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Abstract The eVect of reactor design and method of heat-
ing on the eYciency of methane fermentation and composi-
tion of microbial communities, especially methanogenic
Archaea, were determined. The research was carried out
using submerge- and trickling-bed reactors fed with waste-
water and the heat supply into the reactors included a con-
vection heating method and microwave radiation. The
polymerase chain reaction-denaturing gradient gel electro-
phoresis and relative real-time PCR were used in order to
assess the bioWlm communities. The best fermentation
results and the highest abundance of methanogenic Archaea
in biomass were observed in microwave heated trickling-
bed reactors. The research proved that in reactors of
identical design, the application of microwaves enabled a
higher fermentation eYciency to be obtained and simulta-
neously increased the diversity of methanogenic Archaea
communities that favors process stability. All the identiWed
sequences of Archaea belonged to Methanosarcina sp.,
suggesting that species from this genera are susceptible to
non-thermal eVects of microwaves. There were no eVects
from microwaves on the bacterial communities in both

types of reactors, however, the bacterial species composi-
tion varied in the reactors of diVerent design.

Keywords Microwave radiation · Methanogenic Archaea 
diversity · Methanosarcina sp.

Introduction

Methane fermentation is a process of anaerobic stabiliza-
tion of organic matter that enables management of diversi-
Wed industrial wastewater, as well as energy production in
the form of biogas [16]. It is believed that during fermenta-
tion, microorganisms form an ecosystem of diVerent tro-
phic levels in the food chain. Excess products of one
trophic level disturb the balance of the entire system, result-
ing in an accumulation of intermediates, pH changes, and
reduced eYciency of the process. In the last phase, the
products of the previous phases are fermented to methane
by methanogenic Archaea [12, 14].

Fermentation is often carried out in reactors with immobi-
lized biomass. The bedding for a bioWlm development in the
reactor is natural material or plastic. Selection of the reactor is
one of the factors that determines the eYciency of methane
fermentation. The eYciency of fermentation is also aVected
by temperature; that is why a signiWcant proportion of the
produced biogas is used for reactor heating. A reduction of
energy consumption can be achieved by conducting the pro-
cess at a lower temperature [18] or by application of micro-
wave radiation that permits rapid heating of the reactor
volume, the elimination of pathogens, easier control, and
lower operational costs [1]. It has been also shown that micro-
waves enhance the solubilization of substrates, improve
sludge dewaterability, and disrupt the network of exopolysac-
charides accelerating the fermentation process [10, 32, 36].
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The use of microwave heating in a reactor with a bioWlm
can cause two types of eVects: thermal and non-thermal.
Thermal eVects are associated with a process in which heat
is generated due to absorption of microwave energy by
water or organic complexes. Polar water molecules in an
external electric Weld are set in such a way that their dipole
moment is consistent with the direction of the Weld. When
the electric Weld is periodically changed, the molecules try
to keep up with the changes and collide with neighboring
molecules. During the collision, a portion of the electro-
magnetic energy generates heat, which increases the tem-
perature of the heated substance [23]. Non-thermal eVects
are unrelated with increased temperature and can aVect the
structure and functioning of bioWlms [37]. The diVerent
biological eVects of the microwaves depend on Weld
strength, frequency, and waveform, as well as the length of
exposure [4]. The non-thermal eVects of microwaves can
also change enzymatic activity, modify the sensitivity to
antibiotics, and inhibit or stimulate protein, DNA, and
RNA synthesis in the cells of microorganisms [21].

The stability of the anaerobic processes in the reactor is
proportional to the diversity of microorganisms inhabiting
the biomass [25]. Changes in species composition during
fermentation can lead to disturbances of the process. Spe-
cies diversity is assessed not only by determining the total
number of species involved in the analyzed transformations
but also by determining the relative abundance of microor-
ganisms, as components of diversity.

