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Abstract: In this study, the microbial characteristics of the anaerobic reactor of a sugar
industry wastewater treatment plant were analyzed using cloning, FISH (Fluoresan in situ
hybridization) and metagenomic analysis. Samples were obtained from seven different ports
of the reactor on the 148™ day of operation. The temperature was maintained at mesophilic
conditions. The system’s pH range was operated at 6.8. The cloning results showed that most
of the bacterial clones belonged to uncultured members of the Bacteria domain. Many
archaeal clones were related to uncultured Archaea and Methanosarcina. The FISH method
was applied to determine the microbial composition of the samples, which showed that
bacterial and archaeal species had nearly equal rates. Rod-shaped cells, long bacilli, coccus
and long chains were detected in the samples.

After metagenomic analysis, in all samples, Archaea domain members ranged between 60-
36% and Bacteria domain members ranged between 58-31%. At the phylum level, in all
samples, Euryarchaeota was the most dominant phylum. Proteobacteria (14.8-21.97%) and
Actinobacteria (5.53-15.94%) phyla were high in rate. Furthermore, members of
Spirochaeotes (0.63-4.82%) and Bacteroidetes (1.72-2.38%) were analyzed in the samples.
This study revealed both bacterial and archaeal populations in the reactor of high-
concentration organic sugar wastewater. These results will help in the development of more
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efficient anaerobic treatment systems.

Ozet: Calismada bir seker endiistrisi atik su aritma tesisinin anaerobik reaktdriiniin
mikrobiyal ozellikleri klonlama, FISH (Floresan in situ hibridizasyon) ve metagenomik
analiz kullanilarak analiz edilmistir. Ornekler 148. operasyon giiniinde reaktdriin yedi farkli
giriginden alinmustir. Sicaklik mezofilik kosullarda tutulmustur. Sistem 6,8 pH araliginda
calismistir. Klonlama sonuglari, bakteri klonlarinin ¢ogunun kiiltiire alinmamis Bacteria

iiyelerine ait oldugunu gdstermistir. Birgok arkeal klon, kiiltiire alinmams Archaea ve
Methanosarcina ile iliskilidir. FISH yontemi de orneklerin mikrobiyal kompozisyonunu
belirlemek i¢in uygulanmistir. Elde edilen sonuglar bakteriyel ve arkel tiirlerin neredeyse esit
oranlarda bulundugunu géstermistir. Orneklerde cubuk seklindeki hiicreler, uzun basiller,
koklar ve uzun zincirler tespit edilmistir.

Metagenomik analiz sonuglar1 degerlendirildiginde ise, tim 6rneklerde, Archaea domaini
iiyelerinin %60-36 oranlar1 arasinda ve Bakteri domaini iiyelerinin ise %58-31 oranlari
arasinda bulundugu belirlenmistir. Filum diizeyinde, tiim Orneklerde Euryarchaeota
filumunun en baskin filum oldugu saptanmustir. Proteobacteria (%14,8-21,97) ve
Actinobacteria (%5,53-15,94) filumlarinin da yiiksek oranda oldugu goriilmistiir. Ayrica
orneklerde Spirochaeotes (%0,63-4,82) ve Bacteroidetes (%1,72-2,38) iiyeleri analiz
edilmistir. Bu calisma, yapilan analizler ile yiiksek konsantrasyonlu organik seker atiksu
reaktoriinde hem bakteriyel hem de arkael popiilasyonlart ortaya ¢ikarmustir. Bu sonuglar,
daha verimli anaerobik aritma sistemlerinin gelistirilmesine yardimci olacaktir.

Introduction

The first modern wastewater plant in the world was
built in Hamburg in 1842, and 12 years later, in 1855, the
first sewer was built in Chicago. The treatment plant was
constructed after 1870. In the middle of the 20" century,
regulations came into force, and the Federal Water
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Pollution and Control Law was created in America in
1948 (Yildiz et al. 2013). The increasing amount of
wastewater accelerated the development of more serious
discharge arrangements and alternative methods for
biological wastewater treatment. The increase in research
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on biofilm systems in the 1980s led to the development of
innovative and flexible processes.

Waterborne disease outbreaks, eutrophication and
micro-pollutants, combined with underdeveloped
infrastructure and poor economy make the issues
associated with the disposal and treatment of wastewater
even more serious. Therefore, research should be
conducted to develop efficient, low-cost and low-
maintenance systems (Andersson 2009).

