EARTH’S CRYOSPHERE
SCIENTIFIC JOURNAL

Earth's Cryosphere, 2023, vol. XXVII, No.6, pp. 43—49

PERMAFROST MICROBIOLOGY

NEW PSYCHROACTIVE BACTERIA OF CRYOPEGS
OF THE YAMAL PENINSULA

Ya.V. Ryzhmanova!-*, V.E. Trubitsyn!, E.M. Rivkina!, N.E. Suzina!, A.O. Plotnikov?,
V.Ya. KataevZ, M.V. Molchanov3, N.V. Molochkov3, V.A. Shcherbakova!

! Federal Research Center “Pushchino Scientific Center for Biological Research of the Russian Academy of Sciences”,
prospect Nauki 3, Pushchino, Moscow Region, 142290 Russia
2 Institute for Cellular and Intracellular Symbiosis. Ural Branch of the Russian Academy of Sciences,
Pionerskaya St. 11, Orenburg, 460000 Russia
3 Institute of Theoretical and Experimental Biophysics, Russian Academy of Sciences,
Institutskaya St. 3, Pushchino, Moscow Region, 142290 Russia

*Corresponding author; e-mail: ryzhmanova@gmail.com
(e} b

The diversity and metabolic potential of microbial communities in insufficiently studied Yamal Peninsula
cryopegs are presented. The total number of microorganisms within cryopegs was high and reached 106—108 cells/
mL. At the same time, sulfate-reducing bacteria were only found in two out of three studied cryopegs in numbers
not exceeding 10° cells/mL. Members of the bacterial genera Acetobacterium (strains K1,/0, K1,/6 =VKM B-3638,
K1/7, K1/8), Labilibaculum (K2ST, =VKM B-3650T), and Trichococcus (K1TrT, =VKM B-3651T) were iso-
lated from cryopegs for the first time. All isolates were psychroactive bacteria able to grow at 6°C.
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INTRODUCTION

Yamal cryopegs are unique ecosystems in frozen
sediments formed at the end of the Middle Pleisto-
cene as a result of regression of the Polar Basin and
the transition of water-saturated marine bottom se-
diments to the subaerial state, followed by freezing
out of salts and the formation of unfrozen brine len-
ses. This environment is the only type of free water on
Earth characterized by constant subzero tempera-
tures, high salinity, and absolute isolation from exter-
nal factors throughout the geological time. Studies of
the last two decades have shown [ Rivkina et al., 2004;
Gilichinsky et al., 2005; Pecheritsyna et al., 2007; Rapp
et al., 2021; Cooper et al., 2022] that active microbial
communities represented by psychrophilic and psy-
chroactive halophilic microorganisms of various
physiological groups, including aerobic and anaerobic
bacteria, archaea, filamentous and unicellular fungi
inhabited cryopegs.

To date, a small number of microorganisms have
been isolated and described from cryopegs: Clostridi-
um algoriphilum [ Shcherbakova et al., 2005], ‘Psychro-
bacter muriincola’ | Shcherbakova et al., 2009], Psy-
chrobacter cryohalolentis [ Bakermans et al., 2006],

Celerinatantimonas yamalensis | Shcherbakova et al.,
2013], Desulfovibrio arcticus |Pecheritsyna et al.,
2012], Desulfovibrio gilichinskyi [ Ryzhmanova et al.,
2019], Geomyces pannorum |Kochkina et al., 2007,
and several strains of uncharacterized representatives
of the genera Brevibacterium, Microbacterium, Dietzia,
and Citricoccus [ Petrovskaya et al., 2012; Spirina et al.,
2017].

One of the key adaptive strategies of psychro-
philic and psychrotrophic bacteria is the synthesis of
cold-resistant enzymes [ Gerday et al., 2000]. Due to
their high catalytic activity at low temperatures,
cold-active enzymes will be useful as detergent addi-
tives, biocatalysts for the biotransformation of labile
compounds at low temperatures, and bioremediation
of contaminated soils and wastewater at low to mod-
erate temperatures [Hamid et al., 2022]. Thus, cold-
active esterase genes were found in the genome of
P. cyohalolentis K57, cloned into Escherichia coli,
whereupon thermostability and optimal catalytic
conditions the protein were investigated. As a result,
esterase from cryopeg bacterium had higher thermal
stability and retained more than 60% of activity after
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incubation for 1 h at 80°C unlike many known cold-
active enzymes [ Novototskaya-Vlasova et al., 2012].
Thus, new cold-resistant bacteria isolated from cry-
opegs are a promising source of unique enzymes and
biologically active compounds.

