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Abstract 

Background  Recent studies have reported the identity and functions of key anaerobes involved in the degrada-
tion of organic matter (OM) in deep (> 1000 m) sulfidic marine habitats. However, due to the lack of available isolates, 
detailed investigation of their physiology has been precluded. In this study, we cultivated and characterized the eco-
physiology of a wide range of novel anaerobes potentially involved in OM degradation in deep (2000 m depth) 
sulfidic waters of the Black Sea.

Results  We have successfully cultivated a diverse group of novel anaerobes belonging to various phyla, includ-
ing Fusobacteriota (strain S5), Bacillota (strains A1T and A2), Spirochaetota (strains M1T, M2, and S2), Bacteroidota (strains 
B1T, B2, S6, L6, SYP, and M2P), Cloacimonadota (Cloa-SY6), Planctomycetota (Plnct-SY6), Mycoplasmatota (Izemo-
BS), Chloroflexota (Chflx-SY6), and Desulfobacterota (strains S3T and S3-i). These microorganisms were able to grow 
at an elevated hydrostatic pressure of up to 50 MPa.

Moreover, this study revealed that different anaerobes were specialized in degrading specific types of OM. Strains 
affiliated with the phyla Fusobacteriota, Bacillota, Planctomycetota, and Mycoplasmatota were found to be specialized 
in the degradation of cellulose, cellobiose, chitin, and DNA, respectively, while strains affiliated with Spirochaetota, 
Bacteroidota, Cloacimonadota, and Chloroflexota preferred to ferment less complex forms of OM. We also identified 
members of the phylum Desulfobacterota as terminal oxidizers, potentially involved in the consumption of hydrogen 
produced during fermentation. These results were supported by the identification of genes in the (meta)genomes 
of the cultivated microbial taxa which encode proteins of specific metabolic pathways. Additionally, we analyzed 
the composition of membrane lipids of selected taxa, which could be critical for their survival in the harsh environ-
ment of the deep sulfidic waters and could potentially be used as biosignatures for these strains in the sulfidic waters 
of the Black Sea.

Conclusions  This is the first report that demonstrates the cultivation and ecophysiology of such a diverse group 
of microorganisms from any sulfidic marine habitat. Collectively, this study provides a step forward in our understand-
ing of the microbes thriving in the extreme conditions of the deep sulfidic waters of the Black Sea.
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Introduction
Mineralization of organic matter (OM) in the world’s 
oceans is crucial for global carbon cycling [1]. To 
understand these processes, it is important to identify 
the microorganisms involved. Recent advances in DNA 
sequencing and stable isotope labeling techniques have 
revealed valuable information about the identities of 
microorganisms involved in OM degradation in deep 
marine ecosystems [2–5]. However, to understand their 
physiology and specific role in these processes, it is 
essential to isolate these microorganisms. Unfortunately, 
cultivating deep-sea microorganisms presents significant 
challenges due their adaptation to oligotrophic 
environments, low temperatures, and limited oxygen 
concentrations.

Recent studies have identified several key microbial taxa 
that play a role in the degradation of OM in deep sulfidic 
marine habitats [4–9]. For instance, Psychrilyobacter spp. 
have been established as important degrader of cellulose 
and the protein fraction of OM sinking into these habi-
tats [4, 6]. Additionally, uncultivated clades of the order 
Clostridiales (Fusibacteraceae ASV_09916) and Lutibac-
ter spp. have been observed as significant OM degrad-
ers [4, 6, 7], while members of the phylum Spirochaetota 
are frequently involved in OM degradation but are often 
ignored due to their low abundance in incubation-based 
studies [4, 5, 7]. Members of the phylum Mycoplasmatota 
are also present in deep marine habitats and have been 
identified as specialized degraders of DNA [5, 8–10]. In 
addition to these key taxa, there are also other microbial 
members affiliated with the phyla Bacteroidota (espe-
cially Marinifilaceae, Marinilabiaceae, Lentimicrobi-
aceae), Desulfobacterota (especially Desulfovibrionaceae, 
Desulfobacteraceae, Desulfobulbaceae), Planctomycetota 
(Phycisphaerae), Ignavibacteriota, Chloroflexota (Anaero-
lineae), Cloacimonadota, and Nanoarchaeota, which have 
been predicted to be involved in OM degradation in deep 
marine habitats [4, 5, 7, 11–15]. Although the identity and 
potential functions of these microbial taxa are known, 
their physiology remains largely unknown due to the lim-
ited availability of isolated representatives and enrich-
ment cultures.

The Black Sea is a unique ecosystem, offering exceptional 
opportunities to study microbial communities involved in 
the degradation of OM in sulfidic marine habitats. Its deep 
waters are permanently anoxic, containing high sulfide 
concentrations of 400 µM [16]. Additionally, the concen-
tration of dissolved organic carbon (DOC) in the Black Sea 

is about 2.5 times higher than in any of the major ocean 
basins [17–19]. Recent studies by Suominen et al. [13–15] 
focused on the role of uncultivated microbial communities 
in OM degradation in the deep sulfidic waters of the Black 
Sea, concluding that members of the Gammaproteobacte-
ria, Alphaproteobacteria, Bacteroidota, and Planctomyce-
tota thrive in incubations with complex carbon sources, 
such as chitin and peptidoglycan, while members of the 
phyla Planctomycetota, Latescibacteria, Kirimatillaeota, 
Cloacimonadota, Nanoarchaeota, and Chloroflexota also 
do so in incubations with fatty acids [13, 14]. However, 
detailed investigations of the physiology of these microbial 
groups and their adaptation strategy are still lacking.

Here, we report the enrichment and isolation of novel 
anaerobic bacteria potentially involved in OM degra-
dation at elevated hydrostatic pressure (20  MPa), high 
sulfide concentration (> 1  mM), and relatively low tem-
perature (10 °C). To elucidate the ecophysiology of novel 
isolates and enrichment cultures, we investigated their 
genomes, determined their membrane lipid composition, 
and tested the physiology and adaptation strategies by 
mimicking the in  situ physicochemical conditions. This 
study represents a significant progress in the culturing 
and ecophysiology of novel anaerobic microorganisms 
that degrade OM in deep sulfidic marine environments.

Results and discussion
The microbial community composition in the sulfidic 
waters of the Black Sea is mostly comprised of unculti-
vated microbial taxa ubiquitously occurring in anoxic 
environments worldwide, like Fusobacteriota, Cloacimon-
adota, Planctomycetota, Chloroflexota, Desulfobacterota, 
Bacteroidota, and Omnitrophica [6, 11–15, 20–25]. While 
some uncultivated clades of the order Clostridiales, Spiro-
chaetota, Fusobacteriota, and Bacteroidota occur in rela-
tively low natural abundance (~ 1% of the total microbial 
community), they rapidly respond to OM-rich conditions 
and become abundant [4, 6, 13, 14]. In this study, we uti-
lized various growth media containing different types of 
OM (yeast extract, tryptone, and various other carbon 
and nitrogen sources) and sulfide/sulfidic waters to enrich 
and isolate some of these microorganisms (Figs. 1A, B, 2, 
and 3; see “Materials and methods” for further details). 
We successfully isolated pure cultures affiliated with the 
following phyla: Fusobacteriota (Psychrilyobacter piezo-
tolerans strain S5), Bacillota (Clostridiales bacteria strains 
A1T and A2), Spirochaetota (Oceanispirochaeta sp. strains 
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M1T and M2; Sphaerochaeta sp. strain S2), Bacteroidota 
(Ancylomarina sp. strain M2P; Labilibaculum sp. strain 
SYP; Lentimicrobiales bacteria strains S6, L6; Lutibacter 
sp. strains B1T, and B2), and Desulfobacterota (Pseudodes-
ulfovibrio sp. strains S3T and S3-i; Fig. S1-S6). Additionally, 
we obtained enrichment cultures of species belonging to 
Planctomycetota (Plnct-SY6), Cloacimonadota (Cloa-SY6), 
Ignavibacteriota (Igna-SY6), Chloroflexota (Chflx-SY6), 
and Mycoplasmatota (Izemo-BS; Fig. S7-S11). However, 
we did not manage to isolate them, possibly due to their 
strict syntrophic nature [21, 26] or their dependence 
on unknown growth factors produced under dynamic 
conditions.