Anaerobic treatment technology refers to the
biological treatment of organic wastes and wastewater
without oxygen, and with the use of this technology,
operating costs are reduced and biogas (methane) is
produced from organic wastes as an alternative energy
source (Narihiro & Sekiguchi 2007). The greatest
application of this technology is as a sludge digester,
which is widely used in municipal wastewater treatment
plants. Conversion of organic substances to biogas
anaerobically is a complex multi-stage process involving
interactions between many different types of bacteria and
archaea. Microbial processes, each performed by a certain
group of microorganisms, can be defined as hydrolysis,
acidogenesis,  acetiogenesis and  methanogenesis
(Venkiteshwaran et al. 2015).

However, it is important to ensure and maintain a
balanced reaction rate between steps or groups to ensure
a fast and stable treatment. Microbial diversity and
activity information is also important for proper
application and selection of a vaccine mud. The microbial
community structure in the anaerobic digester is affected
by many environmental parameters (Chen et al. 2008).
Due to these reasons, one of the most advanced
technological areas in recent years is the microbiology of
anaerobic treatment processes. In order to better control
the biological processes, detailed information about the
ecology and function of microbial communities in these
processes is required. Detailed structures of community
compositions can be revealed through culture-
independent analyses that target the 16S rRNA gene.

In the present study, sugar industry wastewater
containing high concentrations of hydrocarbon and sugar
was used. In addition to traditional methods such as FISH
(Fluoresan in situ hybridization) and cloning, 16S rRNA
gene-targeted metagenomic studies were applied to
determine the microbial diversity of the facility and carry
out an analysis of wastewater microbial diversity based on
modern methods.

Materials and Methods

Sampling

Since the beet sugar factory treatment plant is an
anaerobic feature, anaerobic sludge samples were
obtained from 7 different ports of an upstream anaerobic
sludge blanket reactor (UASB) on the 148" day of
operation from facility in Eskisehir. Samples were
collected in 5 L sterile bottles and transferred to the
laboratory within 1 hour.
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Determination of the chemical

parameters of the samples

Temperature, pH and element concentrations of the
samples were measured. Some element contents of water
samples were determined by the ICP-OES device (Perkin
Elmer) within the Anadolu University Plant Medicine and
Scientific Research Center (BIBAM). The optical
emission spectrometry was determined with Optima 4300
DV device, and the pH was measured with a pH meter
(Mettler Toledo).

Total DNA extraction from samples

DNA extraction was performed for all samples of the
reactor. For efficient and high-quality DNA extraction, the
protocol proposed by Singka et al. (2012) was used with
small modifications. In addition to the lysis step with glass
beads, lysozyme (3 mg/ml) was added and incubated at
37°C for 15 minutes in a shaking incubator at 150 rpm.
Then, proteinase K (150 mg/ml) and 10% sodium dodecyl
sulfate (SDS) were added and incubated at 37°C for 40
minutes in the shaking incubator. After extraction, the DNA
was checked by gel electrophoresis and Nanodrop (between
1.8-2.0 in 260-280 nm, more than 1.7 in 260-230 nm).

Amplification by PCR for 16S rRNA gene

PCR reaction was established using archaea- and
bacteria-specific primers from Total DNA. To establish a
PCR reaction, bacteria-specific 27F
(5’AGAGTTTGATCATGGCTCAG-3") and 21F (5'-
TCCGGTTGATCCYGCCGG-3") were used for Archaea
as the forward primer and 1492R  (5’-
GGTTACCTTGTTACGACTT3’) (Lane et al. 1985) was
used for both Archaea and Bacteria. Bacter 50 program was
used for 16S rRNA amplification of bacteria and Archaea
members. The reaction conditions of the Bacter 50 program
were a cycle of 94°C for 3 min, 30 cycles of 94°C for 15 s,
55°C for 30 s, and 72°C for 2 min, as well as an extension
step of 7 min at 72°C. Applied Biosystems® Thermal
Cycler was used for the reactions. In all studies, both
positive and negative control reactions were prepared. The
obtained PCR products were controlled by applying 5V/cm
current in 1X TAE (Tris-Acetic acid-EDTA) buffer to 1%
agarose gel (Mutlu & Giiven, 2015).

16S rRNA cloning

The ligation of the 16S rRNA gene region to the vector
system was performed using the T4 DNA Ligase enzyme
according to the conditions specified in the TA cloning kit
(Invitrogen) protocol. After all the components were added,
it was incubated overnight at 14°C. The samples obtained
after ligation were placed on ice, and a 50 ul vial containing
the competent cells was opened on ice and 2 pl of the
ligation reaction was added to them. The vials were
incubated on ice for 30 minutes and then kept at 42°C for
30 seconds. The cells were quickly transferred to ice. Then,
250 ul of SOC medium was added to the samples and
incubated at 37°C for 60 minutes at 225 rpm in a shaking
incubator. 10-200 pl was taken from each prepared
transformation vial and cultivated in LB Agar Petri plates
containing 100 pg/ml ampicillin and X-gal and kept in the
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incubator at 37°C overnight. Then, white colonies were
selected from the Petri dishes. The white colonies and blue
colonies were selected according to the X-gal degradation
and fragmentation. The glycerol stock was prepared to be
stored at -80°C from the selected white colonies.