Despite the advantages of microwave use for the anaero-
bic treatment of wastewater, knowledge on their inXuence
on microorganisms involved in the fermentation process is
still very limited. Therefore, in the research we investigated
the impact of microwave heating on methane fermentation
eYciency and microbial communities composition in bio-
Wlm in submerge-bed and trickling-bed reactors fed with
identical wastewater. The polymerase chain reaction-dena-
turing gradient gel electrophoresis was used in order to
assess the bioWlm communities. Phylogenetic aYliation of
Archaea in the experimental reactors was also investigated.
In order to compare the number of methanogenic Archaea
in the biomass, relative real-time PCR was used. To our
knowledge, this is the Wrst study showing the non-thermal
eVects of microwaves on the methanogenic Archaea diver-
sity in bioWlm.

Materials and methods

Reactor  setup and organization

The experiment was carried out in eight laboratory-scale
submerge- and trickling-bed reactors with a diameter of
3 cm and a working volume of 0.5 l. The bedding of the

reactors was polyethylene granulate transparent to micro-
waves (bedding porosity of � = 0.38). The radiation absorp-
tion proceeded only as a result of biomass interaction with
radiation.

The fermentation was carried out at 35 § 1.5 °C. Two
reactors of each type were placed in a chamber, in which
reactors were heated by hot air and the required tempera-
ture was achieved with a set of heaters (controls). The other
set of reactors was heated by microwave radiation (Fig. 1).
Microwave chamber and the control chamber were thermo-
stated at 20 § 1.5 °C. The source of microwave radiation
was magnetrons. There was a possibility of smooth
adjustment of radiation power in order to obtain the desired
temperature level. The magnetrons emitted the radiation
in a continuous manner. The microwave radiation was
supplied to the trickling-bed reactors in an amount of
approximately 5 W/l, while in submerge-bed reactors an
amount of approximately 12.8 W/l ensured a constant
temperature inside the reactor. The microwave frequency
was 2.45 GHz, so the microwave length was � = 12.24 cm.
At given reactor geometry, it can be assumed that the pene-
tration depth of microwave irradiation used in experiment
was unlimited.

In the trickling-bed reactors, wastewater from retention
tanks located below the reactor was pumped to the surface
of the bed (down-Xow). In the submerge-bed reactors,
wastewater from the reservoir was pumped from the bottom
of the bed and returned to the reservoir (up Xow) (Fig. 1).
The hydraulic retention time (HRT) was 9 h. Once in 24 h
the fermented substrate was carried away and physico-
chemical analyses were then performed. The coeYcient of
biomass production was assessed on the basis of weight
analysis of bioWlm in the reactors at the beginning and at
the end of the experimental series and the load of sus-
pended solids (SS) in the eZuent. The summary weight of
the increased bioWlm was referred to the removed load of
COD. Analytical measurements were performed according
to APHA [3] and pH was measured in Wltered samples. The
amount of biogas was analyzed in continuous mode using
the mass Xow analyzer (Aalborg, New York, USA), biogas
composition was determined with an LMSxi/G4.18 ana-
lyzer (Gas Data Ltd, Whitley, UK).

In the study, a synthetic wastewater with composition
given in Table 1 was used. InXuent was made on the basis
of water deoxygenated with nitrogen. Anaerobic conditions
in the reactors were provided by their caulk and passing
with nitrogen gas. The organic loading rate of both types of
reactors was set at 2 g COD l/day. This meant that COD
load introduced each day into the reservoir averaged
approximately 1,000 mg COD/day. As an inoculum for the
reactors, a digester sludge from a municipal wastewater
treatment plant in Olsztyn (Poland) was used. The sludge
with a concentration of 14.6 g TSS/l was pumped into the
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reactor for a period of 5 days with a Xow rate of 416 ml/h;
then the reactors were emptied and began operation. After a
30-day period of adaptation, the experiment was carried out
for 28 days, and was completed with an intake of the probes
of biomass for molecular analyses. Biomass samples were
scratched from the bed fulWlling the reactors.

Biomass from the two repetitions of the each technologi-
cal variant was subjected to molecular analysis. In studies,
the following descriptions of samples of biomass were
adopt:

MT—bioWlm from trickling-bed reactor heated by
microwaves,
MS—bioWlm from submerge-bed reactor heated by
microwaves,
CT—bioWlm from trickling-bed reactor heated by con-
vection (control),

CS—bioWlm from submerge-bed reactor heated by
convection (control).

