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manure with pine wood shavings as well as chicken and swine manure were investigated. The
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July 15, 2014 15.2 g/1) and ammonia concentration (up to 3.7 g/l ammonium nitrogen) and generated a higher
biogas yield (up to 366 ml/gys) compared with the reactor supplied with turkey wastes (1.5-

1.8 g/1 of organic acids and 1.6-1.7 g/1 of ammonium levels; biogas yield was up to 195 ml/gys).
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The microbial community diversity was assessed using both sequencing and profiling terminal
restriction fragment length polymorphisms of 165 rRNA genes. Additionally, methanogens were
analyzed using methyl coenzyme M reductase alpha subunit (mcrA) genes. The bacterial
community was dominated by members of unclassified Clostridiales with the prevalence of
specific clostridial phylotypes in each reactor, indicating the effect of the substrate type on the
community structure. Of the methanogenic archaea, methanogens of the genus Methanosarcina
were found in high proportions in both reactors with specific methanosarcinas in each reactor,
whereas the strict hydrogenotrophic methanogens of Methanoculleus sp. were found at
significant levels only in the reactor fed with chicken/swine manure (based on the analyses of
16SrRNA gene). This suggests that among methanogenic archaea, Methanosarcina species
which have different metabolic capabilities, including aceticlastic and hydrogenotrophic

PISSN 1017-7825, eISSN 1738-8872 methanogenesis, were mainly involved in anaerobic digestion of turkey wastes.
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Introduction

The livestock industry is the active sector with generation
of large amounts of wastes. The existing ecological problems
dictate the need for the development of safe and at the
same time effective methods for the residual biomass
disposal. Undoubtedly, one of such ways avoiding the
accumulation of wastes in the environment is the anaerobic
digestion of biomass with concomitant production of
methane, and after the digestion process the effluent can be
used as a fertilizer [2, 8, 15]. Anaerobic digestion of
multifarious organic waste materials is also a promising
way of reducing greenhouse gas emissions. In accordance

with European objectives regarding the partial substitution
of fossil fuels with alternative energy sources and limitation
of global warming, the bioenergy production from renewable
sources, including biogas, is among the main priorities [4].
However, in order to reduce gas emissions, it is also
recommended to focus on digestates storage and exhaust
of the co-generation [27].

Various agricultural and industrial waste materials can
be anaerobically converted to energy-rich biogas by
complex microbial consortia [8, 15, 29, 36]. The first three
stages of anaerobic digestion — hydrolysis, acidogenesis
and acetogenesis — are mediated by various functional
groups of bacteria, whereas the last step — methanogenesis
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- is performed by methanogenic archaea. Many research
works in the field of biogas generation process are devoted
to the investigation of the diversity and abundance of
bacterial and archaeal communities, which play the key
role in the anaerobic treatment of a variety of organic
materials. Many different molecular techniques allow the
reliable evaluation of biodiversity in anaerobic digesters as
well as the monitoring of community shifts. Thus, Firmicutes,
Bacteroidetes, Actinobacteria, Synergistetes, Proteobacteria, Tenericutes,
Spirochaetes, and Chloroflexi as well as some other taxa are
found as the abundant bacterial phyla in various anaerobic
digesters. Of the Euryarchaeota, methanogens of the orders
Methanosarcinales, Methanomicrobiales, Methanobacteriales, and
Methanococcales are known to be present in different biogas
reactors [23, 30-33, 38, 40, 43]. In addition, metaproteome
analysis is also used to characterize microbial community
changes in biogas reactors [19, 21]. Monitoring of the microbial
community structure and dynamics during anaerobic
treatment of biowastes can lead to the development of
stable and adapted communities, what can finally increase
the maximum methane yield.