Plasmid isolation was performed using the plasmid
isolation kit from the obtained white colonies. If the insert
was on vector, positive clones were screened for by
amplified rDNA restriction analysis (ARDRA)
(Vaneechoutte et al. 1992) with the enzymes Hinfl and
Mbol (New England Biolabs) for different patterns.
Clones with different restriction patterns were selected for
sequencing and sent to sequence analysis using M13
forward and reverse primers. The chromatogram results
from the sequence analysis were displayed with the
programs BioEdit and Chromas Lite, and the sequences
were compared with data in NCBI BLAST and 16S rRNA
databases to match the species with the highest similarity.
The accession numbers were obtained from NCBI for 16S
rRNA sequence regions for all the clones obtained, and
their records were provided to the gene bank.

Phylogenetic trees were constructed using the MEGA
X program (Kumar et al. 2018) and the Nearest-
Neighbor-Interchange (NNI) method (Saitou & Nei
1987). The bootstrap method (1000 replicates) was used
for evaluation of the validity of the tree topology. The
Jukes-Cantor algorithm was chosen for calculation of the
distance matrix (Jukes & Canthor 1969).

Microbial community analysis with FISH method

The FISH technique was applied to determine the
microbial composition of the samples. For this purpose,
the protocols of Amann et al. (1995) and Daims et al.
(2005) were modified and used. First, the fixation
process was applied to the wastewater samples. The
fixed samples were homogenized and then vortexed.
Samples of different volumes were taken, and 10 ml of
1X PBS was added, after which the mixture was passed
through a 0.2 pum pore diameter GTTP Isopore
(Millipore) filter. To wash the filter, it was passed
through a 1X 10 ml PBS filter again (Aman et al. 1995).
An in situ hybridization buffer was prepared for the
hybridization of the fixed and filtered samples. A
mixture of 18 ul in situ hybridization buffer for reaction
and 2 pul probe at 50 ng/ul concentration from ARC344
for Archaea and EUB338 for Bacteria were mixed. In
addition, specific probes (Methanomicrobiales inclusive
for Methanosarcinaceae specific MG1200)
(CGGATAATTCGGGGCATGCTG) were used for
specific groups (Raskin et al. 1994) The samples were
horizontally placed in a hybridization oven (Biometra
OV3) for hybridization and incubated for 3 hours at
46°C. They were washed to remove unbound probes
after hybridization (Aman et al. 1995). After the filters
were dried, they were stained with DAPI (4',6'-
diamidino-2-phenylindole-dihydrochloride) and
examined under an epifluorescent microscope (Leica
DM6000B) at 100X lens (Daims et al. 2005).
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Metagenomic analysis

For this purpose, total genomic DNA extraction was
performed on the samples to be analyzed, and DNA
concentration was measured in NanoDrop in order to
determine the DNA quality. After total nucleic acid
extraction, DNA amplification, amplicon library
construction, and next-generation sequencing studies
were performed for highly efficient gene sequencing
based on 16S rDNA from extracts. GATC Biotech
provided support for these analyses. For genomic DNA
amplification, a barcode primer set according to the
protocols was used, adapted to the Illumina device. The
NCBI database was used for taxonomic profiling and
KEGG functional profiling of microbial communities was
used for the integrated gene catalogue of the human gut
microbiome (IGC). Estimation of diversity indices and
community composition were performed QIIME
(Quantitative Insights into Microbial Ecology) and R
software (Caporaso et al. 2010, Oksanen 2013).

Results

Physicochemical parameters of samples

The sample collection was carried out from the bottom
port (IM-2M...) to the upper port (7H2) of the reactor.
Samples were taken on the 148" operation day of the
reactor. The system’s temperature was adjusted to
mesophilic value of 34.0 + 1°C controlling the
temperature panel. The overall system’s average pH range
was at 6.8. The pH values of samples from the lower part
to the upper part were measured as 6.88, 6.89, 7.16, 7.11,
7.84, 7.20 and 6.92, respectively. Mg*? and Ca*?
concentrations were high. The Mg*? contents of samples
from the lower part to the upper part were determined as
341.1,302.9,272.1, 292.3, 337.7, 287.3, 324.2, 348.1 and
341.4 ppm, respectively. The Ca*? contents of samples
from the lower part to the upper part were determined as
309.8, 179.21, 186.6, 159.08, 315.0, 207.5, 425.9, 320.4
and 113.0 ppm, respectively. The obtained samples were
stored at -20°C within 60 minutes and samples were kept
frozen until DNA extraction.