PCR-DGGE

DNA was extracted from approximately 400 mg of centri-
fuged sample using a FastDNA® SPIN for Soil Kit (Q-BIO-
gene, Montreal, Canada). Concentration of the DNA was
measured spectrophotometrically using a BioPhotometer
(Eppendorf, Hamburg, Germany).

PCRs were performed in an Eppendorf Mastercycler
Gradient (Eppendorf) using two primer sets: 341F/515R
targeting V3 region within the bacterial 16S rDNA and
0691r/0357f targeting 16S rDNA of methanogenic Archaea.
Information about primers and annealing temperatures are
shown in Table 2. The PCR mixture contained 1.7 ng/�l of
extracted DNA, 0.5 �M of each primer, 100 �M of deoxy-
nucleoside triphosphate mixture (Promega, Madison, USA),
1.5 U of GoTaq  DNA Polymerase (Promega), 6 �l of 10£
reaction buVer supplied with polymerase, 1.5 mM MgCl2

and sterile water to a Wnal volume of 30 �l. The PCR ampli-
Wcations were carried out using the following program:
95 °C for 5 min, 35 cycles of denaturation at 94 °C for 45 s,
annealing for 45 s, extension at 72 °C for 1 min, and a Wnal
elongation at 72 °C for 5 min. The presence of PCR prod-
ucts was conWrmed by analyzing 5 �l of the product on a
0.8 % agarose gel stained with ethidium bromide. DGGE
procedure was performed and the gels were documented as
described elsewhere [8].

Representatives of 16S rDNA amplicons of methano-
genic Archaea that were clear and had a high intensity were
excised from the DGGE gel, reampliWed and sequenced
in the Institute of Biochemistry and Biophysic, Polish
Academy of Science (http://www.oligo.ibb.waw.pl). The
determined nucleotide sequences were compared with
sequences in the GenBank using the BLASTN program [2]
and deposited in the GenBank under accession no.

Fig. 1 The experimental stand; RT retention tank, B biogas

Table 1 Composition of synthetic wastewaters [7]

Component Concentration 
(mg/l)

CH3COONa 160.0

NH4Cl 76.1

Na2HPO4·12H2O 46.2

NaCl 10.1

KCl 4.7

CaCl2·2H2O 4.7

MgSO4·7H2O 16.7

NaHCO3 243.3

Na2CO3 162.2

(FeCl3·6H2O, ZnSO4, MnSO4·H2O, CuSO4) <0.2
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JN828692-JN828703. The sequences determined in this
study were aligned and genetic relationships were deter-
mined (the Maximum Likelihood method) using MEGA5
software [30].

Relative real-time PCR

To compare methanogenic Archaea abundance in the bio-
mass, relative real-time PCR was performed. A reaction
mixture contained 3 ng/�l of the template DNA, 12.5 �l of
Power SYBR® Green PCR Master Mix (Applied Biosys-
tems, Foster City, USA), 50 nM of each primer (0691r/
0357f primer set, primer 0357f without GC clamp) and
water to a Wnal volume of 20 �l. The protocol for quantiW-
cation was as follows: 2 min in 50 °C 10 min in 95 °C and
40 cycles consisting of 30 s in 95 °C, 45 s in 54 °C and 45 s
in 60 °C. Each sample was ampliWed in triplicate in the
presence of negative and positive controls. The ampliWca-
tion was followed by a denaturation step to conWrm the
melting temperature of the PCR products, the products
were also electrophoresed in the presence of a molecular
marker. Reactions were carried out in a 7,500 Real-Time
PCR System (Applied Biosystems). The Xuorescence signal
was normalized by dividing the SYBR dye emission by the
reference dye (ROX) signal intensity. Data were analyzed
with  sequence-detection software, version 1.3 (Applied
Biosystems). Methanogenic Archaea relative abundance in
the reactors was compared using a modiWcation of the
2¡��Ct method [17]. Reactions were normalized by adding
the same amount of DNA for each reaction tube. The abun-
dance of 16S rDNA gene was presented as 2¡�Ct where �Ct

(Ct sample x¡Ct sample MS) and sample MS is a calibra-
tion sample (1£ abundance of methanogenic Archaea).