Organic substrate utilization provides clues on the trophic 
behavior
We classified the isolated and enriched taxa into three 
categories, i.e., primary degraders, fermenters, and ter-
minal oxidizers, based on their utilization and/or deg-
radation capabilities of various substrates, and on the 
presence of various genes in their (meta)genomes capa-
ble of encoding enzymes involved in substrate utilization 
and/or degradation (Tables S1, S3-S5, S8-S41).

Primary degraders
Psychrilyobacter piezotolerans strain S5 utilized a wide 
range of carbon sources, including cellulose, under strict 
anoxic conditions, as described earlier for strains SD5T 
and BL5 [6]. The presence of a variety of carbohydrate-
active enzymes (CAZymes, n = 77) encoded in its 
genome and 18 novel putative glycosyl hydrolases (GHs) 
with unknown substrate categories (Table S15) further 
indicated the wide range of carbon substrates used by 
this bacterium. Most notably, this was the only culture 
obtained in our isolation efforts showing cellulolytic 
activity (Fig. S12), even though genes encoding cellulases 
were detected in the genomes of other isolates as well 
(Table S15-S38). Moreover, an earlier study reported 
that Psychrilyobacter spp. constitutes up to 32–58% of 
the cellulose degrading microbial community in the deep 
sulfidic waters of the Black Sea [6]. Thus, it is anticipated 
that P. piezotolerans might be an important anaerobe 
involved in the hydrolysis of complex OM sources like 
cellulose in the sulfidic waters of the Black Sea.

Clostridiales bacteria strains A1T and A2 grew rap-
idly (doubling time: 2–3  h) on cellobiose but twice as 
slow as on simpler carbon sources like glucose, while 

Fig. 1  Schematic overview of the cultivation strategy of novel anaerobic microbial taxa from deep (2000 m) sulfidic waters of the Black Sea. 
A Relative abundance (as determined by 16S rRNA gene amplicon sequencing) of the prokaryotic phyla in different enrichments incubated 
with specific carbon substrates (acetate, pyruvate, amino acid mixture, D-galactose, D-cellobiose, cellulose) at different growth conditions (i.e., 
1–4 mM of sulfide at 10–20 °C). A repeated subculturing and streaking on various growth media from the master enrichment (A-viii and x) 
resulted in the pure (strains affiliated to the phyla Fusobacteriota, Bacillota, Spirochaetota, Bacteroidota) and enrichment cultures (Cloacimonadota, 
Planctomycetota, Ignavibacteriota, and Mycoplasmatota) of novel piezotolerant anaerobic bacteria. B Physiological characterization of all the novel 
taxa carried out at atmospheric pressure (0.1 MPa) and at elevated hydrostatic pressure (up to 50 MPa) by using pressure bottles and high-pressure 
cultivation assembly, respectively
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no growth occurred with pyruvate (Fig. S13). In accord-
ance with their preference for cellobiose, genes encod-
ing cellobiose-specific transporters (Fig. 4; Fig. S14) and 
cytoplasmic enzymes (e.g., β-glucosidase B, cellobiose 
2-epimerase, β-glucosidase BoGH3B, 6-phospho-β-
glucosidase, aryl-phospho-β-D-glucosidase BglC; Table 
S18, S19) that are able to convert cellobiose into less 
complex forms of carbon substrates like glucose, were 
identified in their genomes. The genomes also encoded 
a variety of CAZymes (A1T and A2, n = 86), including 
four amylases (Table S18, S19), but starch was not used 
as a substrate under the culture conditions tested here. 
A substrate preference for cellobiose was not evident in 
any other culture obtained in this study, in line with the 
absence of genes encoding for cellobiose-specific trans-
porters in their genomes (Fig.  4). Thus, it may be that 
the Clostridiales bacteria strains A1T and A2 may find a 

niche as specific cellobiose-degraders in sulfidic waters of 
the Black Sea.

The genome of Planctomycetota bacterium Plnct-SY6 
contained 276 genes encoding CAZymes [glycosyl hydro-
lase (GHs; n = 169); glycosyl transferase (GTs; n = 45); 
carbohydrate esterase (CEs; n = 6); carbohydrate-binding 
modules (CBMs; n = 49); auxiliary activities family (AAs; n = 1); 
polysaccharide lyases (PLs, n = 6); Table S20], including four 
copies of putative chitinases (GH20_e12; Table S20; Fig. 4; 
Fig. S15) and a complete set of enzymes required for 
the utilization of N-acetylglucosamine (GlcNAc; Fig. S15; 
Table S22). Both chitinase and N-acetylglucosaminidase 
are involved in the hydrolysis of chitin to oligomers and 
subsequent production of GlcNAc monomers (Fig. 4). The 
increased cell densities of strain Plnct-SY6 in a growth 
medium amended with chitin (0.02  g L−1) is in line with 
their affinity for chitin. This observation is consistent with 

Fig. 2  Enrichment of Chloroflexota bacterium Chflx-SY6, Cloacimonadota bacterium Cloa-SY6, Ignavibacteriota bacterium Igna-SY6, 
and the Planctomycetota bacterium Plnct-SY6 from the deep sulfidic waters of the Black Sea. The relative abundance (as determined by 16S rRNA 
gene amplicon sequencing) of the Chloroflexota bacterium Chflx-SY6, Cloacimonadota bacterium Cloa-SY6, Ignavibacteriota bacterium Igna-SY6, 
and the Planctomycetota bacterium Plnct-SY6 in the original sea water from 2000 m (red bars) and in the enrichment cultures (green hatched bars) 
using cellulose, propionate, cellulose, and chitin containing media, respectively. For reference, the relative abundance of the phyla in the original 
Black Sea water (purple bars) is indicated. The enrichment factor is shown in green hatched bars
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previous studies reporting the increase in specific Plancto-
mycetes members (class Phycisphaerae) in incubations with 
chitin-coated beads in the deep sulfidic waters of the Black 
Sea [14], supporting our findings. To the best of our knowl-
edge, only one confirmed chitinolytic Planctomycete, Fim-
briiglobus ruber SP5T, has been isolated but it originates 
from a peat bog [27]. Hence, our data suggests that strain 
Plnct-SY6 is the first marine Planctomycete capable of 
degrading chitin and may have a significant role in mineral-
izing this abundant biopolymer in the deep sulfidic waters 
of the Black Sea.

Members of the phylum Mycoplasmatota are recog-
nized for their ability to degrade DNA in marine envi-
ronments [5, 8, 9]. We also identified genes encoding 
for exo- and endonucleases in the metagenome assem-
bled genome (MAG) of the Mycoplasmatota bacterium 
Izemo-BS, which is consistent with this specialization 
(Table S21 and Fig. S16). Additionally, this bacterium 
may play a role in breaking down other, more structur-
ally less complex carbon substrates such as sucrose, as its 
genome contains ten different genes encoding enzymes 
belonging to the GH13 family (Table S22), which are 
involved in the hydrolysis of sucrose.