16S rRNA cloning

Using ARDRA, 189 Archaea clones and 282 Bacteria
clones were analyzed, which yielded 12 different patterns for
Archaea and 25 different patterns for Bacteria. At least 76
clones from the restriction pattern were chosen for
sequencing.

Environmental 16S rRNA gene sequences from the
samples were stored in the GenBank with these accession
numbers MT322876-MT322913, MT325975-MT325986
and MT325989-MT326014. Most of the bacterial clones
were related to uncultured Bacteria. Many archaeal clones
were related to uncultured Archaea and Methanosarcina. For
phylogenetic analysis, the maximum-likelihood treeing
algorithm in the MEGA X program was used. The
phylogenetic trees for Bacteria and Arhaea, constructed
based on partial 16S rRNA sequences, were shown in Fig. 1
and 2.
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B Clone AD3-21 Uncuttured bactarium (MT322882)
B Clone AD2-48 Uncuttured bacterium (MT325878)
B Clone AD3-37 Uncultured bacterium (MT322888)
KUB21528.1 Corynebacterium callunae strain HBB 9355
B Clone AD3-22 Uncultured bacterium (MT322863)
B Clone AD3-76 Uncuttured bacterium (MT322911)
AB264619.1 Streptococcus sp. bBE5V21
B Clone AD3-74 Uncuttured bacterium (MT3225308)
B Clone AD1-48 Uncuttured bacterium clone (MT326003)
[ Clone AD3-51 Uncuttured bacterium (MT322898)

W Clone AD1-44 Uncuttured bacterium clone (MT325353)
[ Cione AD3-14 Uncultured bacterium (MT322878)
[ Clone AD1-45 Uncuttured bacterium (MT326000)
| ]
[ ]

Clone AD3-30 Uncultured bacterium (MT322887)
Clone AD3-54 Uncuttured bacterium (MT322601)
B Clone AD3-44 Uncuttured bacterium (MT322854)
[l Clone AD3-75 Uncuttured bacterium (MT322910)
W Clone AD3-50 Uncuttured Chioroflexi bacterium (MT322857)
W Clone AD1-35 Uncuttured bacterium (MT325998)
AJ133795.1 Syntrophus sp.
DOE40074. 1 Synergistes sp. GK-MMP1
B Clone AD1-23 Uncuttured bacterium (MT325851)
W Clone AD3-11 Uncuttured bacterium (MT322876)
W Clone AD1-27 Uncuftured bacterium (MT325994)
B Clone AD3-27 Uncuttured bacterium (MT322884)
|— WGB05007.1 Uncultured Bifidobacterium sp. clone 2b 34272
B Clone AD3-52 Uncuttured bacterium (MT322859)
B Clone AD3-43 Uncuttured bactarium (MT322853)
B Clone AD3-20 Uncuttured bacterium (MT322881)
Clone AD3-29 Uncuftured bacterium (WT322885)
[ Clone AD2-47 Uncuttured bacterium (MT325978)
B Clone AD3-33 Uncultured bacterium (MT322889)
B Clone AD3-73 Uncuttured bacterium (MT322913)
ABY10740.1 Paludibacter propionicigenes
B Clone AD3-77 Uncuttured bactarium (MT322912)
W Clone AD2-42 Uncultured bacterium (MT325575)
I Clone AD3-45 Uncultured bacterium (MT322856]
W Clone AD3-42 Gamma protecbacterium LARGRS (MT322852)
B Clone AD3-53 Uncuttured bacterium (MT322300)
W Clone AD3-3% Uncuttured bacterium (MT322850)
B Clone AD2-52 Uncuttured bacterium (MT325981)
B Clone AD3-28 Uncuttured bacterium (MT322885)
B Clone AD1-83 Uncubtured bacterium clone (MT326012)
B Clone AD2-50 Uncultured bacterium (MT325380)
W Clone AD3-55 Uncuttured bacterium (MT322302)
W Clone AD2-5% Uncuttured bacterium (MT325985)
B Clone AD3-41 Uncuttured bacterium (MT322891)
B Clone AD1-56 Uncultured bacterium (MT326005)
B Clone AD3-45 Uncuttured bacterium (MT322855)
B Clone AD2-45 Uncuttured bacterium (MT325577)
[l Clone AD1-47 Uncuttured bacterium (MT326002)
[ Clone AD3-17 Uncultured bacterium (MT322880)
| ]
[ |

Clone AD1-95 Uncultured bacterium (MT326014)

Clone AD2-43 Uncultured Clostridia bacterium (MT325576)
Wl Clone AD1-94 Uncuttured Firmicutes (MT326013)
B Clone AD1-48 Uncuttured bacterium (MT326001)

—_—
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Fig. 1. Phylogenetic tree based on 16S rRNA gene sequences from clones belonging to Bacteria (indicated by squares). The scale bar
represents the expected number of substitutions per site. Bootstrap support values below 50% were not included in the figure.