Calculation methods

The normality of the distribution was conWrmed by Shap-
iro–Wilk test, whereas the hypothesis of the homogeneity
of variances across the groups was veriWed on the basis of
Levene’s test. The diVerences between the mean values
derived from particular groups were examined by RIR
Tukey’s test or by a two-sided paired Student’s t test. All
analyses were performed at the probability level of 95 %.
On the basis of the DGGE patterns, distance matrix analy-
ses were performed according to the method of Nei Li [20],
using the DGGEstat 1.0 software (Eric van Hannen, The

Netherlands Institute for Ecological Research, The Nether-
lands). The samples were clustered using the unweighted
pair group method of arithmetic averages (UPGMA), boot-
strapping was conducted with 1,000 replicates. The struc-
tural diversity of the microbial community was expressed
by the Shannon-Wiener index of general diversity H2� [28,
34] and calculated on the basis of the bands on the DGGE
gel tracks, using the densitometric curves.

Results and discussion

The present study was carried out using two types of fer-
mentation reactors namely submerge- and trickling-bed
reactors heated by convection (controls) or by microwaves.
The eYciency of the fermentation process was expressed
through the rate of chemical oxygen demand (COD)
removal, biogas production, and the methane content in
biogas. In both types of reactors heated by microwaves, sig-
niWcantly better results were achieved in comparison to the
control reactors.

The removal eYciency of organic compounds was asso-
ciated with the design of the reactor and the type of heating
method (Table 3). The highest eYciency was observed in
the trickling-bed reactors that used microwave heating
(680.3 § 10.2 mg COD/day). The amount of COD/day
removed in the microwave-heated reactors was on average
about 20 mg higher than that of the control reactors that
comprised statistically signiWcant diVerence (RIR Tukey’s
test, p = 0.001 and RIR Tukey’s test, p = 0.009 for sub-
merge-bed and trickling-bed reactors, respectively).

Banik et al. [4] demonstrated that exposing the inoculum
to microwaves with a frequency of 13–40 GHz for 2 h
resulted in a shortening of the lag-phase and an earlier start
of biogas production in the reactor. The biogas formed in
microwave-heated reactors was characterized by a higher
methane content than the biogas from the control reactors
(Table 3). Eskicioglu et al. [9] reported a higher production
of biogas at temperatures of 50, 75, and 96 °C in the bio-
mass pre-exposed to microwave radiation at a frequency of
24.5 GHz. In our study, a much lower frequency of micro-
waves (2.45 GHz) was used and the biomass was not
exposed to microwaves in the inoculum stage but steadily
throughout the study period. Under such conditions, in both
types of reactors we observed beneWcial eVects of the
microwave radiation on the eYciency of biogas production.

Table 2 Primers used in the experiment

Primer set Target organism(s) Annealing temp (°C) Amplicon/PCR product length (bp) Reference

341F/515R Bacteria 63 °C 16S rDNA/»230 [19]

0691r/0357f Methanogenic Archaea 52 °C 16S rDNA/»300 [33]
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Application of microwave radiation resulted in a statisti-
cally higher yield of biogas in microwave-heated reactors
in comparison to the controls (Table 3). In trickling-bed
reactors, it was 219.70 § 3.39 ml/day in the microwave-
heated system versus 207.90 § 3.27 ml/day in the convec-
tion-heated system (RIR Tukey’s test, p = 0.009) while in
the submerge-bed reactors 176.60 § 2.05 ml/day versus
164.80 § 4.88 ml/day (RIR Tukey’s test, p = 0.002), respec-
tively. Biogas production per gram of removed load of
organic compounds was similar in the reactors of identical
design. In the submerge-bed reactors heated by micro-
waves, it was 0.28 ml/mg COD as compared to 0.27 ml/mg
COD in the control reactors, while in the trickling-bed reac-
tors heated by microwaves, it was 0.32 ml/mg COD as
compared to 0.31 ml/mg COD in the control reactors. For
each type of reactor construction, the reactors heated by
microwaves were characterized by a lower biomass produc-
tion per removed load of organic compounds—the lowest
value (0.09 mg/mg COD) was noted in the trickling-bed
reactor. It was 25 % lower than in the convection-heated
control reactor.