Fermenters
The strains affiliated with the phyla Spirochaetota (Oce-
anispirochaeta sp. strain M1T and M2; Sphaerochaeta 
sp. strain S2) and Bacteroidota (Lutibacter sp. strain B1T 
and B2; Ancylomarina sp. strain M2P; Labilibaculum sp. 
strain SYP; Lentimicrobiales bacteria strains S6 and L6), 
as shown in Fig. 3, were classified as fermenters based on 
their growth/substrate utilization characteristics.

Oceanispirochaeta sp. strains M1T and M2 exhibited 
fast growth on simple molecules like glucose (doubling 
time 2–3 h) and pyruvate (with a doubling time; 1.5–2 h; 
Fig. S17,  S18 and Table S1). However, they were unable 
to grow on more complex carbon sources like cellulose, 
cellobiose, and starch. Nonetheless, their genomes con-
tain a variety of CAZymes, such as 114 GHs, 41 GTs for 
strain M1T, and 42 GTs for strain M2, as well as 8 CEs, 5 
CBMs, 1AA, and 1 PL (Tables S23, S24). Some of these 
CAZymes may potentially be involved in the hydrolysis 
of complex carbon sources like starch and cellulose.

Similar observations were made for Lutibacter sp. 
strains B1T and B2. Both strains grew faster on pyruvate 
(doubling time 1.5–2  h; Fig. S19) than on glucose 
(doubling time 2–4  h; Fig. S19) or cellobiose (doubling 

Fig. 3  Phylogenomic tree showing the affiliation of novel taxa obtained from deep sulfidic waters of the Black Sea. The tree was built 
by the maximum likelihood method using the core gene phylogenomic tree constructed using UBCG pipeline [97]. The genome sequence 
accession numbers are shown between parentheses. Sequences highlighted in green color represent isolates obtained in this work, while taxa 
highlighted in red color represent strains from enrichments for which a proper MAG was obtained. The other sequences (in black) are used 
for reference. Numbers at nodes represent bootstrap values (1 refers to 1000). The length of the bar indicates five nucleotide substitutions per 100 
nucleotides. Methanococcoides burtonii DSM 6242 T (CP000300.1) genome sequence was used as the outgroup for phylogenomic analysis
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time 3–6  h; Fig. S19), despite having a diverse range 
of CAZymes that include 72 GHs, 47 GTs, 8 CEs, 18 
CBMs, 1 AA, and 3 PLs (Table S25, S26). Although 
their genomes contain genes that potentially encode 
enzymes that hydrolyze starch (the GH31 family, n = 3) 
and sucrose (the GH13 family, n = 7), the strains did not 
exhibit growth on these substrates.

Both Ancylomarina euxinus strain M2P and Labilib-
aculum euxinus strain SYP grew well on pyruvate (dou-
bling time 1.5–2.0 h; Fig. S20A, B) and relatively slower 
on glucose (doubling time, 1.8–2.0 h; Fig. S20A, B), but 
could not grow on cellobiose, cellulose, chitin, or starch. 
Although the genomes of strains M2P and SYP encoded 
92 and 243 CAZymes, respectively (Table S27, S29), they 
were not able to utilize these complex carbon substrates. 
Specifically, the genome of strain SYP encoded CAZymes 
involved in cellulose utilization, such as those belonging 

to the GH5 family (n = 5) (Table S29), but cellulolytic 
activity was not observed. Strain M2P encoded other 
CAZymes, including GHs, GTs, CEs, CBMs, AA, and PLs, 
(Table S27), which all could be involved in the hydrolysis 
of complex carbon sources, but such activities were not 
observed in our culture.

The Lentimicrobiales bacterial strains S6 and L6 were 
able to utilize various carbon sources, such as starch, glu-
cose, sucrose, and pyruvate (Table S10). Their genomes 
encoded a total of 181 CAZymes, including 80 GHs, 74 
GTs, 9 CEs, 17 CBMs, 2 AAs, and 1 PL. This is in line with 
their ability to grow on these carbon substrates (Table 
S31, S32). Despite their metabolic versatility, both strains 
exhibited relatively slow growth with doubling times of 
2–3  days. Together with their relatively low abundance 
(approximately 1%; Fig. 1B) in the enrichments, this sug-
gests a rather limited role in the degradation of OM.

Fig. 4  Metabolic models for labile OM (i.e., polysaccharides, proteins, nucleic acids, and lipids) degrading anaerobic microorganisms in the deep 
sulfidic waters of the Black Sea. The metabolic models are constructed based on the physiological and genomic (meta) analyses of pure cultures 
of the members of the phyla Fusobacteriota (Psychrilyobacter piezotolerans S5 and SD5T and BL5), Bacillota (Clostridiales bacteria strains A1T and A2), 
Spirochaetota (Oceanispirochaeta sp. strains M1T and M2; Sphaerochaeta sp. strain S2), Bacteroidota (Lutibacter sp. strains B1T and B2; Lentimicrobiales 
bacteria strains S6 and L6; Ancylomarina euxinus strain M2P, M3P, and M1PT; Labilibaculum euxinus strains SYP, A4T, and 44), and Desulfobacterota 
(Pseudodesulfovibrio sp. strains S3T and S3-i) and the enrichment cultures of the members of the phyla Planctomycetota (Planctomycetota bacterium 
Plnct-SY6), Ignavibacteriota (Ignavibacteriota bacterium Igna-SY6), Mycoplasmatota (Mycoplasmatota bacterium Izemo-BS), Cloacimonadota 
(Cloacimonadota bacterium Cloa-SY6), and Chloroflexota (Chloroflexota bacterium Chflx-SY6). Members of the phyla Bacillota, Fusobacteriota, 
Mycoplasmatota, and Planctomycetota are classified as primary degraders, simplifying larger biomolecules of organic matter such as carbohydrates 
(e.g., cellulose and chitin), proteins, nucleic acids, and lipids into simpler forms. These simpler forms are then further utilized or degraded 
by fermenters belonging to the phyla Ignavibacteriota, Cloacimonadota, Bacteroidota, Spirochaetota, and Chloroflexota. The fermented products are 
subsequently oxidized by terminal oxidizers (members of the phylum Desulfobacterota). GlcNAc, N-acetyl-D-glucosamine; GlcNAc-6P, N-acetyl-D-glu
cosamine-6-phosphate; TCA, tricarboxylic acid cycle; G-3-P, glycerol-3-phosphate
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To date, members of Cloacimonadota have not been 
enriched in any marine environment, and previous 
reports of their presence are based on incubations and 
metagenomic analyses [20, 28, 29]. Here, we report an 
increase in the cell density of Cloa-SY6, a member of 
Cloacimonadota, in a medium containing propionate 
(0.2 g L−1), indicating its ability to use this substrate. The 
presence of genes involved in propionate oxidation in its 
MAG (Fig. S21) further supports this. Its MAG encoded 
a relatively limited number of 64 CAZymes, with most 
of them being GTs (n = 45; Table S33) involved in the 
initiation and elongation of glycan chains [30]. Only 11 
CAZymes were classified as GHs, indicating a limited 
carbohydrate utilization capability. Therefore, in the deep 
sulfidic waters of the Black Sea, Cloacimonadota bacteria 
may occupy a unique niche as anaerobic propionate 
oxidizers.