The goal of the present work was to study the
new taxa of psychroactive microorganisms and ex-
pand the understanding of the microbial diversity of
the Yamal Peninsula cryopegs.

MATERIALS AND METHODS

Source of isolation. Cryopeg water samples
were collected in 2013 by N.E. Demidov (Laboratory
of Soil Cryology, Institute of Physics and Biochemis-
try, Russian Academy of Sciences) from the horizon
of supercooled saline soils in the Late Pleistocene
alluvial sediments, in the area of the Yara-Yakha Ri-
ver and the Bovanenkovo gas field (70°29'00” N,
68°00'00" E) in the continuous permafrost subzone.
The mean annual temperature of permafrost is —2 to
—4°C. The main hydrochemical characteristics of
cryopeg water are presented in Table 1.

An UKB-12/25 machine was used for drilling of
permafrost as described by Shi with coauthors | 1997].
Samples of the cryopeg water from borehole were
taken by using a PE 1105 hydrochemical bathometer
into sterile 500-mL bottles and were stored at —20°C
until the laboratory analyses.

Bacterial count. The total number of microor-
ganisms in the cryopeg water was determined by the
direct count method (DCM) according to Razumov
[7962].

The most probable number (MPN) of sulfate-
reducing bacteria (SRB) in the cryopeg water was
estimated by ten-fold dilutions method as described
previously [ Ryzhmanova et al., 2019]. The growth of
SRB was assessed in accordance with the amount of
hydrogen sulfide produced at 660 nm using an Agile-
nt Cary 300 spectrophotometer (Aglient Technolo-
gies, USA) [ Cline, 1969].

Media and cultivation conditions. Pure cul-
tures were obtained by tenfold dilutions in liquid and
on solid anaerobic media containing the following
(g/L): KaHPO,4 0.5; KCI 1.0; MgSO4 0.5; NagSO4 2.0;

NasS,03 1.0; NaCl 5.0; NH,4CI 1.0; CaCl,, 0.15;
NasS-9H,0 0.25; Wolin’s vitamin solution 5.0 mL
[ Wolin et al., 1963]; trace element solution 1.0 mL
[Kevbrin, Zavarzin, 1992]; sodium lactate 2.0.

Microscopic methods. Cell morphology was
studied with a Nikon Eclipse Ci optical microscope
(Nikon, Japan) equipped with a ProgRes Speed XT
core 5 camera (Jenoptik, Germany).

Physiological characteristics. Optimal growth
conditions for the isolated strains were assessed by
measurements of optical density at 600 nm using an
Agilent Cary 300 spectrophotometer (Agilent Tech-
nologies, USA). The temperature range for growth
was determined at 0, 6, 12, 20, 26, 29, 32, 35, 37, and
42°C; the salinity range was determined by growth
rates at different NaCl concentrations (0, 1, 2, 3.5, 5,
10, 20, 30, 50, 70, and 100 g/L).

The end products of metabolism were deter-
mined by NMR spectroscopy. The dried purified
methanol extract was dissolved in 540 pL. H,O, and
then 60 pL 4 M solution of 3-trimethylsilyl [2,2,3,3—
2H4] propionate (TSP) in D5O was added, mixed in
a shaker for 30 s, and centrifuged at 15,000 g for
5 min. The supernatant placed in the calibrated NMR
tube with the diameter 5 mm. The spectra were re-
corded on an AVANCE III 600 NMR spectrometer
(Bruker, USA) with an operating frequency of
600 MHz, at 298 K, a spectral width of 24 ppm and
the 90-degree pulse of 12.5 ps. The number of acquisi-
tions was 128 scans, the interval between the scans
was 10 s, free induction decay was registered for
96 000 points over 3.42 s. Free induction decay was
subjected to Fourier transformation after the array
was filled with zeros up to 128 000 points. While re-
cording NMR spectra in deuterated water, the inter-
val between the scans was 10 s; this was sufficient for
the relaxation of protons of all of the metabolites ob-
served. The calibration of chemical shifts was per-
formed for the TSP signal at 0.00 ppm, which served
as the internal reference. Two-dimensional spectra
of homonuclear (1H-1H) spin-spin correlation
(COSY) for samples were registered in the entire re-
gion where signals occurred, 0.3—9.3 ppm. In the re-
laxation delay before the COSY pulses, the suppres-
sion of water signal by presaturation was used. The