B Clona AD3-70 Uncutured archason (MT322906)

B Clone ADA-71 Unculured archaeon (MT326010)
KN408635.1 Methanosaeta concili strain X16532

B Clona AD1-25 Uncutured archason (MT325993)

B Clone AD1-19 Uncutured archason (MT325989)

B Clone AD2-58 Uncutured euryarchaeote (WT325385)
[ ]

|

Clone AD1-20 Uncutured Wethanosaetaceae (MT325550)
Clone AD1-67 Uncukured archazon (MT326008)
B Clone AD1-32 Uncultured archaeon (MT325856)
KM408633.1 Methanosarcina mazei strain FABS04c
B Clone AD3-71 Uncutured Methanosarcina sp. (MT322807)
B Clone AD2-56 Methanosarcina mazei (MT325984)
B Clone AD1-30 Uncultured archaeon (MT325535)
DQ727475.1 Methanoculleus receptaculi strain ZC-3
WM59144.1 Methanosarcina barkeri
KJ735836.1 Uncuttured Methanosarcina sp. clone 136-11-3
B Clone AD3-72 Uncuttured Methanosarcinales (MT322808)
[ Clone AD3-65 Uncutured Methanosarcinales (MT322004)
B Clone AD2-54 Nethanosarcina mazei (MT325583)
J624645.1 Uncultured Wethanospirilum sp. clone JW-ASBR-Arch-119
KT982639.1 Uncultured Methanobrevibacter sp. clone HESE20
AY532778.3 Methanobacterium bejingense strain 4-1
LC036195.1 Uncultured Nethanobacterium sp.
MR 133855.1 Methanobacterium paludis strain SWAN1
KT982632.1 Unculured Methanobacterium sp. clone HESE13

B Clone AD3-69 Unculured archaeon (MT322805)
{‘;l Clone AD3-13 Unculured archaeon (MT322877)

B Clone AD2-53 Uncuftured archacon (MT325982)
LT223565.1 Methanobrevibacter smithi strain NVD
| B Clone AD1-33 Uncultured archason (MT325987)

B Clone AD1-24 Uncultured archaeon (MT325532)
\—[[ B Clone AD1-70 Uncutured archazon (MT326009)

B Clone AD1-74 Unculured archaeon (MT326011)
B Clone AD1-85 Unculured archason (MT326007)

—_—
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Fig. 2. Phylogenetic tree based on 16S rRNA gene sequences from clones belonging to Archaea (indicated by squares). The scale bar
represents the expected number of substitutions per site. Bootstrap support values below 50% were not included in the figure.
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Fig. 3. Images of the samples’ microbiota (a-d). DAPI staining is shown on the left, and hybridization signals with FISH probes Arc344
(a, b), MG1200 (c) and Eub338 (d) on the right. Image sources were 3M (a), 2M (b) and 5M samples (c, d).

FISH results

The FISH analysis of the samples showed that
bacterial and archaeal species had nearly equal rates. Rod-
shaped cells, long bacilli, coccus and long chains were
detected in the samples (Fig. 3).

Positive signals were received as a result of
hybridizations with ARC 344, EUB338, and MG1200
probes. Total cell number calculations concluded that
microbial cells in the samples was very high; total cells
were nearly 10%°-10% cells mL. The concentrations of
bacteria for the seven samples ranged between
2.68x101%+4.29x10° and 5.07x10%°+7.20x10° cells per
mL of samples (Table 1). When compared with the total

cell counts determined by DAPI staining, the ratio of
bacteria varied between roughly 48% and 60% of the total
cell numbers. Archaeal cells ranged between
2.45x10%+4.02x10° and 3.99x101°+1.05x10%° cells per
ml of samples. The percentage of archaea ranged between
38% and 52% of the total cell numbers. The
concentrations of Methanomicrobiales, inclusive of
Methanosarcinaceae cells, were between
1.78x10%0+4.44x10° and 2.91x10'%+3.60x10°%. This
archaeal group was dominant, containing 22-37% of the
total archaeal population. The high percentages of
standard deviations in the results may be due to high
background fluorescence in the samples, affecting the
correct probe signal acquisition.

Table 1. Cell counts with DAPI, % Archaea, and Bacteria with FISH probes.