The Ignavibacteriota bacterium Igna-SY6 was enriched 
in an oligotrophic cellulose medium with a relatively 
high sulfide concentration (4 mM) and low temperature 
(10  °C; Fig.  1A), indicating adaptation to cold and 
nutrient-poor environments. Its MAG contained 246 
genes that encode CAZymes, including GHs, GTs, CEs, 
CBMs, AAs, and PLs (Fig. S22; Table S34). The potential 
presence of CAZymes involved in cellulose, cellobiose, 
starch, and sucrose degradation suggests a role in 
carbohydrate utilization, as previously reported [31]. 
Similarly, the Chloroflexota bacterium Chflx-SY6 was 
also enriched using an oligotrophic medium (Fig. 1A). Its 
MAG encoded a variety of CAZymes (n = 155), including 
GHs (n = 82), GTs (n = 60), CEs (n = 8), CBMs (n = 3), 
AAs (n = 1), and PLs (n = 1; Table S35), indicating its 
potential to degrade various extracellular carbohydrates 
(Fig. S23), which is consistent with its reported role in 
OM degradation [14]. Our findings suggest that both 
strains Igna-SY6 and Chflx-SY6 prefer oligotrophic 
conditions.

Overall, we observed that novel taxa belonging to vari-
ous phyla possess remarkable abilities for breaking down 
specific carbohydrates. However, we also found that the 
mere presence of genes encoding for CAZymes may not 
result in their ability in hydrolyzing complex carbon 
sources like cellulose and chitin, at least not with the 
culture conditions employed in this study. This may sug-
gest that context-specific factors may play a crucial role 
in determining the function of CAZymes, as exemplified 
by the cellulose biosynthetic cluster (BcsABZC) found in 
various cellulose-synthesizing microorganisms [32–34]. 
It is worth noting that this cellulose biosynthetic gene 
cluster not only regulates cellulose biosynthesis but also 
acts as a cellulase, highlighting the dynamic and versatile 
nature of CAZymes. Similar observations have also been 
made for Escherichia coli, which possesses numerous 

CAZymes involved in cellulose metabolism but does not 
exhibit a cellulolytic phenotype [32, 33], further under-
scoring the role of CAZymes in polysaccharide hydrolysis 
and utilization.

Terminal oxidizers
Bacterial strains belonging to the phylum Desulfobacte-
rota (Pseudodesulfovibrio sp. strains S3T and S3-i) utilized 
structurally less complex carbon substrates, such as lac-
tate, pyruvate, and acetate (Table S5). Such simple organic 
molecules are typically derived from fermentative microor-
ganisms involved in OM degradation (Fig. 4). Our strains 
indeed possessed specific genes in their genomes that 
reflect their ability to use these substrates (Fig. S24). Lac-
tate was their preferred substrate, which can be oxidized to 
pyruvate by lactate dehydrogenase. Pyruvate is then further 
oxidized mainly by pyruvate: ferredoxin oxidoreductase, 
although their genomes also encode several alternative oxo-
organic acid oxidoreductases that can react with pyruvate. 
Enzymes such as phosphate acetyltransferase and acetate 
kinase could lead to the production of ATP by substrate-
level phosphorylation during the conversion of acetyl-CoA 
to CoA and acetate. In addition, the formate dehydrogenase 
enzyme complex encoded in their genomes could help in 
the oxidation of formate to CO2 and H2. These strains also 
possess the complete pathway for dissimilatory sulfate 
reduction (Fig. S24). Furthermore, these strains could use 
hydrogen as an energy source, indicating that they may 
actively remove hydrogen produced by fermentation pro-
cesses in the enrichments and potentially in the sulfidic 
waters of the Black Sea.

Protein, lipid, and nucleic acid degradation
Psychrilyobacter sp. strain S5, Clostridiales bacte-
ria strains A1T and A2, Ancylomarina sp. strain M2P, 
Labilibaculum sp. strain SYP, Lutibacter sp. strains B1T 
and B2, Lentimicrobiales bacteria strains S6 and L6, 
belonging to different bacterial groups (Fig.  3), were 
also able to utilize protein (casein) as a source of energy 
and nutrients (Tables S4, S10-S12). In accordance with 
the observed proteolytic activity, we identified a variety 
of genes encoding peptidases [strain S5 (n = 28), A1T 
and A2 (n = 23), M2P (n = 27), SYP (n = 24), B1T and 
B2 (n = 18), S6 and L6 (n = 19)] (Table S40). Most of the 
peptidases were predicted to be intracellular. However, 
their genomes also encoded extracellular peptidases 
[strain S5 (n = 1), A1T and A2 (n = 1 with multiple locali-
zation), M2P (n = 3 with multiple localization), SYP (n = 4 
with multiple localization and n = 1 extracellular), B1T 
and B2 (n = 3 with multiple localization), S6 and L6 (n = 6 
with multiple localization)], which might have aided in 
the protein hydrolysis. The genomes of Psychrilyobacter 
sp. strain S5, Clostridiales bacteria strains A1T and A2, 
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Ancylomarina sp. strain M2P, Labilibaculum sp. strain 
SYP, Lutibacter sp. strains B1T and B2, and Lentimicro-
biales bacteria strains S6 and L6 encoded several ami-
notransferases and other amino acid-degrading enzymes 
(i.e., alanine dehydrogenases, cystathionine gamma-
lyase, serine/threonine ammonia-lyase, tryptophanase, 
and methionine gamma-lyase; Fig. S12, S14, S24). These 
enzymes can convert amino acids to the keto-acids pyru-
vate and oxobutanoate, which could then be fermented 
to formate, and either acetate or propionate, respectively. 
The fermentation of amino acids by these strains to pro-
pionate, acetate, or formate, i.e., via aminotransferases 
and other amino acid-degrading enzymes (i.e., L-threo-
nine 3-dehydrogenase, cystathionine β-synthase, cysta-
thionine gamma-lyase, serine/threonine ammonia-lyase, 
and methionine gamma-lyase), is possible.

In contrast, proteolytic activity was not observed in 
bacterial strains affiliated with the phylum Spirochaetota 
(Oceanispirochaeta sp. strains M1T and M2; Sphaerochaeta 
sp. strain S2), which is consistent with the absence of genes 
encoding extracellular peptidases (Table S40). Similarly, 
strains affiliated with the phylum Desulfobacterota (strains 
S3T, and S3-i) were also unable to hydrolyze protein 
(casein), but, in contrast, their genomes did encode extra-
cellular peptidases (Table S40). These latter strains may 
have specialized in different protein sources under differ-
ent conditions.

In addition to the confirmed proteolytic activities in 
pure cultures, we also identified a variety of peptidases 
encoded in the MAGs of Cloacimonadota bacterium Cloa-
SY6, Ignavibacteriota bacterium Igna-SY6, Chloroflexota 
bacterium Chflx-SY6, Planctomycetota bacterium Plnct-SY6, 
and Mycoplasmatota bacterium Izemo-BS (Table S40). 
These peptidases suggest a potential role in protein degra-
dation, but the majority were found to be localized in the 
cytoplasm. Hence, it is expected that these taxa may have a 
limited role in protein degradation in deep sulfidic waters. 
Nevertheless, a variety of aminotransferases and other 
amino acid-degrading enzymes (i.e., alanine dehydroge-
nases, cystathionine gamma-lyase, serine/threonine ammo-
nia-lyase, tryptophanase, and methionine gamma-lyase) 
indicate their potential role in amino acid degradation. 
These taxa can convert amino acids into the keto-acids 
pyruvate and oxobutanoate, which could then be fermented 
to formate, and either acetate or propionate, respectively.

