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1. Introduction

Algae are one of the main sources of organic 
carbon in aquatic ecosystems (Wetzel, 1995; Matveev 
and Robson, 2014). Currently, the frequency and extent 
of algal blooms in freshwater and marine water bodies 
are increasing throughout the world (Auer et al., 2010; 
Gubelit and Vanshtein, 2011; Schneider et al., 2014; 
Huisman et al., 2018). In many cases, the rapid increase 
in the number and biomass of algae is associated with 
the elevated concentrations of nutrients (nitrogen and/
or phosphorus) in the environment, one of the possible 
causes of which is the anthropogenic impact (Smith et 
al., 2006; Depew et al., 2011; Jenny et al., 2016). In 
addition to the possible suppressing effect of blooms 
on the coastal benthic communities, the destruction 
of coastal accumulations of algae can lead to the 
formation of hypoxia zones inside them, into which a 
large amount of labile organic carbon enters (Hecky 
and Hesslein, 1995; Ask et al., 2009; Hale et al., 2016). 
A rise in the concentrations of organic matter in anoxic 
zones intensifies the activity of anaerobic processes, 
including the biogenic formation of methane with its 
subsequent emission into the atmosphere (Schwarz et 
al., 2008; West et al., 2012; Liang et al., 2015). In this 
regard, the composition and functioning of a microbial 

community involved in algal detritus turnover is a 
relevant issue of modern research (Morrison et al., 
2017; Mikhailov et al., 2019). Moreover, benthic algae 
are regarded as a promising tool for the wastewater 
treatment, and microbial communities decomposing 
their biomass – as biogas producers (Montingelli et al., 
2015; Milledge et al., 2019). 

To date, much attention is paid to negative 
environmental changes in the coastal zone of Lake 
Baikal, one of which is the massive development of green 
filamentous algae of the genus Spirogyra (Kravtsova et 
al., 2014; Timoshkin et al., 2016; 2018; Potemkina 
et al., 2018). From 2007 to 2012, there were the first 
outbreaks of the massive development of Spirogyra spp. 
recorded in Listvennichny Bay (Kravtsova et al., 2012; 
2014) and Bolshiye Koty Bay (Timoshkin et al., 2015). 
The results of recent studies have indicated the presence 
of these algae in the littoral zones of all basins of the 
lake (Volkova et al., 2018; Kravtsova et al., 2020). 

In the autumn, the wet biomass of Spirogyra 
spp. can exceed 300 g m-2 in the coastal zone of some 
areas, and its coastal accumulations can reach 90 kg 
m-2 (Timoshkin et al., 2015; 2016). It is very likely that 
not only aerobic but also anaerobic microorganisms 
are involved in the decomposition of such large 
accumulations of detritus. The example of Lake 
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Michigan revealed a high abundance of anaerobic 
heterotrophic and sulfate-reducing bacteria (Olapade 
et al., 2006; Chun et al., 2017) as well as the presence 
of methanogenic archaea (Byappanahalli et al., 2019) 
in the microbial communities of coastal mats consisting 
of filamentous algae of the genus Cladophora. When the 
algal biomass enters bottom sediments and anaerobic 
layers of the water column of freshwater lakes, there is 
a significant increase in the number of methanogenic 
archaea and the rates of methane generation (West et 
al., 2012; Liang et al., 2015; Morrison et al., 2017). 
However, an increase in the rates of methane oxidation 
in the water column compensates an increase in the 
methane emission from bottom sediments, whereas 
methane from coastal mats can directly enter 
the atmosphere. At the same time, in the coastal 
accumulations of detritus, the high concentration 
of nutrients and competition for common substrates 
with sulfate- and nitrate-reducing microorganisms can 
suppress the development of methanogens (Liu and 
Whitman, 2008). In this regard, the aim of this study was 
to detect methane producers in microbial communities 
of the coastal accumulations of algae, which are mainly 
represented by the Spirogyra spp. filaments, as well as 
to assess their productiveness during the destruction of 
algal biomass at elevated concentrations of nutrients 
under mesophilic temperature conditions that are 
optimal for methanogenesis.     

2. Material and methods 
2.1 Sampling site

The algal biomass was sampled in September 
2014 from the coastal mats in Senogda Bay (Northern 
Baikal) during the expeditions onboard the research 
vessel “Akademik V.A. Koptyug”. 