Fernàndez et al. [11], in studies on microorganisms
involved in methane fermentation, indicated that an abun-
dance and species diversity had a positive eVect on the
development of a dynamic biotic community inhabiting a
reactor. The high species diversity of microorganisms in the
system ensures that the biocenosis consists of diVerent spe-
cies conducting the same metabolic function. So after the
environmental disturbance, which results in the elimination
of some species, others are able to sustain a particular type
of metabolic route. It was observed that the diversity of
microorganisms during fermentation depends on the tem-
perature of the process [27] and the composition of the
wastewater [15].

All reactors used in our study were inoculated with the
same digester sludge and then diVerently operated. The
materials for the molecular analyses were bioWlm samples
collected from the reactors at the end of technical part of
the experiment. DGGE patterns obtained for the bacterial
communities are included as Online Resource 1, while the
patterns representing methanogenic Archaea communities

are shown in Fig. 2. On the basis of the electrophoretic pat-
terns, we plotted trees illustrating similarities between com-
munities inhabiting all reactors (Fig. 3).

Electrophoretic patterns characterizing the bacterial
communities of the submerge- and trickling-bed reactors
were grouped into two distinct branches (Fig. 3a). In
research on nitrifying bacteria in two full-scale treatment
reactors—a biological aerated Wlter (BAF) and a trickling
Wlter—receiving the same wastewater, Rowan et al. [24]
reported that the type of the reactor aVected the ammonia
oxidizing bacteria (AOB) community structure. In our
research, the fact that the reactor type inXuences bacterial

Table 3 Results of technological research

TSS total suspended solids, after § standard deviation is given
a The diVerences between microwave and convection heated reactors of identical design were statistically signiWcant (RIR Tukey signiWcance test,
p < 0.05)

Removed COD
(mg COD/day)

Biogas production
(ml/day)

Methane
conc. (%)

Biomass production
(mg/mg COD)

COD in the eZuent
(mg COD/l)

TSS in the eZuent
(mg/l)

CT reactor 660.60 § 12.20a 207.90 § 3.27a 69 0.12 339.4 § 13.1 25.4 § 6.7

MT reactor 680.30 § 10.20 219.70 § 3.39 71 0.09 319.7 § 9.8 19.2 § 3.7

MS reactor 630.60 § 7.20a 176.60 § 2.05a 66 0.12 369.4 § 6.4 29.7 § 7.9

CS reactor 610.30 § 17.80 164.80 § 4.88 65 0.13 389.7 § 15.7 33.3 § 5.6

Fig. 2 DGGE gel analysis of PCR ampliWcations of partial 16S rDNA
gene of methanogenic Archaea. The abbreviations above each lane
represent the experimental series from which the bioWlm samples were
taken
123
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community was conWrmed also for anaerobic systems. For
feed of identical composition, the design of reactor, not
heating method, determined the species composition of the
bacteria in the biomass. The diVerences in species composi-
tion of the bacteria may have resulted from the fact that in
both types of reactors microorganisms with distinct habitat
requirements developed. In the trickling-bed reactors
microorganisms inhabited mainly the bioWlm covering the
bed of the reactor (immobilized bacteria), while in sub-
merge reactors microorganisms could colonize not only the
bed  but also the volume of wastewater inside the reactor
(free-living bacteria).

The cluster analysis based on DGGE separation of PCR
products obtained from ampliWcation of the 16S rDNA
gene of methanogenic Archaea (Fig. 3b) showed that the
species composition in the reactors heated by convection
were very close to each other, regardless of the type of
reactor. The DGGE patterns characterizing archaeal com-
munities in the reactors heated by microwaves grouped in a
separate branch; methanogenic Archaea from submerge-
bed reactors deWnitely diVered from the communities
obtained from other samples of bioWlm. The main structure
of Archaea in biomass was similar in all reactors (Fig. 2)
and the diVerences between convection and microwave-
heated reactors resulted mainly from the appearance of new
species in the microwave-heated reactors. The observed
deviations may be, therefore, explained by the fact that
microwave treatment promotes a speciWc community of
Archaea to develop. Since the same temperature was main-
tained in both types of reactors, this phenomena resulted
from speciWc mode of microwave heating or unknown non-
thermal eVects.