The lipid-metabolizing capability of the novel taxa, both 
in pure and enrichment cultures, revealed the presence 
of numerous genes encoding lipases (Table S41). How-
ever, most of these lipases were predicted to be localized 
in the cytoplasm (Table S41). Notably, the genome of the 
Labilibaculum euxinus strain SYP contained the highest 
number (n = 15) of genes encoding lipases, which include 
a diverse array of enzymes such as rhamnogalacturonan 

acetylesterase RhgT, endo-1,4-beta-xylanase/feruloyl 
esterase, fumonisin B1 esterase, monoacylglycerol lipase, 
pectinesterase A, acetylxylan esterase, and carbohydrate 
acetyl esterase/feruloyl esterase (Fig. S25). These lipases 
were predicted to have multiple localizations along with 
a few unknown ones (Table S41). Therefore, we postu-
late that the L. euxinus strain SYP may play a significant 
role in lipid degradation in the deep sulfidic waters of the 
Black Sea, whereas the lipases encoded in the genomes 
of other taxa are restricted to intracellular lipid recycling, 
and, therefore, less important in terms of the biogeo-
chemical carbon cycling in euxinic waters of the Black 
Sea.

We also identified a variety of nucleases encoded in the 
genomes of pure cultures [Psychrilyobacter sp. strain S5 
(n = 51), Clostridiales bacteria strains A1T and A2 (n = 58), 
Ancylomarina sp. strain M2P (n = 43), Labilibaculum sp. 
strain SYP (n = 45), Lutibacter sp. strain B1T (n = 42), Len-
timicrobiales bacteria strains S6 (n = 40), and L6 (n = 39)] 
and MAGs of the enrichment cultures [Cloacimonadota 
bacterium Cloa-SY6 (n = 33), Ignavibacteriota bacterium 
Igna-SY6 (n = 55), Chloroflexota bacterium Chflx-SY6 
(n = 69), Planctomycetota bacterium Plnct-SY6 (n = 40), 
and Mycoplasmatota bacterium Izemo-BS (n = 43)]. These 
included proteins involved in the cleavage of nucleobases 
into sugar and base components. Purine deoxyribonu-
cleoside phosphorylases were encoded in the genomes/
MAGs of most strains, while genes encoding pyrimidine 
deoxyribonucleoside phosphorylases were also detected 
(Table S39). Multiple copies of adenosine deaminase 
genes were identified, indicating their ability to use these 
molecules (Table S39). Xanthine dehydrogenases, key 
enzymes required for conversions of purine bases to 
xanthine, a common intermediate of purine breakdown, 
were also encoded by most of the genomes/MAGs (Table 
S39). Most of the nucleases identified were predicted 
to be localized to the cytoplasm, indicating their role in 
the intracellular recycling of nucleic acids. However, a 
variety of nucleases with unknown and multiple locali-
zation [(e.g., bifunctional oligoribonuclease, 5′-nucle-
otidase SurE, endoribonuclease (EndoA, YbeY, Maz F) 
AMP nucleosidase, exodeoxyribonuclease 7 ribonucle-
ase (H, HI, M5, Y, BN and 3)], extracellular ribonuclease, 
and AMP nucleosidase (Table S39) were encoded by the 
genomes of Clostridiales bacteria strains A1T and A2, 
Ancylomarina euxinus strain M2P, Labilibaculum euxinus 
strain SYP, Lutibacter sp. strain B1T, and Mycoplasma-
tota bacterium Izemo-BS. These nucleases are expected 
to be involved in the degradation of extracellular nucleic 
acid in the deep sulfidic waters of the Black Sea. In good 
agreement with our analyses, a recent stable isotope prob-
ing (SIP)-based study also reported that novel Clostridi-
ales bacteria (closely related to strains A1T and A2), 
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Mycoplasmatota members, and Lutibacter spp. are crucial 
for nucleic acid degradation in sulfidic marine sediments 
[5, 8, 9].

Based on these results and earlier work [4–6, 8, 9, 13–
15], it is anticipated that Psychrilyobacter spp., members 
of the order Clostridiales (closely related to strains A1T 
and A2), Marinifilaceae members (closely related to A. 
euxinus and L. euxinus), Lutibacter spp. (closely related 
to strains B1T and B2) and Lentimicrobiales members 
(related to strains S6 and L6), Sphaerochaeta spp. (closely 
related to strains S2), Oceanispirochaeta spp. (closely 
related to strains M1T and M2), Cloacimonadota bac-
terium Cloa-SY6, Ignavibacteriota bacterium Igna-
SY6, Chloroflexota bacterium Chflx-SY6, Planctomycetota 
bacterium Plnct-SY6, and Mycoplasmatota bacterium 
Izemo-BS could be key anaerobes involved in the turno-
ver of “fresh” and labile OM (i.e., carbohydrates, proteins, 
lipids, and nucleic acids) passaging through the deep 
sulfidic waters of the Black Sea.

Adaptation of novel microbial taxa to the in situ conditions 
of deep sulfidic waters
Deep oceanic waters are characterized by high hydro-
static pressure and the microorganisms inhabiting them 
must have adapted to these harsh conditions. Despite 
this, our understanding of the mechanisms by which 
these microorganisms adapt remains limited, with only 
a few studies available [6, 11, 35–39]. To gain insight 
into their potential for adaptation, we investigated the 
growth of various bacterial strains, affiliated with the 
phyla Fusobacteriota (Psychrilyobacter sp. strain S5), 
Bacillota (Clostridiales bacteria strains A1T and A2), 
Spirochaetota (Oceanispirochaeta sp. strains M1T and 
M2), Bacteroidota (Lutibacter sp. strain B1T and Len-
timicrobiales bacterium strain S6), and Desulfobacte-
rota (Pseudodesulfovibrio sp. strains S3T, and S3-i) at 
hydrostatic pressures ranging from 0.1 to 60  MPa. We 
found that all strains were able to thrive at pressures up 
to 20  MPa, which represents the in  situ pressure con-
ditions at 2000 m depth, which is the maximum depth 
of the Black Sea. However, as the pressure increased 
beyond 20 MPa, the growth rates of the strains slowed 
down (Fig. 5), although they were still able to withstand 
a hydrostatic pressure of 50 MPa.

The growth of selected cultures (Psychrilyobacter sp. 
strain S5, Oceanispirochaeta sp. strain M1T, Lutibacter 
sp. strain B1T, Lentimicrobiales bacterium strain L6 and 
Pseudodesulfovibrio sp. strain S3T) at elevated hydrostatic 
pressure (> 20 MPa) was improved when a piezolite (glu-
tamate) [35] was added to the growth medium (Fig.  5). 
Glutamate has been shown to promote growth at ele-
vated hydrostatic pressure in Desulfovibrio spp. [35] and 

Psychrilyobacter spp. [6], as it is an important precursor 
for ectoine biosynthesis [40], which helps to maintain 
osmotic balance under stressed conditions [41]. There-
fore, glutamate is thought to be an important piezolite for 
adapting to elevated hydrostatic pressure. However, our 
experiments indicated that the piezolite effect of gluta-
mate varied among different strains (Fig. 5). For instance, 
Lentimicrobiales bacterium strain L6 showed the maxi-
mum effect (as monitored by the increase of optical 
density, OD600; Fig. 5E), whereas the smallest effect was 
observed for strain M1T (Fig.  5C). No significant effect 
was observed on the growth of Clostridiales bacterium 
strain A1T at elevated hydrostatic pressure, although 
this bacterium possesses the genes encoding enzymes 
involved in the GS-GOGAT pathway (associated with 
piezolite production; Fig. S14). This suggests that bacteria 
related to Clostridiales bacterium strain A1T might have 
different strategies to deal with elevated hydrostatic pres-
sure. Recent observations have shown that piezotolerant 
members of the phylum Bacteroidota take up trimeth-
ylamine (TMA) through a TMA transporter, TmaT, and 
oxidize intracellular TMA into trimethylamine N-oxide 
(TMAO) using a TMA monooxygenase, MpTmm [36]. 
The TMAO produced accumulates in the cell, function-
ing as a piezolite, improving both growth and survival at 
elevated hydrostatic pressure. We examined the genomes 
of all pure cultures and MAGs of enrichment cultures 
(Table S6), but we could not detect genes coding for 
the TMA monooxygenase. Therefore, it is expected that 
these strains may harbor alternative mechanisms for 
dealing with elevated hydrostatic pressure conditions.