2.2 Cultivation

To obtain enrichment cultures of microbial 
communities, 1 g of wet detritus mainly consisting of 
the Spirogyra spp. filaments was placed in 120 m vials 
that contained 40 ml of a liquid medium with the 
following compositions:   

1. Sterile Baikal water;

2. Sterile Baikal water + NH4Cl (5 mg L-1);

3. Sterile Baikal water + NaNO3 (50 mg L-1);

4. Sterile Baikal water + KH2PO4 (13 mg L-1);

5. Sterile Baikal water + NaNO3 (50 mg L-1) + 
KH2PO4 (13 mg L-1);

6. Sterile Baikal water + NaNO3 (50 mg L-1) + 
KH2PO4 (13 mg L-1) + NH4Cl (5 mg L-1);

7. Pfennig’s mineral medium with the following 
composition: (g L-1): NaCl – 0.3; NH4Cl – 0.33; 
KH2PO4 – 0.33; MgCl2 · 6H2O – 0.33; CaCl2 · 2H2O – 
0.33; NaHCO3 – 1; resaruzin – 1; Na2S · 9H2O – 0.6 
(Kuznetsov and Dubinina, 1989);

8. Pfennig’s mineral medium and the H2+CO2 
atmosphere (anaerobic positive control); 

9. Sterile Baikal water + air atmosphere (aerobic 
negative control);

10. Sterile Baikal water and autoclaved biomass 
(anaerobic negative control). 

The vials were sealed with rubber stoppers; 
anaerobic media were purged with oxygen-free nitrogen 
or the H2/CO2 mixture (105 mmol L-1/35 mmol L-1) 
and placed in thermostats at 24 and 37°C for 90 days. 
Prior to weighing the wet biomass, excess water was 
removed with filter paper. To determine the dry weight 
(DW), algae were dried in a thermostat at 105°С for 24 
hours, then cooled to room temperature and weighed.  

2.3 Gas chromatography

The concentrations of hydrocarbon gases in 
the experimental vails were determined by headspace 
technique (Bolshakov and Egorov, 1987). Methane 
in gaseous phase was analysed on an EKHO-PID 
chromatograph (Russia) (flame ionization detector, 
2 m packed column with an inner diameter of 2 mm; 
the Porapak Q sorbent, isothermal mode, column 
temperature 100°С, injector temperature 100°С and 
detector temperature 150°С). The gas volume for 
analysis was 0.05 ml. The methane concentrations in 
the atmosphere of vials with enrichment cultures were 
measured one hour later after the addition of biomass 
and then on the 30th and 90th days.    

2.4 Molecular biological detection methods

Preparations for fluorescence in situ hybridization 
(FISH) and calculation of the total bacterial count were 
fixed according to the previously proposed technique 
(Glöckner et al., 1999). To assess the diversity 
and number of methanogenic microorganisms, 
hybridization was carried out with the EURY498 
oligonucleotide probe (5’- CTT GCC CRG CCC TT, 
Burggraf et al., 1994) specific to the archaeal DNA 
region of the phylum Euryarchaeota, to which most of 
the known methanogens belong. The NON probe (5’- 
ACT CCT ACG GGA GGC AGC, Wallner et al., 1993), 
which has no complementarity with the 16S rRNA gene 
regions, served as a negative control. The probes were 
labelled with a CY3 fluorescent dye (Syntol, Russia). 
After washing from the probe, preparations were 
stained with 4’,6-diamidino-2-phenylindole (DAPI). 
Microscopy was carried out on an Axio Imager M1 
epifluorescent microscope (ZEISS, Germany).

Preparations of total DNA from the biomass of 
enrichment cultures of microorganisms were extracted 
on the 90th day according to the modified enzymatic 
lysis method followed by phenol-chloroform extraction 
(Sambrook et al., 1989). 

Archaeal 16S rRNA gene fragments were 
amplified using the Arch21F (5’- TCC CGG TTG ATC 
CYG CCR G)/Arch915R (5’- GTG CTC CCC CGC CAA 
TTC CT) primer pairs.   
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The obtained gene fragments were cloned 
and transformed using the pGEM-T Easy Vector 
Systems reagent kit (Promega, USA) according to the 
manufacturer’s protocol.    

Sanger sequencing using the BigDye Terminator 
Kit v. 3.1 (Applied Biosystems) and analysis of its 
products were carried out on an ABI 3130х1 genetic 
analyser at SB RAS Genomics Core Facility (Novosibirsk).   

Primary processing and phylogenetic analysis 
of the obtained nucleotide sequences were carried out 
in the MEGA 7.0.26 software package (Kumar et al., 
2016) using the neighbour-joining clustering method 
and Kimura’s two parameters algorithm to construct 
phylogenetic trees. The statistical significance of 
branching was assessed using a bootstrap analysis 
of 1000 alternative trees. Homologous sequences 
were searched in the NCBI database using the BLAST 
algorithm (www.ncbi.nlm.nih.gov/blast). The obtained 
16S rRNA gene fragments were deposited in the 
NCBI database under accession numbers KJ736828–
KJ736834.    