SAMPLE DAPI counts/ml EUB338 counts/ml ARC 344 counts/ml MG1200 counts/ml
(mean SD) (mean SD) (%) (mean SD) (%) (mean SD) (%)
1M 6.64%101948 32%10° 3.24X1(()i‘;i0/312ﬂ09 3.53X1(();‘;:;2578X109 2.22X1(();‘;ﬂ;/80550X103
oM 7 97%10%0-44 82%10° 4.57X1(();;i02552X109 3.99><1(12);:0}0.)05X101° 2.91X1(();‘;ﬂ;/?)560X109
M 1.03x10M2.57x10%0 3.52x1(();ii0/ij71x109 3.36><1(();;ﬂ52529><108 2.13><1(();iﬂ;2577><108
AM  9.89x101+2 35x]0L0 5A07x1?;gi0/70j20x109 3.36><1(();00ﬂg/f(5)507><109 1.87x1?21°2ﬂ;/$35x109
5M 6.57x10%+1 53%10° 2.68ﬂ(();‘;¢02529x}09 2.45X1(():°8:;2502X109 1.88X1(();‘;ﬂ;/40590X109
6M 6.99x10%0+] 47x100 4.69X1(();;i0/ij48X109 2.85><1(z;)8i()}0.)07X101° 1.83X1(()21‘;ﬂ;/})591X109
7H2  7.09x10%9+].35%10%0 3.73X1?é‘;i0/40558X108 2.48x1(();00jg/555x109 1.78X1(()21‘;ﬂ;/40544X109
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Metagenomic analysis

After analyzing the samples, microbial diversity and
loading showed some differences. In all samples, Archaea
members ranged between 60-36%, and Bacteria members
ranged between 58-31%. At the phylum level, in all
samples, Euryarchaeota was the most dominant phylum;
1M, 2M, 4M, and 7H2 had more than 50% of it.
Proteobacteria (between 14.8-21.97%) and
Actinobacteria (between 5.53-15.94%) phyla had a high
rate. Members of Spirochaeotes (between 0.63-4.82%)
and Bacteroidetes (between 1.72-2.38%) were also
analyzed in the samples. At the genus level, there were
some differences. Methanosaeta was the most dominant
genus in sample 1M (55.75%) and sample 7H2 (60.48%),
while Methanosarcina was the most dominant genus in
other samples. Nearly half of the community structures of
3M, 4M, and 6M consisted of Methanosarcina members.
Members of Corynebacterium, Serratia, Streptococcus,
Bifidobacterium, Spharochaeta, Clostridium,
Acinetobacter, and Pseudomonas were detected in the
samples. At the species level, Methanosaeta concilii was
dominant in the samples (Fig. 4). Corynebacterium
callunae was also dominant. The frequency was nearly
the same in samples 2M, 3M, 4M, 5M, and 6M. The other
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species found were Methanosarcina vacuolata, Serratia
marcescens, Methanosarcina sp., and Methanosarcina
barkeri. In sample 7H2, Streptococcus agalacticae and
Serratia marcescens were detected. Members of
Clostridium saccharoperbutylacetonicum were observed
in samples 5M and 6M (Fig. 4).

The diversity index is a quantitative measure that
shows many different species in a dataset as well as the
distribution of these species. It increases when the number
of species increases and when all species are present at
nearly the same level. The diversity indices were
calculated using the vegan package in R and QIIME
softwares (Table 2).

Global gene functional profiles

To detect of the functional profiling of the anaerobic
sludge samples, the total reads were consolidated based
on the categories of the KEGG database. KEGG analysis
showed that 9.70-10.91% of the total reads were related
to genetic information processing, 5.20-6.57% were
assigned to replication and repair, 3.99-6.41% were
related to carbohydrate metabolism, and 4.69-5.11%
corresponded to cellular processes and signaling in
anaerobic digestion sludge (Fig. 5).

Species Level Distribution

100%

80%

60%

40%

20%

0%
1M 2M 3M

m Methanosaeta concilii

m Serratia marcescens

m Methanosarcina vacuolata

m Syntrophomonas wolfei

m Methanosarcina mazei

m Methanosphaerula palustris
Syntrophobacter fumaroxidans
Sphaerochaeta globosa

m Clostridium saccharoperbutylacetonicum

m Acinetobacter sp TTH0-4

m Citrobacter freundii

m Staphylococcus aureus

Fig. 4. Species level distribution of samples.