The deep waters of the Black Sea are also characterized 
by a high sulfide concentration (400  μM) [16], resulting 
from the activity of sulfate-reducing microorganisms 
[42]. Such high sulfide levels are toxic to most life forms 
and form a stress that microorganisms dwelling in the 
deep Black Sea waters must overcome. We observed that 
the pure cultures affiliated with the phyla Spirochaetota 
(Oceanispirochaeta sp. strains M1T and M2; Sphaero-
chaeta sp. strain S2), Bacteroidota (Lutibacter sp. strains 
B1T and B2; Lentimicrobiales bacteria strains S6 and L6; 
Ancylomarina sp. strain M2P; Labilibaculum sp. strain 
SYP), Bacillota (Clostridiales bacteria strains A1T and 
A2), Desulfobacterota (Pseudodesulfovibrio sp. strains S3T 
and S3-i), and Fusobacteriota (Psychrilyobacter sp. strains 
S5, SD5T and BL5) [6] were able to grow up to sulfide lev-
els as high as 7.0, 7.0, 7.0, 9.0, and 32 mM, respectively 
(Fig. 6). In general, such a high level of sulfide tolerance 
is expected to be created through the detoxification of 
sulfide through enzymatic oxidation associated with the 
highly conserved sulfide:quinone oxidoreductase (sqr) 
pathway, and subsequent excretion of oxidized sulfur 
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species (typically sulfate) [43–47]. However, we did not 
observe sulfide oxidation for these strains in culture.

Although the enrichment cultures of various bacteria, 
including Cloacimonadota bacterium Cloa-SY6, Chloro-
flexota bacterium Chflx-SY6, Ignavibacteriota bacterium 

Igna-SY6, and Planctomycetota bacterium Plnct-SY6, 
were observed to grow at higher sulfide concentrations 
(> 2 mM; Fig. 1A), we could not find genes related to sqr 
in any of these taxa, except for Ignavibacteriota bacte-
rium Igna-SY6. The MAG of Ignavibacteriota bacterium 

Fig. 5  Growth curves of various novel taxa isolated from sulfidic waters of the Black Sea at optimal growth conditions (20 °C and 0.1 MPa), 
and at elevated hydrostatic pressure (30 MPa) with and without the piezolite glutamate (0.01%). A Psychrilyobacter piezotolerans strain S5, 
B Clostridiales bacterium strain A1T, C Oceanispirochaeta sp. strain M1T, D Lutibacter sp. strain B1T, E Lentimicrobiales bacterium strain L6, F 
Pseudodesulfovibrio sp. strain S3T. Pyruvate was the carbon substrate for growth in all experiments. Key: OD600 = optical density measured at 600 nm. 
Error bars refer to the standard error. The light, blue-colored x-axis and y-axis represent growth at 0.1 MPa, while the black-colored x-axis and y-axis 
denote growth at 30 MPa

Fig. 6  Doubling time of various novel taxa (Psychrilyobacter piezotolerans strain S5, Clostridiales bacteria strain A1T, Oceanispirochaeta sp. strain 
M1T, Lutibacter sp. strain B1T, Lentimicrobiales bacterium strain L6, Pseudodesulfovibrio sp. strain S3T) at increasing sulfide concentrations. Key: 
OD600 = optical density measured at 600 nm. Error bars refer to the standard error
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Igna-SY6 contained two sqr genes that might be involved 
in utilizing sulfide as an electron donor, ultimately helping 
to alleviate sulfide toxicity by forming sulfur/polysulfide. 
We detected genes encoding rhodanese (EC 2.8.1.1) in the 
novel taxa affiliated with Fusobacteriota (Psychrilyobac-
ter piezotolerans strain S5, SD5T, and BL5), Spirochaetota 
(Oceanispirochaeta sp. strains M1T and M2; Sphaero-
chaeta sp. strain S2), Bacteroidota (Lutibacter sp. strains 
B1T and B2; Lentimicrobiales bacteria strains S6 and L6; 
Ancylomarina euxinus strain M2P; Labilibaculum euxi-
nus strain SYP), Bacillota (Clostridiales bacteria A1T and 
A2), and Desulfobacterota (Pseudodesulfovibrio sp. strains 
S3T and S3-i). Rhodanese has been shown to be involved 
in sulfur trafficking and oxidation in bacteria [46, 47], 
indicating its role in sulfur metabolism, and potentially 
in alleviating sulfide toxicity. Moreover, a complete set 
of genes encoding the enzymes involved in the hetero-
disulfide reductase system, acting as an elemental sulfur 
oxidation enzyme in the cytoplasmic space of bacteria 
and archaea [43–47], was also identified in these strains, 
which might also be potentially involved in alleviating 
sulfidic toxicity. Nevertheless, further studies are required 
to gain deeper insights into the molecular mechanisms of 
sulfide detoxification in these strains.

Membrane lipid characterization of the novel microbial 
taxa
Membrane lipids are crucial components of various 
organisms, serving a vital role in the adaptation of marine 
microorganisms to their environment [6, 48, 49]. They can 
be unique to specific species, groups of organisms, or eco-
logical processes [50, 51]. We, therefore, analyzed the lipid 
profiles of pure cultures, excluding strains S2, S6, and L6, 
due to difficulties in generating sufficient biomass.

The fatty acid profile of Psychrilyobacter piezotolerans 
strain S5 was characterized by C16:0, C16:1ω7, C14:0, β-OH 
C12:0, and β-OH C16:0 (Table S42, S43). Major polar head 
groups identified were phosphatidylethanolamine (PE), 
phosphatidylglycerol (PG), cardiolipins, and lyso-PE. Car-
diolipins were found to be crucial for Psychrilyobacter spp. 
as they contribute to the ability of bacteria to withstand 
high pressures [6]. This is consistent with earlier findings 
that reported the importance of cardiolipins in the physi-
ology of bacteria living under extreme conditions [52].

C14:0, C16:1ω9C, C16:0, C18:2, C18:1ω7c, and C18:0 were major 
(> 5%) fatty acids of the Clostridiales bacterium strain A1T 
(Table S44). Strain A1T differed from its closest phylo-
genetic neighbor with respect to the absence of the C18:2 
fatty acid in its phylogenetic neighbor (Fusibacter pau-
civorans DSM 12116  T). Hence, it is likely that this core 
lipid could be an important signature for the Clostridiales 
bacterium strain A1T in the deep sulfidic waters of the 
Black Sea.

Iso-C13:0, C14:0, iso-C15:0, and C16:0 were present as major 
fatty acids in Oceanispirochaeta sp. strains M1T and M2 
along with a variety of other minor core lipids (Tables 
S45, S46). Additionally, several diphosphatidylglycerols 
(DPGs, also known as cardiolipins) were detected with a 
mixed acyl/ether glycerol (AEG) core (Tables S45, S46). 
The presence of alcohols and monoalkyl glycerol ethers 
in these strains might be related with their adaptation 
to the elevated hydrostatic pressure conditions of the 
deep sulfidic waters. However, further study is required 
to unravel the role and distribution of such complex and 
unusual lipids in bacteria.