Table 1. The hydrochemical characteristics of Yamal Peninsula cryopegs water
Water ionic composition, g/L
Cryopeg Site of sampling dsei)I‘?}R lren pH Saél/rity, Cations Anions
K | Na* | ca | Mg> |HCO;| cI | sof
1Y Bovanenkovo gas field 120 7.9 14.60 0.12 | 0.196 2.0 2.04 0.46 9.59 0.19
2Y Mouth of the Yara- 5 7.4 56.23 085 | 16.35 | 0.52 2.38 1.02 | 31.24 | 2.88
Yakha River
3Y Floodplain of the Yara- 12.5-20.0| 7.5 77.16 0.41 | 22.68 | 1.04 3.79 1.71 | 4722 | 0.31
Yakha River

N ot e: Analysis performed by M.S. Kuprina (Sergeev Institute of Environmental Geoscience, Russian Academy of Sciences).
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time of delay between the COSY pulses was 1 s, the
data arrays consisted of 2048 /512 points on the aver-
age. For the correct signal assignment, we used both
spectra acquired in the 1D and 2D COSY NMR ex-
periments. To confirm the data, the AMIX spectral
software database (Bruker) was used, as well as the
BMRB (Biological Magnetic Resonance Data Bank)
internet-based collection.

DNA isolation, amplification, and genome se-
quencing. Bacteria from cryopegs water samples
were concentrated using a porous diaphragm and
DNA was isolated with using Sorb-GMO-B reagent
kit (Syntol, Russia). Genomic DNA for whole-ge-
nome sequencing was extracted using a Quick DNA
Fungal /Bacterial Kit (Zymo Research, USA). The
quality of the extracted DNA was assessed based on
the A260/280 ratio using a Nanodrop 8000 (Thermo
Fisher Scientific, Waltham, MA, USA), and results of
DNA electrophoresis in a 1% agarose gel. DNA con-
centration was quantified using a Qubit 4 Fluorome-
ter and a dsDNA High Sensitivity Assay Kit (Life
Technologies, Carlsbad, CA, USA). Sequencing of the
16S rRNA gene was performed using universal pri-
mers 27{/1492r [Lane et al., 1991] and the ABI
PRISM® BigDye™ Terminator v. 3.1 reagent kit, fol-
lowed by analysis of the reaction products on an Ap-
plied Biosystems 3730 DNA Analyzer automated se-
quencer (Applied Biosystems, United States). The
DNA library for whole-genome sequencing was pre-
pared using a NEBNext® Ultra™ 1T FS DNA Library
Prep Kit for Illumina® (New England BioLabs, Ips-
wich, MA, USA). The library was validated using
capillary electrophoresis on a QIAxcel Advanced
System (Qiagen, Hilden, Germany) using the
QIAxcel DNA High Resolution Kit and normalized
using qPCR on the CFX Connect Real-Time PCR
System (Bio Rad, Hercules, CA, USA). Paired-end
sequencing (2 x 250 bp) was carried out on a MiSeq
platform (Tllumina, San Diego, CA, USA) using Re-
agent Kit v. 2 (Illumina, San Diego, CA, USA).

Phylogenetic and genomic analysis. The
BLAST program of the NCBI database was used to
search for nucleotide sequences of the 16S rRNA gene
[Sayers et al., 2019]. Sequences were aligned using
the CLUSTAL W program [Larkin et al., 2007]. Phy-
logenetic dendrogram was constructed using the
nearest neighbor search method based on the nucleo-
tide sequences of 16S rRNA gene fragments using the
MEGAG6 software package. The nucleotide sequences
of the 16S rRNA gene of strains K1/6, K2ST, and
K1TrT were deposited in GenBank under accession
numbers OP709879, OP722762, and OP722757, re-
spectively. The genome assembly and analysis were
carried out on the Kbase and GGDC servers. The
genomes of strains K1/6, K2ST and K1TrT were
deposited in GenBank database under BioProject
accessions PRJNA984454, PRJNA985894, and
PRJNA924143, respectively.

RESULTS AND DISCUSSION

The direct count method showed that cryopegs
of the Yamal Peninsula are inhabited by high amounts
of microorganisms. The total number of microorga-
nisms in cryopegs 1Y, 2Y, and 3Y was evaluated in the
order of 8.2-108, 4.2-107, and 3.2-106 cells/mL, res-
pectively, despite constant subzero temperatures
and high mineralization (Table 2). The data corre-
lates with other investigations of microbial diversity
of Arctic cryopegs [Gilichinsky et al., 2005; Rapp et
al., 2021; Cooper et al., 2022].