3. Results 

During the cultivation, there were visual changes 
reflected in the partial destruction of the algal biomass 
for all types of the media both at 24°С and 37°С (Fig. 
1). By the end of the experiment, enrichment cultures 
exposed at higher temperature showed lower turbidity 
and no suspension.  

Total microbial count (TMC) on the 30th day 
varied between 0.4–8.8 · 107 cells ml-1 and 0.5–9.1 · 
107 cells ml-1 at 24°С and 37°С, respectively (Fig. 2). 
We recorded the maximum values under aerobic 
conditions, and the minimum ones – on a medium added 
by ammoniacal nitrogen. The media with nitrate and 
phosphate had the greatest number of microorganisms 
in anaerobic cultures (3.1–3.5 · 107 cells ml-1), whereas 
the addition of ammonium salt to them resulted in 
lower TMC values (1.2–1.9 · 107 cells ml-1).

Based on the FISH results, we detected archaea 
of the phylum Euryarchaeota in anaerobic communities 
that were cultured at two temperatures on a medium 

without additional salts (0.1–0.2 · 107 cells ml-1, 13-25% 
of TMC) and on a medium with phosphates (0.1–0.4 
·107 cells ml-1, 4.6-23.6% of TMC) (Fig. 2). In positive 
controls with additionally introduced substrates of 
methanogenesis (Pfennig’s mineral medium with H2/
CO2), the proportion of methanogens was between 36 
and 40% of TMC (0.4–0.7 · 107 cells ml-1). 

In the next 60 days of exposition, the number 
of microorganisms increased by 21-431% at 24°С, 
depending on the type of the media, whereas at 
37°С, it increased by 6-156%, and in control samples 
(aerobic medium, Pfennig’s mineral medium with H2/
CO2), the TMC values decreased. At the same time, 
the distribution nature of the maximum and minimum 
TMC values between media did not change (Fig. 2). 
In comparison with the 30th day, the proportion of 
microorganisms of the phylum Euryarchaeota on a 
medium without additionally introduced nutrients 
increased from 13-25% to 39% of TMC, whereas a 
medium with phosphates did not show methanogens 
at 24°С, and at 37°C, their share decreased from 23.6% 
to 9.1% of TMC (Fig. 2). In the positive control, the 
number of methanogenic archaea remained at the same 
level (36-40% of TMC).   

The results of measuring the methane 
concentrations were mainly correlated with the 
hybridization data. On the Pfennig’s medium with 
the H2/CO2 atmosphere, 3.66-4.47 mmol L-1 CH4 were 
formed for 90 days, which suggests, regardless of 
methane oxidation and use of substrates resulted from 
the biomass destruction, the 14-17% consumption of 
the introduced H2 for methane generation. On anaerobic 
media without nutrients and with phosphates, where 
the algal biomass was the only carbon source, 0.22-
1.05 mmol L-1 CH4 were generated (Fig. 3). With the 
measured ratio of wet and dry biomass of 1/0.176 ± 
0.005, the methanogenesis productivity on these media 
varied within the range of 0.005-0.006 m3 CH4 kg−1 of 
the algal DW.  

Analysis of the diversity of the archaeal 
16S rRNA genes in enrichment culture without 
nutrients (at 24°C and 37°C) revealed the presence of 
microorganisms in them, which were phylogenetically 

Fig.1. The visual state of the experimental cultures. A – initial state (0 days). B – after 90 days at 24°С. С – after 90 days at 
37°С. 
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close to hydrogenotrophic methanogens of the genera 
Methanobacterium and Methanosphaerula as well as 
to a wide range of uncultured archaea from swamps, 
bioreactors and lake sediments (Fig. 4). 

4. Discussion and conclusions

The results of a comprehensive analysis indicated 
that the microbial communities from the coastal mats 
can decompose the Spirogyra spp. biomass with the 
generation of methane and thereby serve as a potential 
source of its emissions into the atmosphere. However, 
methane is probably not the main end product of 
anaerobic destruction. 

The cultivation revealed that the studied sample 
of the Spirogyra spp. biomass, as well as the coastal mats 
of filamentous algae from lakes Michigan and Mendota 
(Olapade et al., 2006; Zulkifly et al., 2012), contained 
anaerobic microorganisms. Since the analysed 
community contains methanogenic archaea that are 
sensitive to the presence of oxygen and are incapable 
of forming dormant forms (Liu and Whitman, 2008), 
we can assume the presence of stable hypoxia zones 
inside mats and below them, which corresponds to the 
data on the oxygen concentration in the interstitial 

waters of Baikal beaches covered with the Spirogyra 
spp. accumulations (Tomberg et al., 2017).