4M 5M

o
<
-
I
)

Corynebacterium callunae

m Syntrophus aciditrophicus

m Streptococcus infantarius

m Methanosarcina barkeri

m Methanosarcina sp Kolksee

m Desulfovibrio alaskensis
Methanosarcina horonobensis
Bifidobacterium thermophilum
Escherichia coli

m Propionibacterium freudenreichii

m Pseudomonas fluorescens

m Streptococcus agalactiae



Microbial community composition of anaerobic reactor

55

Table 2. Diversity indices of the microbial communities of the samples

Sample Simpson Shannon InvSimpson Alpha SpeciesNo Evenness
M 0.660822175 3.228583887 2.94830595 247.0938675 1826 0.429911
2M 0.784162313 3.723042476 4.633111177 247.7199183 1830 0.495608
3M 0.88338962 4.170978223 8.575565914 247.7199183 1830 0.555237
4M 0.825997654 3.846167703 5.747048941 247.5633824 1829 0.512036
5M 0.861639717 4.076570752 7.227507625 247.5633824 1829 0.542709
6M 0.921908257 4.361425656 12.80545119 247.5633824 1829 0.580631
7H2 0.596514623 2.76219843 2.478404567 246.9373935 1825 0.367835
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m Metabolism of Terpenoids and Polyketides

Fig. 5. Functional gene categories of the samples.

Discussion

Anaerobic  digestion contains highly complex
microbial communities that convert substrates into
methane-containing biogas for renewable energy. These
microbial communities play critical roles in excess sludge
treatment, particularly in determining sludge reduction
performance and methane production efficiency.
Anaerobic digestion process is accomplished through a
series of processes based on the interaction of bacteria and
archaea, and it is important to minimize changes in
microorganism dynamics and distribution during methane
production and to monitor changes to maintain stable
performance (Nakasaki et al. 2015). Therefore, the
relationship between the microbial community structure
and function needs to be understood well.

For the analysis of a wide variety of environmental
samples such as water and wastewater systems and
anaerobic systems, traditional methods such as ARDRA
(16S-RFLP), t-RFLP, DGGE, gene cloning based on the
comparison and amplification of rRNA sequences gene
and FISH have been applied.
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m Cellular Processes and Signaling

m Carbohydrate Metabolism
Metabolism
Nucleotide Metabolism
Transcription
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Glycan Biosynthesis and Metabolism
Lipid Metabolism

= Signal Transduction

Analysis techniques based on nucleic acid have been
developed to explain the structure of the community
without developing microorganisms in the culture
medium (Gilbride et al. 2006, Nayak et al. 2009,
Vanwonterghem et al. 2014).

In this study, we applied both traditional methods
(FISH and cloning) and metagenomic approaches. The
cloning results showed that most of the bacterial clones
were related to uncultured members of the Bacteria
domain. Many archaeal clones were related to uncultured
Archaea and Methanosarcina. Cloning and sequencing of
the 16S rRNA gene has often been applied to explain the
full structure of a microbial community. However, there
are microbial clones that are very difficult to classify
phylogenetically, and most of the clones are closely
related to uncultured strains. There may be some errors in
detecting the microorganism community by gene cloning.
Since different cells have different 16S rRNA gene
copies, inappropriate primer clusters can cause problems
in differentiating some microbial species. Thus, many
methods have been used in our study to reduce errors.
Moreover, clone library sequencing of the 16S rRNA
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gene for microbial ecology studies may lead to
overestimation or underestimation of the number and
diversity of microorganisms due to deviations in
amplification (Ye et al. 2012, Aird et al. 2011, Gao et al.
2012).

FISH was also applied, but in wastewater samples,
there are humic acids, metals, colloids, and organic and
inorganic substances, all which can affect the penetration
of the probes into the cells. Thus, samples need pre-
treatment steps. These steps may change the results of
bacterial and archaeal numbers. We found that bacterial
and archaeal species were of nearly equal rates in the
samples. In a similar study, Khan et al. (2019) detected
specific groups of bacteria in the anaerobic digester
sludge samples. The number of cells hybridized by the
probe EUBmIx ranged between 54-89%, and there were
different morphologies like cocci, rods, and filaments.

Metagenomic approaches include the analysis of all
the genomes of the members of a microbial community.
Cloning and genome analysis are conducted without
cultivating the organisms in the community. This provides
an additional tool for studying non-cultured species.
Therefore, the new generation of high-throughput
sequencing provides a powerful tool to study the
microbial community structure (Albertsen et al. 2013,
Bragg & Tyson 2014). Thus, in our study, microbial
communities in an anaerobic reactor were analyzed using
both traditional and modern methods to show the species
structure and relations between microorganisms. The use
of NGS facilitated detailed analyses of both archeal and
bacterial community structures.