Bioconversion of recalcitrant substrates (e.g., lignocellulosic
biomass, wood chips, and wood shavings used as the
bedding materials) under anaerobic conditions in most
cases is limited; what is required is the development and
implementation of new technologies for the production of
biogas from such materials [35, 42]. Enhancement of the
anaerobic digestion process can be achieved through co-
digestion of several substrates [15, 22, 36, 45]. Swine
manure is often used as the feedstock for many large-scale
biogas plants to produce methane for energy purposes.
However, owing to the low carbon/nitrogen ratio (deficiency
of carbon), the anaerobic treatment of swine manure

individually is not effective for the full-scale production of
methane [13, 37]. Poultry manure is a good source for
biogas production; however, excess of ammonia in the
biogas reactors treating poultry dung may represent a
digestion inhibition risk as well [1, 31]. Co-digestion of
poultry dung with some other livestock manures can
improve the biogas production [18, 29].

Therefore, for the efficacious production of biogas, we
have to deepen our knowledge in the area of anaerobic
digestion process optimization. This involves the study of
the main biotechnological parameters of biogas generation
as well as the investigation of microbes responsible for the
effective anaerobic transformation of distinct organic materials
into methane. In this work, bacteria and methanogenic
archaea of two continuous stirred tank reactors treating
farm residues, namely turkey manure with pine wood
shavings as well as chicken manure and swine manure,
were investigated by sequencing and profiling terminal
restriction fragment length polymorphisms of 16SrRNA
genes. Additionally, methanogens were analyzed based on
the mcrA (methyl coenzyme M reductase) gene profiles.

Materials and Methods

Performance of the Biogas Reactors and Analytical Methods
Mesophilic (38°C) anaerobic experiments were carried out in
two laboratory-scale continuous stirred tank reactors with a
working volume of 10 L (Table 1). The reactor R.1 was supplied
with wastes containing turkey manure and pine wood shavings,
whereas the reactor R.2 was fed with chicken manure and swine
manure. Turkey wastes were received from a poultry farm located
in the Zelenodolsky district, Republic of Tatarstan. Chicken and
swine wastes were obtained from poultry and pig farms located in

Table 1. Operating conditions and process parameters of the two laboratory-scale biogas reactors.

Organic Inlet, g/day (v 8/day) Biogas Acid Hydraulic
loading . Methane . NH,"-N, .
Reactor Sample Turkey Chicken Swine yield, pH capacity, retention
rate, Total content, % g/1 .
gys ™ day™ wastes manure manure ml/gys g/l time, days
Vs
R.1 1 2.60 715 - - 360.5° 193+14 60.6+0.6 790+0.08 1.47+0.09 1.71 +£0.06 27.7
2 (26.0) (2600 195421 61.6+05 7.91+007 1.82+0.11 170+008  27.7
3 189 +12 61.9+06 792+0.07 1.68+0.09 1.63+0.09 27.7
R2 1 3.53 - 79.6 365.9 4455 342 +37 563+0.6 8.09+0.07 152+0.14 3.71+0.12 224
2 2900 (63)  (353)  366+41 568+07 8.04+006 148+0.17 326+0.14 224
3 345+32 58.1+06 8.05+0.06 13.9+0.17 3.32+0.17 224

Parameters at three distinct sampling times are presented (19 February 2013; 26 February 2013; 5 March 2013).

Biogas yield, methane content, and pH are shown as weekly mean values (3 days before and 3 days after sampling; n = 7). Acid capacity and NH,"-N data are presented

as the average values of a sample measured three times (1 = 3).

“Water was added to a final concentration of 360.5 g/day.
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the Tukayevsky district, Republic of Tatarstan. Substrates were
added to the digesters every day; digestates were removed from
the reactors every day as well. Biogas yield, methane content, and
pH were analyzed every day, while organic acids and NH,-N
levels were measured twice a week. All parameters were analyzed
as described by us previously [43—46]. Briefly, biogas production
was analyzed with milligascounters MGC-1 (Ritter, Germany),
methane content was measured by a gas analyzer GA 94 (Ansyco,
Germany), NH,"™-N levels were analyzed with Nessler’s reagent
(Sigma-Aldrich, Germany) in a SPECOL 1300 spectrophotometer
(Analytik Jena, Germany), and acid capacity was estimated by a
titration method with 0.025-0.1 M H,SO, in a pH of 4.5 and 3.5.
Samples for microbial community analysis were taken on 19
February 2013 (day 72), 26 February 2013 (day 79), and 5 March
2013 (day 86).