SRB were detected barely in cryopegs 1Y and 3Y
in the number of 2-10% and 2-102 cells/mL, respec-
tively (Table 2) that was by 102-10° cells/mL lower
than that in the cryopegs of the Kolyma Lowland
[ Gilichinsky et al., 2005]. No SRB were detected on
the water sample of the cryopeg 2Y by the serial dilu-
tion method. This was probably caused by the not
optimal selective conditions for SRB inhabiting in
cryopeg 2Y. However, absence of SRB cannot be ex-
cluded. In this case the terminal organic matter de-
struction in the ecosystem probably implemented by
acetogenic or methanogenic microorganisms.

The enrichment cultures of SRB were prepared
with water samples from cryopegs 1Y, 2Y, 3Y and des-
ignated as K1S, K2S, and K3S, respectively. As a re-
sult of applying the ten-fold dilutions method in li-
quid and on solid media, bacterial strains K1/0,
K1/6,K1/7,K1/8, and K1TrT were isolated from the
K1S enrichment culture. The K2ST strain was iso-
lated from the enrichment culture K2S. The psychro-
tolerant sulfate-reducing bacterium was previously
isolated from cryopeg 3Y and described as Desulfovi-
brio gilichinskyi | Ryzhmanova et al., 2019].

Cells of strains K1,/0, K1/6, K1/7, and K1/8
(Fig. 1a) were Gram-positive short non-spore-form-
ing rods with rounded ends with size (0.5-0.7) x
x (1.4—1.5) um. Cells mainly occurred in single or
pairs. The cells were motile during the exponential
phase of the growth, but lost motility in ageing cul-
ture. Cells of strain K1TrT (Fig. 1) were nonmotile
coccoid or ovoid-shaped 1.0—1.5 pum in size. Cells oc-
curred singly, in pairs, in short chains, or gathered in
irregular conglomerates., did not form a spore, and
were stained Gram variable. Cells of strain K2ST
(Fig. 1¢) were thin straight nonmotile rods with size
0.5 x (2.0-5.0) um and stained Gram-positive.

Table 2. Total number of bacteria and SRB
in the Yamal Peninsula cryopegs

Total number | Most probable
Cryopeg |Salinity, g/L| of bacteria, |number of SRB,
cells/mL cells/mL
1Y 14.60 8.2.108 2:103
2Y 56.23 4.2-107 nd.*
3Y 77.16 3.2-106 2-102

*n.d. — not detected.
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10 pm 10 um 10 um

Fig. 1. Cells morphology of strains (a) K1/6, (b) K1Tr, and (c¢) K2S, phase contrast.

K1/0
K1/6 (OP709879)
K1/7
K1/8
741|| Acetobacterium carbinolicum WoProp 1T (NR 026325)
Acetobacterium sp. KB-1 (CP030040.1:3393110-3394340)
86 Acetobacterium woodii DSM 10307 (X96954)
Acetobacterium malicum MuME1T (X96957)
99 Acetobacterium wieringae DSM 19117 (X96955)
58 “— Acetobacterium fimetarium Z-4290" (X96959)
100 Acetobacterium paludosum Z-4092" (X96958)
Acetobacterium tundrae Z-4493" (AJ297449)
L Acetobacterium bakii Z-4391" (X96960)

99

94

— Trichococcus flocculiformis Echt” (Y17301)
~Trichococcus palustris Z-7189" (AJ296179)

100 || K1Tr" (OP722757)
Trichococcus collinsii 37AN3*T (AJ306612)

75 | Trichococcus patagoniensis PmagG1' (AF394926)

Trichococcus pasteurii KoTa2' (X87150)
71| Trichococcus paludicola B7-2" (MF407344)
Trichococcus alkaliphilus B5" (MF407345)
Trichococcus sherbakoviae Art1T (LS451231)
Trichococcus ilyis R210" (FJ374769)
Labilibaculum filiforme 59.16B" (KY509308)
Labilibaculum antarcticum SPP2T (LC085518)

100 L kosT (0P722762)
| 0.02 ] 87 Labilibaculum manganireducens 59.10-2M" (KY509310)

92
57 Labilibaculum euxinus A4 (LS999417)

Fig. 2. Phylogenetic tree based on 16S rRNA gene sequences (1191 n.d.) showing the position of strains
K1/0,K1/6, K1/7, Ki/8, KI1TrT, and K2ST among species Acetobacterium, Trichococus, and Labilibacu-

lum genera.