There was the process of methane generation 
during the destruction of biomass in the absence 
of additionally introduced nutrients and with the 
elevated concentrations of phosphates, whereas the 
introduction of additional nitrogen sources suppressed 
methanogenic activity (Fig. 3). Phosphates do not act 
as electron acceptors in the main types of anaerobic 
respiration and, therefore, do not directly affect 
the competition for reduced fermentation products 
between different groups of anaerobes. At the same 
time, a high concentration of phosphates in the 
medium (more than 20 mM) can suppress acetogenesis 
and thereby inhibit methane generation from acetate 
(Conrad et al., 2000). However, in case of the Spirogyra 
spp. destruction, the absence of a negative impact 
of the elevated PO4

3- concentrations can be because 
obligate hydrogenotrophic species represented all 
detected methanogenic archaea. Differences in the 
number of methanogenic archaea and the amount of 
CH4 generated at different cultivation temperatures 
can result from greater competition from other groups 
of anaerobic microorganisms, whose numbers were 
significantly higher at 24°С (Fig. 2), as well as from 

Fig.2. Total microbial count in enrichment cultures on the 30th (blue columns) and 90th (green columns) days of cultivation 
as well as the number of archaea of the phylum Euryarchaeota based on the FISH data (orange columns).

Fig.3. Methane concentrations in enrichment cultures on the 30th (yellow columns) and 90th (orange columns) days of 
cultivation. 
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heterogeneity in the composition of microorganisms 
introduced with biomass. 

The reduction of NO3
- is thermodynamically 

more beneficial than the reduction of CO2 to methane, 
due to which increased content of nitrates in the 
environment stimulates the development of nitrate-
reducing microorganisms and leads to the suppression 
of the methane generation (Liu and Whitman, 2008). 
At the same time, the causes of inhibition of methane 
generation under conditions of increased ammonium 
concentration are not obvious. At high concentrations, 
uncharged ammonium molecules passively penetrate 
the cell membrane, leading to pH destabilization 
and inhibition of intracellular enzymes. The loss of 
intracellular NH3 by diffusion through the cytoplasmic 
membrane after previous permease-dependent 
consumption in the form of NH4

+ can lead to a decrease 
in proton motive force (Chen et al., 2008). However, 
NH4

+ is the main nitrogen source for most groups of 
methanogenic archaea (DeMoll, 1993), and the example 
of the communities from methane tanks and bioreactors 
has indicated that ammonium can have a negative 
impact on methanogenesis only at concentrations above 
0.6 g L-1 (Yenigün and Demirel, 2013; Chen et al., 2016; 
Fischer et al., 2019). In the Pfennig’s medium cultures 
(NH4Cl – 0.33 g L-1), a key influence on the number 
and activity of methanogenic microorganisms is rather 
the availability of methanogenesis substrates than 
the increased concentration of NH4

+. In this regard, 
we can assume that the addition of ammonium salts 
either affected the initial stages of biomass destruction 
or provided an advantage for microorganisms with 
another type of anaerobic respiration under a limited 
amount of such substrates as H2/CO2.

During the cultivation, with the destruction of 
algal biomass, the largest amount of methane generated 
was 0.005-0.006 m3  CH4 kg−1  DW, which is much 
lower than during the methanogenic decomposition 
of biomass of macro- and microalgae using biogas 

fermenters (Montingelli et al., 2015; Ramaraj et al., 
2015; Milledge et al., 2019). For example, during the 
production of biogas from Spirogyra ellipsospora, the 
yield is 0.43 m3 CH4 kg−1 DW (Ramaraj et al., 2015), 
whereas the biomass fermentation of other species of 
marine and freshwater macroalgae yields on average 
0.20 m3 CH4 kg−1 VS (VS - volatile solid) at VS ≈ 75-
80% of DW (Montingelli et al., 2015; Milledge et al., 
2019). The use of microalgae as a substrate ensures 
0.02-0.60 m3  CH4 kg−1 VS depending on the species 
and conditions of anaerobic digestion (Mussgnug et al., 
2010; Montingelli et al., 2015; Milledge et al., 2019). 
Of course, the technological process of the biogas 
production involves careful selection and control of 
physicochemical conditions of the environment as well 
as optimal organic loading rates, whose observance 
would increase the amount of methane produced from 
Spirogyra spp. by the investigated microbial community. 
Moreover, the closest homologues of the detected 
methanogenic archaea of the genera Methanobacterium 
and Methanosphaerula are mesophilic inhabitants of 
swamps, which indicates their adaptability to a high 
content of organic substrates in the environment. 
Nevertheless, the low diversity of methanogenic 
archaea, sensitivity to increased concentrations of 
nitrates and ammonium and relatively low productivity 
of methane generation even at mesophilic temperatures 
suggests that methane is not the main end product of 
organic matter destruction in coastal mats of Spirogyra 
spp. in Lake Baikal.    
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