Ancylomarina sp. strain M2P and Labilibaculum sp. 
strain SYP contained iso-C15:0 as the most abundant 
fatty acid, accounting for 33.6 and 34.4% respectively, 
followed by iso-C17:1ω8, iso-C15:1ω8, and other fatty 
acids in smaller relative abundances (Table S47). In a 
previous study on Ancylomarina and Labilibaculum 
spp., we observed that these species produced a wide 
range of phosphate-free polar headgroups in their 
intact polar lipids, such as ornithine lipids, capnine 
lipids (i.e., sulfur-containing lipids), flavolipins, and 
glycine lipids [11]. Marine microorganisms are known 
to use phosphate-free head groups as a survival strat-
egy to cope with phosphate-limiting conditions [53, 
54]. For example, they can substitute aminolipids by 
phospholipids in their cell membranes, which allows 
them to conserve phosphorus, a critical nutrient that is 
often scarce in marine environments [55]. These lipids 
can replace phospholipids in the cell membrane with-
out compromising membrane integrity and may even 
enhance membrane stability and resistance to environ-
mental stressors [55, 56]. Furthermore, ornithine lipids 
have been shown to enhance the uptake of phosphorus 
and other nutrients, potentially providing a competi-
tive advantage to bacteria under phosphorus-limited 
conditions [11, 53, 56]. Moreover, ornithine lipid-
containing cell membranes are less susceptible to anti-
biotics and antimicrobial peptides [56], which could 
ultimately protect against bacterial predators (antibi-
otic producing microorganisms).

Iso-C15:0, anteiso-C15:0, C16:0, iso-C17:0, and C18:0 fatty 
acids were present as major core lipids (> 5%) in Pseu-
dodesulfovibrio sp. strain S3T (Table S48). Other notable 
fatty acids present in these strains included iso-C17:1ω8, 
anteiso-C17:0, iso-cyC18:0, and iso-C19:1ω8. The presence 
of these fatty acids might play important role in their 
adaptation to elevated hydrostatic pressure since the 
presence of these fatty acids may impact the fluidity of 
the cell membrane by affecting the melting temperature 
[6, 11, 48, 49].

Iso-C15:0 was the predominant fatty acid in Lutibacter 
sp. strains B1T, B2 [57], and Lutibacter profundi DSM 
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100437  T (this study), with relative abundances of 29, 
27.6, and 28.1%, respectively. Other fatty acids include 
the iso-C13:0 and iso-C15:1ω11c, which were also present 
in relatively high abundances. Hydroxy fatty acids were 
also present in significant amounts, with iso-C15:0 β-
OH FA being the most abundant in all three strains 
(Table S49). Glycine β-OH fatty acid amides were pre-
sent in smaller amounts, with glycine iso-β-OH C17:0 
amide being the most abundant in strains B1T and B2. 
The high proportion of amino acid lipids in Lutibac-
ter sp. strains B1T and B2 could be due to their adapta-
tion to the conditions of the Black Sea’s deep sulfidic 
waters.

Overall, the lipid results suggest that the novel taxa 
isolated in this study have adapted to their environment 
by incorporating specific types of core lipids, hydroxy 
fatty acids, and glycerol-free amino lipids such as glycine 
lipids into their cell membranes. However, further study 
is required to better constrain the role of these lipids in 
adapting to the triple extreme conditions [(i.e., recalci-
trant nutrient condition, elevated hydrostatic pressure, 
and higher sulfide concentrations)] of the deep sulfidic 
waters of the Black Sea.

Environmental distribution and ecological relevance 
of the isolated and enriched strains
We examined the distribution of isolated and enriched 
taxa by examining the pool of 16S rRNA gene amplicon 
sequences (fragments of 304  bp) detected in the sulfidic 
waters at 2000  m. 16S rRNA gene sequences affiliated 
with P. piezotolerans strain S5, Clostridiales bacteria 
strains A1T and A2, Oceanispirochaeta sp. strains M1T 
and M2, Lentimicrobiales bacteria strains L6 and S6, Luti-
bacter sp. strains B1T and B2, and Mycoplasmatota bacte-
rium Izemo-BS were detected in relatively low abundance 
(i.e., representing < 1.0% of the total bacterial and archaeal 
16S rRNA gene reads), whereas sequences belong to 
Ancylomarina euxinus strain M2P and Labilibaculum 
euxinus strain SYP occurred in much higher abundance 
(~ 9%; Fig. 1A), representing important community mem-
bers. 16S rRNA gene amplicon sequences affiliated with 
the phyla Cloacimonadota, Chloroflexota, Ignavibacte-
riota, and Planctomycetota were in the range of 1–3% in 
the deep sulfidic waters of the Black Sea. However, the 
16S rRNA gene fragment sequences affiliated with Cloaci-
monadota bacterium Cloa-SY6, Chloroflexota bacterium 
Chflx-SY6, Ignavibacteriota bacterium Igna-SY6, and 
Planctomycetota bacterium Plnct-SY6 had a relative abun-
dance of < 1% (Fig. 1).

Taxa affiliated with Psychrilyobacter piezotolerans strain 
S5, Clostridiales bacteria strains A1T and A2, Oceanispi-
rochaeta sp. strains M1T and M2, Lentimicrobiales bacte-
ria strains L6 and S6, Lutibacter sp. strains B1T, B2, and 

Mycoplasmatota bacterium Izemo-BS were detected in 
low relative abundance. However, their physiological, 
metabolic, and genomic properties indicated that they 
have potential to become abundant under copiotrophic 
(nutrient-rich) conditions occurring occasionally in the 
Black Sea [58–61]. For instance, Clostridiales bacteria 
strains A1T and A2, Oceanispirochaeta sp. strains M1T 
and M2, Ancylomarina euxinus strain M2P, Labilibacu-
lum euxinus strain SYP, Lutibacter sp. strains B1T and 
B2, Pseudodesulfovibrio sp. strain S3T, and S3-i required 
a minimum of approximately 0.02 g L−1 of OM, such as 
yeast extract and tryptone, for their growth (Fig. 7), while 
their optimal growth occurred at around 5  g L−1 of 
OM (Fig. 5).

Here, we further assessed the copiotrophic nature of 
these strains based on specific genomic signatures. These 
signatures have been suggested as a proxy for deter-
mining the ecological characteristics and trophic life-
style of marine heterotrophic bacteria [62]. The genome 
sequences of these strains contain genes that encode the 
phosphotransferase system. This system is essential for 
regulating and transporting sugars, Na+ transporters, 
a wide array of other highly specific transporters, per-
meases, hydrolases, and motility and sensory systems. 
Copiotrophic bacteria widely present such transport 
systems and gene clusters, allowing them to locate and 
exploit transient microscale nutrient sources [62]. There-
fore, we hypothesize that these strains may serve as “seed 
microbes” and become abundant (conditionally rare taxa) 
under copiotrophic conditions and play a significant role 
in the degradation of OM in the Black Sea.

Conclusions
We enriched and isolated representatives of uncultivated 
microbial lineages that have the potential to break down 
OM under permanently sulfidic and high-pressure con-
ditions. These anaerobes belong to various physiological 
groups, including cellulose, chitin, and DNA degraders, 
fermenters, hydrogen-oxidizers, and sulfate reducers. We 
identified a range of genes encoding CAZymes, peptidases, 
nucleases, and lipases in the genomes/MAGs of these 
novel piezotolerant anaerobes. However, not all cultures 
with such hydrolases exhibited hydrolytic properties, 
highlighting the need for context-dependent approaches 
to gain insights into their specific roles.