GenBank accession numbers are presented in brackets. The dendrogram was constructed by using the neighbor-joining method.
The bootstrap data (as a percentage of 1000 replicates) are shown in the branch points. Scale bar is equal to 2 substitutions per
100 nucleotides.
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Strains K1,/0, K1/6, K1/7, and K1/8 were obli-
gate anaerobes. All of them were able to grow hetero-
trophically with betaine, organic acids, monosaccha-
rides, alcohols, yeast extract, casamino acids, trypti-
case, peptone, and also autotrophically with Hy/CO,
mixture. Strains grew at the temperature range from
6 to 35°C with an optimum of 26°C. They obligately
depended on Na* ions in the medium and grew at
NaCl concentrations from 1 to 70 g/L, with the opti-
mum at 3.5 g/L. Acetate was the only fermentation
product for strains K1,/0, K1/6, K1/7, and K1/8.
Phylogenetic analysis of the 16S rRNA gene (Fig. 2)
showed that isolates K1/0, K1/6, K1,/7, and K1/8
had 100% similarity to each other and with Acetobac-
terium carbinolicum WoProp1T. The whole-genome
sequence of strain K1/6 was conducted. It compri-
sed 3.84 Mb within 77 scaffolds with a complete-
ness (according to CheckM) of 100%, G+C content
42.53 mol.%. The genome of the reference strain
A. carbinolicum WoProp1™ was not sequenced, so that
comparative genomic analysis was impossible. The
genome of Acetobacterium sp. KB-1 having 100% 16S
rRNA gene similarity with A. carbinolicum WoProp1™
was taken for comparative analysis. The ANI (aver-
age nucleotide identity) and DNA-DNA homology
of strain K1/6 and Acetobacterium sp. KB-1 were 98.9
and 92.2%, respectively. These values are too high for
interspecific difference and suggests that K1/6 is a
new strain of A. carbinolicum WoProp1T.

Strain K1TrT was a facultative anaerobe and
grew at the temperature range from 6 to 37°C with an
optimum of 26°C. Strain K1TrT wasn’t depended on
Na*-ions, but was able to growth with salinity up to
70 g/L. The optimum NaCl for growth was 1 g/L.
Metabolic end products of the culture grown on glu-
cose were lactate, ethanol, acetate, formate, and also
succinate as a minor component was presented. The
whole-genome sequence of strain K1TrT was con-
ducted. It comprised 3.11 Mb within 44 contigs with
a completeness (according to CheckM) of 98.91%,
G+C content of 46.56 mol.%. Phylogenetic analysis
of the 16S rRNA gene of strain K1TrT showed 100%
similarity with Trichococcus patagoniensis PmagG17T
and T. collinsii 37AN3T (Fig. 2). However, compara-
tive genomic analysis found out that the closest rela-
tive of K1TrT is T. alkaliphilus B5". According to
level of similarity DNA—DNA hybridization (63.1%)
and ANT (93.33%) strain K1Tr" and T. alkaliphilus
B5T strain K1TrT is a new species of the genus Tri-
chococcus.

Strain K2ST was an obligate anaerobe and grew
at the temperature range from 6 to 32°C with an op-
timum of 24°C. The strain utilized mono- and disac-
charides, as well as pyruvate, lactate, and glycerol.
Strain K2ST was obligately dependent on Na*-ions
and grew at the NaCl concentrations from 1 to 70 g/L
with an optimum of 20 g/L. Metabolic end products
of strain K2ST grown on glucose were lactate, acetate,

propionate succinate, pyruvate, and formate as a mi-
nor component. According to phylogenetic analysis
of the 16S rRNA gene strain K2ST belongs to the
family Marinifilaceae within the genus Labilibaculum
(Fig. 2), all members of the genus were isolated from
marine ecosystems and were psychrotolerant. Closest
relatives of strain K2ST are ‘Labilibaculum euxinus
A4" and L. manganireducens SPP2T with similarities
98.78 and 98.70%, respectively. The whole-genome
sequence of strain K2ST was conducted. It compri-
sed 5.26 Mb within 86 scaffolds, with a completeness
(according to CheckM) of 99.46%, G+C content of
36.23 mol.%. Comparative genomic analysis showed
that strain K2ST is a new species of the genus Labili-
baculum. DNA-DNA homology of strain K2ST,
‘L. euxinus A4" and L. manganireducens SPP2T were
48.1 and 47.7%, and the ANI value was 92.17 and
92.78%, respectively.