Molecular Techniques

The total DNA was extracted and purified from digestates
(about 250 pl) using a PowerSoil DNA Isolation Kit (MO BIO,
USA). The eluted total DNA was checked by agarose gel
electrophoresis and quantified with a NanoVue Plus UV-Vis
spectrophotometer (GE Healthcare, USA).

Bacterial 16S rRNA gene fragments were PCR-amplified using
the primers UniBac27F and Univ1492R; archaeal 16S rRNA gene
fragments were amplified with the primers UniArc21F and
UniArc931R; and mcrA genes were amplified using the primers
mcrA-mlas and mcrA-rev as described previously [46]. For
bacterial 16S rRNA genes, the cycle parameters were as follows:
an initial denaturation at 94°C for 4 min, 30 cycles of 45 sec at
94°C, 1 min at 58°C, and 2 min at 72°C, with a final 20 min 72°C
elongation step. The cycle parameters during archaeal 16S rRNA
genes amplification were as described for the bacterial 165 rRNA
genes but using an annealing temperature of 54°C. The mcrA
genes were amplified with an initial denaturation at 95°C for
3 min; 5 cycles of 30 sec at 95°C, 45 sec at 48°C, 30 sec at 72°C; and
30 cycles of 30 sec at 95°C, 45 sec at 52°C, 30 sec at 72°C; followed
by a 20 min final extension step at 72°C.

Amplicons were checked by 1.5% gel electrophoresis, purified
with a QIAquick PCR Purification Kit (Qiagen, Germany), and cloned
using the InsT/Aclone PCR Cloning Kit (Fermentas, Lithuania).
Constructed clone libraries were screened by restriction analysis,
and representative clones from large clusters were sequenced as
described previously [44, 46]. The BLAST tool was then used for
finding the similar sequences in the GenBank sequence database
(http://www.ncbi.nlm.nih.gov/BLAST), the RDP Classifier (http://
rdp.cme.msu.edu) was used for taxonomic assignment of the
identified 16S rRNA fragments, and data were checked for
chimeric sequences using Bellerophon (http://comp-bio.anu.edu.au/
bellerophon/bellerophon. pl). The received sequences were
deposited in the GenBank database under the accession numbers
KJ004729-K]004747.

T-RFLP analysis of 165 rRNA and mcrA amplicons was performed
in accordance with our recent work [46]. Bacterial 16S rRNA
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genes were cleaved with the restriction endonucleases Haelll and
Rsal, archaeal 165 rRNA genes were digested with Haelll and
Msel, and mcrA genes were cut with Haelll and Mspl. T-RFLP
was performed with three replicates for each restriction analysis
to ensure reproducibility. Noise removal, peak binning, and
normalization of signal intensity were done using an R script
(R ver. 2.12.2; http://www.r-project.org).

Results and Discussion

Performance of the Reactors

Table 1 illustrates running conditions of the reactors,
process parameters measured during anaerobic digestion of
organic substrates, and the sampling times, when digestates
were analyzed for prokaryotic community composition.

As can be seen in Table 1, the organic loading rate (OLR)
and the hydraulic retention time (HRT) for the reactor R.1
fed with turkey wastes and water were constant between
three sampling times and achieved 2.6 gysI" day” and
27.7 days, respectively. The biogas yield was in the range of
189-195 ml/gys with a methane content of ~61-62% under
such conditions. The low biogas yield was probably because
of the presence of pine wood shavings in turkey wastes,
which were used as the bedding materials. They were not
effectively hydrolyzed during the anaerobic digestion process
inR.1. The pH of 7.9 was observed in this reactor, organic acids
concentrations ranged between 1.5 and 1.8 g/1, and ammonium
amounts achieved ~1.6-1.7 g/1 values in digestates.

Co-digestion of chicken and swine manures (R.2)
resulted in a higher biogas yield (342-366 ml/gys), but
delivered biogas with a lower methane content of ~56-58%
compared with the treatment operating with turkey wastes
as the feedstock (R.1). The higher OLR value (3.53 gys I day™)
and the lower HRT (22.4 days) resulted in the accumulation
of more organic acids (13.9-15.2 g /1) as well as in a higher
ammonium concentration (3.3-3.7 g/I) in the reactor R.2
(Table 1). High amounts of organic acids detected in R.2
indicate that they were not efficiently funneled into
methanogenesis in this reactor.