When previous studies were evaluated, more than 20
methanogenic bacterial phyla were detected in anaerobic
waste and wastewater sludges. The 16S rRNA gene
clones’ sequencing results concluded various prokaryotic
taxa such as Proteobacteria (especially
Deltaproteobacteria class), Chloroflexi, Firmicutes,
Spirochaetes, and Bacteroidetes. Similarly, clones in the
Archaea domain in the classes Methanomicrobia,
Methanobacteria, and Thermoplasmata were typical of
the clones found in such muds (Narihiro & Sekiguchi
2007). Microbial diversity in full-scale biogas production
reactors has been reported using metagenomic studies. In
most studies, the results were similar. Guo et al. (2015)
determined that in anaerobic sludge, Bacteria members
were dominant (93%), while Archaea members made up
5.6% of it. It was determined that the most abundant
bacterial populations were members of Proteobacteria,
Firmicutes, Bacteroidetes, and Actinobacteria at phylum
level. The largest class in the Euryarchaeota phylum is
Methanomicrobia. It was stated that the predominance of
Methanomicrobia was associated with the discovery of
Methanosaeta and Methanosarcina. When our results
were compared with this study for functional analysis, it
was concluded that a large number of the reads belonged
to metabolism. In the category of metabolism, energy
production and conversion, amino acid transport and
metabolism, and carbohydrate transport and metabolism
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were dominant. In our study, the total reads were related
to genetic information processing, replication, and repair.
3.99-6.41% of the reads were related to carbohydrate
metabolism. These results can be used for detecting
pathways for the conversion of activated sludge into
methane (Guo et al. 2015).

In another study, the microbial structure of cassava
alcohol wastewater plant was analyzed with the clone
libraries by using 16S rRNA gene. Most bacterial OTUs
were identified as phyla of Firmicutes, Chloroflexi,
Proteobacteria and  Bacteroidetes.  Methanosaeta,
Methanobacterium, Methanomethylovorans and
Methanosarcina were the most abundant archaeal groups
(Gao et al. 2012). However, in our study, Bacteria and
Archaea members had nearly equal rates. To summarize,
30315, 32316, 35562, 21255, 28716, 19821 and 27812
sequences were analyzed, respectively, and the microbial
community structure was revealed at species and genus
levels. The Shannon, Simpson, and Evenness indices
changed between 2.76-4.36, 0.59-0.92 and 0.36-0.58,
respectively. The calculation of these diversity indices
yielded higher diversity values. Between 36-60% of the
identified sequences belonged to Archaea, while 31-58%
belonged to Bacteria. Euryarchaeota was the most
dominant phylum, with nearly 50% rate of the total
sequences. The dominant orders were acetotrophic
Methanosaeta and Methanosarcina. In Bacteria, the
dominant genera were Corynebacterium, Serratia,
Streptococcus, Bifidobacterium, Sphaerochaeta,
Clostridium, Acinetobacter and Pseudomonas. The most
dominant species detected were Methanosaeta concilii
and Methanosarcinia vacuolata in Archaea and
Corynebacterium callunae in Bacteria. In the study
conducted by Ambuchi et al. (2016), 31 phyla were
detected, similar to our study. The predominant microbial
community phyla belonged to Chloroflexi (27.71%),
Euryarchaeota (60.48%) and Firmicutes (44.24%) in the
bottom, middle, and upper samples, respectively. These
results revealed that the archaeal community members
were dominant in almost all parts. The hydrogenotrophic
methanogens in the reactor belonged to members of the
Methanospirillum and Metanocella genus, but their
abundance was very low. However, aceticlastic
methanogens of the genus Methanosaeta were
predominantly abundant in all parts of the reactor.
Moreover, members of Methanosarcina were obtained in
low rates (Ambuchi et al. 2016).

The number of Methanosarcinales is usually more
than that of Methanomicrobiales in the methane
fermentation process (Tabatabaei et al. 2010). The groups
of acetotrophic, hydrogenotrophic, and methylotropic
Archaea are in balance in the anaerobic system and have
an equal role in the production of methane when the
organic load is low. Methanosaeta sp. is predominant
during the fermentation of organically rich substrates such
as polysaccharides and protein rich granules in the up-
flow UASB (Amin & Vriens 2014). However,
environmental parameters affect the structure of the
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microbial community in the anaerobic digester.
Environmental parameters are especially important for
methanogenesis. Compared to bacteria, methanogens
have a lower growth rate and are susceptible to
environmental degradation, such as pH drop and high
amounts of essential fatty acid and ammonia.
Environmental parameters such as pH, temperature,
substrate concentration and the formation of toxic or
inhibitory compounds can alter the balance in the
methanogenic community structure and affect the overall
treatment process. (Chen et al. 2008). Reducing the
temperature to psychrophilic values can change the
structure of the microbial community from acetoclastic to
hydrogenotrophic methanogens. If changes in the amount
and content of the substrate occur, it can affect the
methanogenic community and activity. Different
substrate types can cause different methanogenic
communities to form (Lee et al. 2009).

Conclusion

This study revealed the detailed microbial community
structure of an anaerobic digester by applying cloning,
FISH and metagenomic analysis. The taxonomic analysis
showed that the Euryarchaeota phylum was the most
dominant in archaeal populations, while Proteobacteria,
Actinobacteria, Spirochaeotes and Bacteroidetes were the
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