
groups, and balanced co-existence between hydrogenotrophic and

Fig. 6. Quantitative real-time PCR analysis of the Bacteria (EUB) and Archaea (ARC) domains, orders Methanobacteriales (MB), Methanomicrobiales (MM), and
Methanosarcinales (MS) and families Methanosarcinaceae (MSC) and Methanosaetaceae (MSA) presents in samples from sludge collected in three levels (bottom,
middle and top) of R1 at 90 (Low OLR) and 335 (High OLR) days of operation. SV: Volatile solids concentration; M: Amount of biomass.
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acetotrophic methanogens in the digestion compartment. This condi-
tion, associated with the optimal levels of SLR, suggest proper condi-
tions for the anaerobic digestion and operational stability at high OLR,
which allows a high efficiency for methane generation during the CPW
treatment.

4. Conclusions

A system composed by two UASB reactors in series was effective for
treating coffee processing wastewater at increasing organic loading
rates (OLRs), maintaining a high methane production with suitable
organic matter and phenols removal. These conditions were favored by
the operation of the second-stage reactor, effluent recirculation, pro-
portion of nutrients (particularly increase of Fe) and sludge develop-
ment. Under high OLR and steady operation, the molecular analysis
revealed a reduction of the microbial diversity, with predominance of
specialist microorganisms represented by syntrophic bacteria
(Syntrophus and Candidatus Cloacimonas), and acetoclastic and hydro-
genotrophic methanogens, mainly Methanosaeta and Methanoculleus.
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