Bacterial Community Composition

The research presented herein describes the bacteria and
archaea involved in the anaerobic digestion of complex
organic substrates (turkey, chicken, and swine wastes) in
the two laboratory-scale biogas reactors. The bacterial
community composition and diversity were assessed using
16S TRNA gene-based clones libraries (192 clones were
collected in total) and T-RFLP analysis at three distinct
sampling times. The sequencing results of representative
bacterial 165 rRNA gene clones, their taxonomic affiliation
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Table 2. Sequencing results of representative gene clones and experimentally determined terminal restriction fragments (T-RF)

Taxonomic affiliation

Haelll

Rsal

‘OTU Clone (bp) Acc. No. Closest affiliation* (Acc. No.) / % similarity according to RDP 10 T-RF (bp) T-RF (bp)
OTU1 bac_07(468) KJ004740  Desulfotomaculum thermocisternum strain DS2 (HM228398) / 86%  Firmicutes 158 312
OTU2 bac_01(505) KJ004736  Moorella thermoacetica strain JCM 9320 (AB540984) / 84% Firmicutes 258 501
OTU3 bac_03(471)  KJ004738  Clostridium phytofermentans ISDg (CP000885) / 89% Clostridiales 85 423
OTU4 bac_06(215) KJ004747  Alkalibacter saccharofermentans str. Z-79820 (NR_042834) / 94% Clostridiales 239 470
OTU5 bac_04 (466) KJ004739  Clostridiales bacterium JN18_A89_K (DQ168653) / 86% Clostridiales 267 -
OTU6 bac_09(479) KJ004742  Howardella ureilytica strain GPC 589 (NR_044022) / 83% Clostridiales 297 311
OTU7 Dbac_08(498) KJ004741  Moorella thermoacetica strain JCM 9320 (AB540984) / 85% Clostridiales 316 496

bac_02 (503)  KJ004737  Moorella thermoacetica strain JCM 9320 (AB540984) / 85% Sporanaerobacter sp. 316 496

*OTU Clone (bp) Acc. No. Closest affiliation* (Acc. No.) / % similarity zi:z:;l:;tzf;ig?ifg T—i;eg)lp) T—I];/lisillap)
OTU1 ar_15(691) KJ004733  Methanoculleus bourgensis (AB065298) / 99% Methanoculleus sp. 67 37
OTU2 ar_11(735) KJ004729  Methanosarcina barkeri strain HWS2.1 (JN243319) / 98% Methanosarcina sp. 220 556

ar_14 (677) KJ004732  Methanosarcina barkeri strain HWS2.1 (JN243319) / 98% Methanosarcina sp. 220 556
ar_16 (671) KJ004734  Methnosarcina siciline (FR733698) / 97% Methanosarcina sp. 220 556
OTU3 ar_12(730) KJ004730  Methanosarcina barkeri strain HWS2.1 (JN243319) / 100% Methanosarcina sp. 220 857
ar_13 (715) KJ004731  Methanosarcina barkeri strain HWS2.1 (JN243319) / 100% Methanosarcina sp. 220 857
ar_17 (730) KJ004735  Methanosarcina barkeri strain HWS2.1 (JN243319) / 99% Methanosarcina sp. 220 857
‘OTU Clone (bp) Acc. No. Closest affiliation* (Acc. No.) / % similarity Taxonomic affiliation T_i‘:gp) T_?{A;;(?]I)p)
OTU1 m_19 (490) KJ004744  Methanosarcina mazei (ABO42325) / 98% Methanosarcina sp. 125 214
m_21 (490) KJ004745  Methanosarcina mazei (ABO42325) / 97% Methanosarcina sp. 125 214
m_23 (490) KJ004746  Methanosarcina mazei (ABO42325) / 98% Methanosarcina sp. 125 214
OTU2 m_18 (490) KJ004743  Methanosarcina mazei (ABO42325) / 95% Methanosarcina sp. 490 215

“Bacterial 16S rRNA gene clones.
"Archaeal 165 rRNA gene clones.

‘mcrA gene clones.