CONCLUSION

Six strains of psychroactive bacteria of different
physiological groups were isolated from two cryopegs
of the Yamal Peninsula: acetogenic bacteria Acetobac-
terium spp. K1,/0, K1/6, K1/7, K1/8; saccharolytic
bacterium Labilibaculum sp. K2ST; and heterotrophic
bacterium Trichococcus sp. K1TrT. Strain K1TrT was
close to members of the genus Trichococcus by number
of phenotypic and physiological-biochemical proper-
ties. Strain K1TrT was able to growth at low tempera-
ture and in wide range of salinity in the same way
other members of the genus. However, presence soil
inhabiting closest relatives are, as well as the absence
of Na*-ions dependence for growth leads to a conclu-
sion that strain K1TrT got into cryopeg water from
the surrounding permafrost and effectively adapted
to the low mineralization of cryopeg 1Y. Strains
K1,0, K1/6, K1/7, K1/8, and K2ST are obligate
halophiles and, apparently, represent the original in-
habitants of the cryopeg.

Our findings and earlier studies suggest that the
microbial communities of cryopegs are completely
autonomous and isolated ecosystem, where microor-
ganisms are links of the trophic chain (Table 3). Thus,
bacteria Clostridium algoriphilum, Celerinatantimonas
yamalensis and cellulolytic micromycetes Geomyces
pannorum are able to use of bacterial cell walls as car-
bon source providing substrates for representatives of
Psychrobacter, Trichococus, Labilibaculum genera,
SRB, and acetogenic bacteria. The end metabolites of
Trichococus spp. and Labilibaculum spp. can utilized
by acetogens and SRB, which are the destructors of
organic matter in the terminal stage of anaerobic de-
composition cryopegs, and also producers of organic
matter due to ability to grow autotrophically.

Our findings expanded understanding of the mi-
crobial community of the unique ecosystem of cryo-
pegs and complemented the functional gaps in the
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Table 3. Substrates and the end products of metabolism of microorganisms isolated
from cryopegs of the Kolyma Lowland and the Yamal Peninsula
Microorganism Substrate/end product of metabolism Reference
Clostridium algoriphilum Glucose, mono- and disaccharides, inositol, sorbitol, mannitol, cellobiose, [Shcherbakova et al.,
peptone, yeast extract, fumarate, malate, trypticase, trehalose, xylan, beta- 2005]

Geomyces pannorum

Celerinatantimonas yama-
lensis

Psychrobacter cryohalolentis
‘Psychrobacter muriincola’

Trichococus sp.
KATrT

Labilibaculum sp.
K2sT

Desulfovibrio arcticus

Desulfovibrio gilichinskyi

Acetobacterium spp.
K1,/0, K1/6,K1/7, K1/8

ine, choline / butyrate, formate, lactate, acetate, ethanol, Hy, CO,

Sugars / lactate, acetate

Glucose, mono- and disaccharides, cellobiose, xylan, dulcitol, sorbitol,
glycerol, succinate, fumarate, malate, pyruvate, citrate, gluconate,
N-acetylglucosamine / acetate, ethanol, COq

Citrate, lactate, acetate, glutamic acid/CO,

Yeast extract, pyruvate, glutarate, fumarate, caproate, heptanoate, butyrate,
malate, lactate, citrate, proline, tyrosine, methanol, butanol, dulcitol /CO,

Glucose, fructose, galactose, sucrose, mannose, mannitol, yeast extract,
lactate / lactate, ethanol, acetate, formate, succinate

Glucose, lactose, xylose, cellobiose, acetylglucosamine, glycerol, pyruvate
lactate / lactate, acetate, propionate succinate, pyruvate, formate

Lactate, formate, pyruvate, ethanol, Ho+acetate / acetate, COq

Lactate, formate, pyruvate, fumarate, alanine, ethanol, Ho+acetate / ace-
tate, CO9

Betaine, lactate, pyruvate, formate, glycerol, methanol, ethanol, ethylene
glycol, glucose, fructose, yeast extract, casamino acids, trypticase, peptone,

[Kochkina et al., 2007]

[Shcherbakova et al.,
2013]

[Bakermans et al., 2006]
[Shcherbakova et al.,
2009

Authors’ data
Authors’ data

| Pecheritsyna et al.,
2012]

[Ryzhmanova et al.,
2019]

Authors’ data

Hy+COy / acetate

trophic chains of the anaerobic part of the carbon,
sulfur, and nitrogen global cycles.
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