Based on the DGGE patterns that characterize communi-
ties of methanogenic Archaea in each reactor, it was
observed that amplicons marked H, M, and N were present

in biomass from all the reactors (Fig. 3). Amplicons C, E,
and G occurred only in patterns that characterize samples
from the convection and microwave-heated trickling-bed
reactor. Amplicons K and L were unique to the reactors
heated by microwaves. Analysis of the recognized
sequences showed that the corresponding closest match via
the National Center for Biotechnology Information (NCBI)
database (http://www.ncbi.nlm.nih.gov) to band K was
Methanosarcina vacuolata DSM1232T (FR733661.1, simi-
larity 99 %) while to band L the closest match was uncul-
tured archaeon (GU984552.1, similarity 100 %). The
amplicon M occurred in all reactors, but its intensity was
noticeably higher in patterns characterizing microwave-
heated reactors. The DGGE is not a quantitative method.
However, the band intensity of the 16S rRNA genes in a
DGGE gel may correspond at least semi-quantitatively with
the abundance of the corresponding species [13]. It can be
concluded that methanogen from which amplicon M was
ampliWed had more favorable conditions for development
and growth in the reactors heated by microwaves. The
greatest species diversity of methanogenic Archaea was
noted in submerge-bed reactors heated with microwaves;
amplicons A, B, D, F, I, J, and O were unique to these reac-
tors.

In the phylogenetic tree, the sequenced amplicons of
methanogenic Archaea were grouped with the sequences of
microorganisms of the genus Methanosarcina (Fig. 4).
Methanosarcina were identiWed in all reactors, regardless
of their type and the method of heating applied. The metha-
nogenic Archaea whose 16S rDNA sequences occurred
only in the systems with microwave heating also belonged
to this genus. Species of the genus Methanosarcina have a
diVerent sensitivity to environmental factors, depending on
the presence, absence, or of chondroitin that forms the
outer, thick, and rigid coating that arises only under speciWc
growth conditions [14]. All members of the Methanosarci-
nales contain cytochromes that allow them to have a broad
substrate spectrum for fermentation including acetate, H2/
CO2, and methanol [31]. Species of this genus dominated in
convection-heated reactors at 30 °C [6] thus at a tempera-
ture close to this applied in our experiment. Perhaps the
ability to use various types of substrates as well as a high
resistance of species of Methanosarcina genus to changing
environmental conditions determined that all sequences
identiWed in out experiment belonged to this type of micro-
organisms.

The positive eVect of the non-thermal properties of micro-
waves on bacterial diversity was demonstrated in the aerobic
bioWlm reactors in which nitriWcation and denitriWcation pro-
cesses were carried out [37]. In research by Pholchan et al.
[22], on the other hand, of all the parameters analyzed only
the reactor conWgurations had a consistent eVect on the reac-
tor community diversity. In our experiment, however, which

Fig. 3 Cluster analysis based on the DGGE proWles of a the total
bacteria and b methanogenic Archaea communities in experimental
series. The tree was constructed using the UPGMA method. For statis-
tical support of the tree topology, 1,000 bootstrap replicates were
simultaneously estimated. The abbreviations next to each branch rep-
resent the experimental series from which the activated sludge sam-
ples were taken
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was maintained under anaerobic conditions, there was no
eVect, either from the type of heating or the type of reactor,
on the diversity of bacterial communities inhabiting the reac-
tors. The values of the Shannon-Wiener index (H�) in the
reactors heated by convection and those heated by micro-
waves were similar and averaged 2.9 (Fig. 5a). The study
showed, however, that the use of microwave radiation in
both types of reactors  increased the diversity of methano-
genic Archaea compared to the control (two-sided paired
Student’s t test at the probability level of 95 %, t = ¡4.3,
p = 0.04) (Fig. 5a). In all the control reactors, Archaea spe-
cies composition was very similar, indicating that in the reac-
tors heated by convection, the reactor design had no eVect on
this community. The use of microwave heating in the case of
the trickling-bed reactors increased the Shannon-Wiener
index by about 11 %, while in the submerge-bed reactors the
index rose by 45 % compared to the values observed in
the control reactors. The signiWcant growth in diversity of
the bacterial communities in the submerge-bed reactors
heated with microwaves could result from two facts. The
Wrst is that the Archaea in the reactor colonized not only the
bed but also wastewater inside the reactor. Research by
Sawayama et al. [26] showed diVerences in the species

composition of microorganisms inhabiting the bioWlm and
those suspended in the wastewater in the reactor and indi-
cated that the major immobilized methanogenic Archaea
were Methanosarcina and those of the liquid phase were
Methanobacterium spp. The second reason for the higher
diversity of Archaea in submerge-bed reactors is that the
amount of microwave radiation supplied to this reactors was
higher—12.8 W/l, in comparison with 5 W/l in the trickling-
bed reactors that enhanced the impact of non-thermal eVects
of microwaves on the analyzed community.