*Uncultured/environmental sample sequences were excluded from the analyses.

in accordance with the RDP Classifier (confidence threshold
of 50%) as well as experimentally determined terminal
restriction fragments (T-RF) are presented in Table 2.
According to the obtained sequencing results and T-RF
values, the bacterial phylum Firmicutes dominated in our
samples. The detected phylum comprised seven OTUs
(based on the analysis of the clone library), among which
representatives of the order Clostridiales dominated in the
two laboratory-scale reactors. Thus, within bacteria, two
OTUs were associated with unknown Firmicutes (OTUs 1
and 2) and five OTUs were affiliated with unknown
Clostridiales (OTUs 3-7), including representatives of the
genus Sporanaerobacter. In some other works, the class
Clostridia was also detected as the dominant taxonomic
group in different biogas reactors [17, 24].

J. Microbiol. Biotechnol.

In addition, the bacterial community diversity at three
distinct sampling times was characterized by T-RFLP
analysis using two different restriction enzymes, Haelll and
Rsal (Fig.1 demonstrates only the results received with
Haelll). The numbers of detected bacterial T-RFs in the
reactor R.1 fed with turkey manure and pine wood
shavings and the reactor R.2 co-digesting chicken and
swine wastes were 9 and 7 for Huaelll, accordingly. The
bacterial community in R.1 operating at lower values of
organic acids (between 1.5 and 1.8 g/1) and ammonium (in
the range of 1.6-1.7 g /1) compared with R.2 was dominated
by the fragments Haelll-239 (OTU 4) and HaellI-267 (OTU 5),
whereas the fragment Haelll-297 (OTU 6) was found in
high proportions in R.2, where accumulation of more
organic acids (13.9-15.2 g/1) as well as a higher ammonium
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Fig. 1. Bacterial community structure and dynamics in the two
anaerobic reactors at three distinct sampling times (T1, T2, and
T3) in accordance with T-RFLP profiles of bacterial 16S rRNA
amplicons digested with the restriction enzyme Haelll.

concentration (3.3-3.7 g/1) were detected (Fig. 1).

Bacterial 16S rRNA gene clone belonging to OTU 4 (clone
KJ004747) was identified as a member of Clostridiales with a
99% similarity to uncultured clones Bac_SB_84 (JQ739074)
from Lonar crater basalts (unpublished study) and
SYNHO02_C3-13B-042 (JQ245580) retrieved from a terrestrial
mud volcano [9]. This gene clone also shared a 94%
homology with a cultured obligate anaerobic alkaliphilic
saccharolytic bacterium Alkalibacter saccharofermentans str.
Z-79820 (NR_042834) [16]. OTU 4 was found to be one of the
dominant taxonomic groups in the first reactor with the
relative T-RF abundances of 26-34%, whereas its proportion
in the second reactor did not exceed 15-16% of the total
T-RF peak area throughout the experiments (Fig.1).
A. saccharofermentans was originally isolated as an obligately
anaerobic alkaliphilic saccharolytic bacterium from the
cellulolytic community of the alkaline Lake Nizhnee Beloe
(Transbaikal region, Russia) [16]. This bacterium is able to
ferment some sugars, with the generation of acetate, ethanol,
formate, H,, and CO,; therefore, the main role of such
clostridial phylotypes in our reactors is the supply of both
aceticlastic and hydrogenotrophic methanogens with necessary
compounds for biogas production. In both reactors, where
the pH value was kept under weak alkaline conditions, we
determined the presence of such alkaline-tolerant bacteria.

Another major group, representatives of which were also
found in high proportions in our treatments, was the order
Clostridiales with the T-RF 267 (OTU 5), comprising 33-
38% of the total T-RF peak area in the reactor R.1, whereas
this phylotype was assigned to non-dominant communities
in the reactor R.2 (7-8%; Fig. 1). The fragment Haelll-267
(clone KJ004739) shared 95% homology with an uncultured
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Clostridiales bacterium clone A1435 (EU283551) (unpublished
studies) and had only very low homology level of 86% to a
cultured Clostridiales bacterium JN18_A89_K (DQ168653) [5].