The greater number of microorganisms in the reactor
increases the production of biogas [35]. In our study, to
assess the abundance of methanogenic Archaea in the bio-
Wlm of the experimental reactors, real-time PCR was used.
The reference sample was a sample from a submerge-bed
reactor heated with microwaves (Fig. 5b).

In both types of control reactor, the number of methano-
genic Archaea was at a similar level, indicating that the
type of the reactor did not aVect signiWcantly (two-sided
test of diVerences between two averages, p = 0.809) the
abundance of this microorganism. In the trickling-bed reac-
tors heated by microwaves, the amount of methanogenic
Archaea was about 1.5-times that of the controls. The study

Fig. 4 Phylogenetic tree show-
ing the relationships of partial 
16S rDNA gene sequences of 
methanogenic Archaea to refer-
ence sequences from GeneBank 
database (accession numbers 
given in parentheses). The evo-
lutionary history was inferred by 
using the maximum likelihood 
method based on the Tamura-
Nei model [29]. The tree was 
drawn to scale, with branch 
lengths measured in the number 
of substitutions per site. Evolu-
tionary analyses were conducted 
in MEGA5 [30]
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of Banik et al. [5] indicated that microwaves stimulated the
growth of selected groups of microorganisms. Colonies of
Methanosarcina barkeri subjected to microwave radiation
with a frequency of 31.5 GHz showed a faster growth rate
than the controls, and in the system subjected to micro-
waves, more Sarcina cells occurred than in the controls. In
our study, a higher amount of methanogenic Archaea in the
trickling-bed reactors in comparison to the submerge-bed
reactors was observed. This could have resulted from a part
of the microwave energy being absorbed by the wastewater
in the submerge-bed reactors, while in the trickling-bed
reactors, the bioWlm was directly exposed to the microwave
radiation—the wastewater simply streamed down the bed
surface. Moreover, in the trickling-bed reactor, the microor-
ganisms existed mainly in the immobilized form which
favors the abundance of methanogenic Archaea. According
to Sawayama et al. [26], the amount of immobilized metha-
nogenic Archaea could be 1,000 times more than that in the
anaerobically digested sludge from a completely mixed
thermophilic digester.

In the submerge-bed reactors, the amount of methano-
genic Archaea was two-Wfths of that recorded in reactors of
this type, but which have been convection-heated. How-
ever, the overall eYciency of the fermentation process was
higher than in controls. The microwave-heated submerge-
bed reactors had the most diverse community of methano-
genic Archaea among all of the reactors in our experiment.
It can be assumed that in the reactors that were analyzed,
one or more methanogens, speciWc only for this reactors
(seven speciWc amplicons occurred in the DGGE pattern),
was characterized by a high eYciency of methane produc-
tion. This, despite the overall number of Archaea being
lower than in the controls, resulted in a higher eYciency of
fermentation.

The study showed that using microwaves instead of con-
vection heating to maintain the temperature in the fermen-
tation reactors, increased the eYciency of the process, and
the diversity of methanogenic Archaea in the system.
Methanosarcina sp. were identiWed in all experimental

reactors, the methanogenic Archaea whose 16S rDNA
sequences were unique to systems with microwave heating
also belonged to this genus. The best fermentation results
were observed in the microwave-heated trickling-bed reac-
tors where the abundance of methanogenic Archaea, sup-
ported by their high diversity, was the highest. These
results indicate that both factors—the abundance and spe-
cies diversity—translate to a high rate of fermentation. The
study showed there were no eVects from microwaves on the
bacterial communities in both types of reactors, however,
the bacterial species composition varied in the reactors of
diVerent design.
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