The next major taxonomic groups detected only in the
samples from R.1 treating turkey wastes were the phylotypes
with the T-RFs 316 (clones KJ004737 and KJ004741) and
406. The fragment Haelll-316 (comprised 6-12% of the total
T-RF peak area; Fig. 1) shared 99% rRNA identity with
uncultured bacterial clones B043 (HG007923) and ATB-KS-
1485 (EF686971), collected from reactors supplemented with
mineral clay residual and maize silage/bovine manure,
respectively (unpublished studies), and the fragment
Haelll-316 was identified as Sporanaerobacter sp. using RDP
Classifier. A representative of the genus Sporanaerobacter,
Sporanaerobacter acetigenes, belongs to the strictly anaerobic,
moderately thermophilic, and sporulating bacteria; it was
firstly isolated from an upflow anaerobic sludge blanket
reactor in Mexico [20]. It is a heterotrophic microorganism
that is able to utilize some sugars, peptides, and distinct
single amino acids, and can reduce elemental sulfur to
hydrogen sulfide. S. acetigenes is able to ferment glucose
with the accumulation of acetate, whereas fermentation of
peptone occurs with the concomitant formation of acetate
together with isobutyrate and isovalerate. A survey of
the literature led to the conclusion that members of
Sporanaerobacter sp. are commonly observed during anaerobic
utilization of municipal wastes [39], activated sludge [10],
and decomposition of entombed pigs [41] as important
members of the bacterial community for destruction of the
protein fraction of the complex substrates with the
formation of volatile fatty acids (VFA). A high abundance
of the T-RF 406 in the reactor R.1 was identified as well, but
this phylotype could not be assigned taxonomically.

The fragment Haelll-297 (clone KJ004742) shared 99%
similarity with various uncultured bacterial clones (e.g.,
HQ727562, JN998141, and EF586010; unpublished studies)
and showed BLAST identity of 83% with the obligately
anaerobic non-fermentative Howardella ureilytica strain GPC
589 isolated from the rumen fluid of a sheep (NR_044022)
[12]. It is essential to emphasize that members of bacterial
community with the T-RF 297 (OTU 6) were prevalent only
in the reactor R.2. This reactor was fed with chicken
manure and swine manure and displayed the highest
organic acids concentration (up to 15.2 g/1) and ammonia
concentration (up to 3.7 g/l ammonium nitrogen) and generated
a higher biogas yield (342-366 ml/gys) compared with R.1
(Table 1). Within all Firmicutes detected in our research,
OTU 6 was the major group detected in all samples
removed from R.2, and reached 57% of the total T-RF peak
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area in the last sample; but it was assigned to non-dominant
communities in R.1 (1-4%; Fig. 1). It can be assumed that
this phylotype can tolerate the presence of high VFA and
ammonium concentrations. In addition, some other
members of the bacterial community with T-RFs 55, 85, and
258 were found to be unique for the reactor R.2 (Fig. 1).
Therefore, members of Clostridia, which are intensively
involved in the hydrolysis stage, are the major acidogens
and acetogens in our treatments providing aceticlastic and
hydrogenotrophic methanogenic archaea with necessary
compounds for biogas production. Furthermore, members of
Clostridia could also be involved in syntrophic acetate oxidation
(SAO) at high ammonia concentrations in our systems.

Archaeal Community Composition

The compositions of methanogenic archaea in the two
laboratory-scale biogas reactors were examined using clone
libraries and T-RFLP analyses targeting 165 rRNA and
mcrA genes (a total of 192 clones were utilized, 96 clones
for one gene). The coverage of the reactor biodiversity by
the two genes analysis was compared. Table 2 shows the
results obtained from the clones and T-RFLP analyses. The
T-RFLP technique based on the use of Msel and Haelll for
archaeal 165 rRNA amplicons as well as based on the
application of Mspl and Haelll for mcrA amplicons allowed
detecting of the main participants in methanogenesis in the
reactors treating turkey wastes and chicken/swine wastes.
Figs.2 and 3 demonstrate the methanogenic community
diversity according to T-RFLP profiles of archaeal 16S rRNA
amplicons digested with Msel and mcrA amplicons digested
with Mspl, respectively. Similar results were received with
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Fig. 2. Archaeal community structure and dynamics in the two
anaerobic reactors at three distinct sampling times (T1, T2, and
T3) in accordance with T-RFLP profiles of archaeal 16S rRNA
amplicons digested with the restriction enzyme Msel.
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Huaelll (not shown). The numbers of detected T-RFs for both
genes in the reactor R.1 treating turkey manure and pine
wood shavings and in the reactor R.2 digesting chicken
manure and swine manure were comparable with the
bacterial data (Figs. 1-3).

Based on the analyses of 165 rRNA gene T-RFLP profiles,
members of Methanosarcina genus with the T-RF 857
predominated (OTU 3) in the archaeal communities of the
reactor R.1 (57-73% of the total T-RF peak area), whereas
the methanogens of the same genus with the T-RF 556
(OTU 2) dominated in the reactor R.2 (up to 65%).
Furthermore, OTU 2 in the first reactor comprised 23-30%
of the total T-RF peak area, whereas OTU 3 with the T-RF
857 in the second reactor was found only in minor
proportions (5-7%). The phylotype with the T-RF 857 was
also found in high proportions in the bioreactors treating
cattle manure and maize straw (T-RFs 859/860 in
Ziganshin et al. [43]). In addition, the phylotype with the T-
RF 556 was specifically abundant in the reactors digesting
Jatropha wastes and operating in the presence of high levels
of ammonia (T-RFs 557/559 in Ziganshin et al. [43]).
Interestingly, the phylotype of methanogenic community
with the T-RF 37 (OTU 1) affiliated with hydrogenotrophic
Methanoculleus genus was found at high levels (up to 22%
of the total peak area) only in R.2; in R.1 its amount never
exceeded 4% (Fig. 2).

All 1651RNA gene clones of OTUs2 and 3 (clones
KJ004729, KJ004732, KJ004734, KJ004730, KJ004731, and
KJ004735) were found to be highly similar (97-100%) to
several uncultured clones and cultured species of Methanosarcina,
which are aceticlastic, methylotrophic, and hydrogenotrophic
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Fig. 3. Methanogenic community structure and dynamics in
the two anaerobic reactors at three distinct sampling times
(T1, T2, and T3) in accordance with T-RFLP profiles of mcrA
amplicons digested with the restriction enzyme Mspl.



methanogens. Thus, the fragment Msel-857 had a high
BLAST identity (99-100%) to uncultured archaea clones
(e.g., KC412562, KC412621, and KC412628) [43] retrieved
from biogas reactors fed with distinct agricultural waste
materials, and shared 99-100% homology with cultured
Methanosarcina barkeri [28], Methanosarcina thermophila [47],
and Methanosarcina siciliae [14]. OTU 2 was highly similar
(99%) to uncultured archaea clone A35_D28_L_A_A05
(EF552189) found in anaerobic solid waste digesters [26],
clone 5.5ft C38A (EU369610) from a municipal landfill in
Chandigarh, India [25], and clones DA158 (KC846049) and
DA126 (KC846046) retrieved from anaerobic sewage sludge
(unpublished study). Moreover, OTU 2 shared 97-98%
similarity with the same cultured M. barkeri, M. thermophila,
and M. siciline as well as with Methanosarcina acetivorans
[34]. M. barkeri and M. thermophila can produce methane
from acetate, H,/CO,, methanol, and methylated amines,
whereas M. siciliae and M. acetivorans can produce methane
from acetate, methanol, and methylamines.

OTU 1 (clone KJ004733) showed a high BLAST identity
(99%) to uncultured archaea clone DA71 (KC846039) found
in anaerobic sewage sludge (unpublished study), clone AL4_6
(JX101973) from an anaerobic reactor for the treatment of
municipal solid waste [7], and shared 99% similarity with a
cultured Methanoculleus bourgensis (AB065298) [3]. M. bourgensis
uses H,/CO,, formate, and some secondary alcohols as
methanogenic substrates. Methanoculleus sp. is commonly
observed in different anaerobic reactors [17, 24, 43].

As can be seen in Fig. 3, the methanogenic community
based on the mcrA gene T-RFLP profiles was also
represented by phylotypes of the genus Methanosarcina (T-
RFs 214 and 215). The fragments Mspl-214 (OTU 1; clones
KJ004744, KJ004745, and KJ004746) and Mspl-215 (OTU 2;
clone KJ004743) had 97-98% similarity to an uncultured
methanogenic archaeon (CAN99777) [11] and shared 95-98%
homology with a cultured Methanosarcina mazei [6]. In
addition, the methanogens with the T-RFs 173-175 were
also defined between T-RFLP profiles at high abundances
in both reactors. Despite the fact that they were not assigned
taxonomically based on the clone library constructed in
this research, probably they belonged to Methanosarcina
and/or Methanoculleus genera, as was shown in our
previous work during analysis of a microbial community
in a pilot-scale anaerobic reactor fed with cattle manure
and plant biomass [46].

As has been mentioned earlier, the reactor R.1 was
dominated almost completely by the representatives of
Methanosarcina sp., whereas the strict hydrogenotrophic
methanogenic archaea did not exceed 4% from the total T-
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RF peak area in this reactor (based on the analyses of
165 rRNA gene). Recently, we showed that a reactor R 3.1
utilizing chicken and cattle manure operated in the presence
of high concentrations of VFA and ammonium, and the
methanogenic community consisted almost completely of
two phylotypes associated with the hydrogenotrophic
genus Methanoculleus, indicating that anaerobic digestion
of these wastes relied on syntrophic acetate oxidation as the
dominant acetate-consuming process because of the inhibition
of the aceticlastic methanogens [43]. In the research described
herein, we show that the methanogenic community in R.2
fed with chicken and swine manure and operated almost
under the same conditions, with the exception of differences
in ammonium concentrations, was represented by dominant
methanosarcinas and by minor strict hydrogenotrophic
methanogens indicating the possibility of SAO in this
reactor also but with Methanoculleus and Methanosarcina
spp.- as hydrogen-consuming partners. The absence of strict
aceticlastic Methanosaeta species in our samples might be
explained by the presence of a high concentration of
ammonia and VFA [23].

The interaction of bacteria and methanogenic archaea,
which are involved in the anaerobic microbial process of
complex molecules biodegradation with a mixture of CH,
and CO, formation, is coordinated by environmental and
internal factors. A clear understanding of the structure and
behavior of such complex communities, including the
relationship between consortium representatives and the
ability to adapt and respond to a variety of factors, is one of
the major goals of current microbiology and biotechnology.
Modern molecular biology techniques allow not only the
evaluation of the diversity of microbial communities, but
also the determination of the relationships between various
members of the diverse communities as well as the
investigation of environmental factors affecting the
biotransformation processes. In practice, the results of such
studies will help to optimize the anaerobic digestion
process with an increased methane yield.

In conclusion, the research described herein shows the
ecological structure of bacterial and methanogenic communities
responsible for anaerobic digestion of the agricultural
industry wastes, namely turkey (in R.1) and chicken/swine
wastes (in R.2). Bacterial and archaeal 165 rRNA genes as
well as methanogen mcrA genes served as markers for the
estimation of microbes. Phylogenetic and functional genes
diversity was investigated based on the clone libraries and
T-RFLP analysis. The conclusion drawn from the received
results is that representatives of the order Clostridiales
intensively involved in hydrolysis and acidogenesis stages
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were found with a remarkably high prevalence in the two
reactors; namely, members with the T-RFs 239 and 267 in
the reactor R.1 and T-RF 297 in the reactor R.2. Each reactor
was dominated by the special group of the class Clostridia,
indicating the effect of the substrate type on the community
structure. In addition, members of Clostridia could also be
involved in SAO at high ammonia levels in our systems. As
for methanogenesis, it was efficiently performed by the
methanogens of the Methanosarcina sp. in both reactors.
Based on the analyses of archaeal 16S rRNA gene T-RFLP
profiles, differences between the methanogenic compositions
of the two laboratory-scale reactors were observed in the
proportions of dominant methanogenic species within the
Methanosarcina genus. In addition, Methanoculleus methanogens
that have strict hydrogenotrophic metabolism were presented
at significant levels only in the reactor R.2.
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