We found that piezolites, such as glutamate, could 
enhance growth under high hydrostatic pressure, but 
alternative and novel mechanisms likely exist to cope 
with elevated pressures. The permanently higher sulfide 
concentration in the deep waters of the Black Sea has 
resulted in the adaptation of microorganisms to an unu-
sually high level of sulfide. Moreover, this study also 
uncovered a group of lipids that might potentially play 
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an important role in the sustainable lifestyle of deep-sea 
anaerobes. However, more detailed analyses are required 
to gain deeper insights into their specific functions.

Overall, the novel anaerobes obtained in this study are 
adapted to high hydrostatic pressure and sulfide concen-
trations and could serve as important microorganisms for 
exploring the ecophysiological processes and adaptation 
strategies in deep sulfidic marine habitats.

Materials and methods
Sampling sites and 16S rRNA gene amplicon sequencing
A sampling survey was conducted to collect water from 
the Black Sea in 2017 and 2018 on board of the R/V Pela-
gia as previously described [6, 11]. The study site was 
located at 42° 53.78′ N 30° 40.72′ E. A Sea-Bird SBE911C 
conductivity-temperature-depth system equipped with a 
24 × 12 L Niskin bottle rosette was used to collect water 
samples at a depth of 2000 m, while simultaneously meas-
uring the conductivity, temperature, depth, and oxygen 
concentration. Water was immediately transferred into 
2-L pressure bottles (ca.1.5–2.0 bar), which was pressur-
ized with N2, covered with aluminum foil to protect it 
from the light, and stored at 10 °C (in situ temperature) 
until the sample was used to start enrichment cultures. 
Water collected at 2000  m was filtered (2 L) through a 
0.2-μm Sterivex™ filter for DNA analysis.

To analyze the total prokaryotic diversity, DNA was 
extracted from both the water column from the Black 
Sea and from the enrichment cultures themselves, and 

further amplified for 16S rRNA gene amplicon sequenc-
ing as described earlier [20]. 16S rRNA gene amplicon 
data were analyzed by the Cascabel pipeline [63] includ-
ing quality assessment by FastQC [64], assembly of the 
paired end reads with Pear [65], library demultiplexing, 
OTU clustering, and representative sequence selection 
(“longest” method) by diverse Qiime scripts [66].

Enrichment and isolation
Black Sea water from 2000 m was used for the subsequent 
enrichments in various growth media: growth medium 1 
(BS1) contained (g L−1, pH 7.0) cellulose (2.0); tryptone (2.0); 
yeast extract (1.0); CaCl2·2H2O (1.0), NaCl (20.0), MgCl2·6H2O 
(3.6), MgSO4·7H2O (4.3), KCl (0.5), Na2S.9H2O (100 mg L−1). 
Growth medium 2 (BS2) was prepared by diluting the 
medium BS1 for 10 times, except for NaCl and Na2S.9H2O 
(Fig.  1). Growth medium 3 (BS3) was prepared by adding 
sterilized Black Sea water (100 ml L−1) in BS2 and adjust-
ing the sulfide concentration to 400  µM to mimic the 
natural composition of the Black Sea. Growth medium 4 
(BS4) was prepared by replacing the cellulose by sodium 
propionate (0.2  g L−1). Growth medium 5 (BS5) was pre-
pared by replacing the cellulose in the BS2 medium by 
chitin (0.2 g L−1) with 400 mg L−1 of Na2S.9H2O and BS2 
culture extract (50 mL L−1). Growth medium 6, 7, 8, and 9 
(BS6-9) were prepared by replacing the cellulose in the BS2 
medium by cellobiose (0.2 g L−1), glucose (0.2 g L−1), pyru-
vate (0.2 g L−1), and acetate (0.2 g L−1), respectively. The amino 
acid mixture medium contained (L−1) Na2HPO4 (5.5  g); 

Fig. 7  Growth of various novel taxa was observed at minimal (0.002 g L−1) and optimal (5 g L−1) concentrations of OM (yeast extract, tryptone 
and pyruvate/cellobiose). Pyruvate was used as the carbon source for the growth of all novel taxa, except for Clostridiales bacterium strain A1T 
and Lentimicrobiales bacterium strain L6, which used cellobiose as the major carbon source. The optical density was measured at 600 nm (OD600), 
and error bars indicate the standard error. The growth of all the novel taxa on the oligotrophic medium is shown by one single line (brown color), 
as none of the cultures showed growth on this medium
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KH2PO4 (3.4 g); MgSO4.7H2O (0.2 g); CaCl2.2H2O (0.06 g); 
FeSO4.7H2O (0.5  mg); vitamin solution (2  ml); and trace 
elements (1  ml) [6] with various amino acids (i.e., lysine 
(0.45 g), leucine (13 mg), isoleucine (13 mg), valine (17 mg), 
threonine (19  mg), methionine (14  mg), proline (11  mg), 
arginine (17 mg), histidine (20 mg), phenylalanine (16 mg), 
cysteine (12  mg), and tryptophan (4  mg). The medium 
based on hydrolyzed product of cellulose was obtained 
by growing the Psychrilyobacter piezotolerans strain S5 
in growth medium BS1 at 25  °C at atmospheric pressure. 
All medium components were sterilized by autoclaving 
at 121 °C for 15 min, except amino acid stocks which were 
filter sterilized (0.2  µm) before adding into the medium. 
MgCl2⋅6H2O and CaCl2⋅2H2O were added from separately 
autoclaved stocks to prevent precipitation. After autoclaving 
the growth media containing OM (yeast extract, tryptone, and 
carbon sources) and sulfide, the media was stored at 20 °C 
for about 4 weeks to allow the maximal sulfurization of the 
OM as described earlier [67]. All substrates were obtained 
from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). 
Enrichments were carried out in 110-mL serum bottles con-
taining 50 mL of medium. Anoxic conditions were created 
by flushing the growth medium with ultrapure nitrogen. 
Serum bottles were sealed with butyl rubber stoppers and 
aluminum caps. The headspace of the serum bottles was re-
flushed with ultrapure nitrogen by using an Anaerobic Gas 
Exchange System (GR Instruments, Netherlands) to cre-
ate strictly anaerobic conditions. Enrichments at elevated 
hydrostatic pressure (i.e., 20 MPa) were kept in a high-pres-
sure cultivation device as described earlier [11]. Samples for 
microbial community analysis by 16S rRNA gene amplicon 
sequencing were taken from the enrichments after 13 days 
of incubations.

CARD‑FISH of enrichment cultures
The presence of various bacterial and archaeal members 
was assessed in the enrichments by catalyzed reporter 
deposition fluorescence in situ hybridization (CARD-FISH) 
with specific HRP-labeled probes (Table S7). Subsamples of 
1  mL from the various enrichments (Fig.  1B) were 
diluted 20 times and about 1 mL was filtered on 0.22-μM 
24-mm diameter polycarbonate discs. The CARD-FISH 
protocol was performed as described earlier [20]. To avoid 
cell loss during cell wall permeabilization, filters were 
dipped in low-gelling-point agarose (0.2% [wt/vol] in 
MQ water, dried face up on glass slides at room tempera-
ture, and subsequently dehydrated in 96% (vol/vol) etha-
nol for 1 min. For cell wall permeabilization, filters were 
incubated in a lysozyme solution (10 mg mL−1 in 0.05 M 
EDTA, 0.1  M Tris–HCl [pH 7.5]) at 37  °C for 30  min. 
The sections were washed with MQ water, dehydrated 
with 96% ethanol, dried at room temperature, and sub-
sequently stored in petri dishes at − 20  °C until further 

processing. Filters were mounted on microscopic slides 
with mounting medium containing DAPI and analyzed 
on an Axio Imager.M2, Carl Zeiss Microscopy GmbH 
with × 100 magnification.

Genome and metagenome sequencing and assembly
Genomic DNA from pure cultures was extracted by 
the method of Marmur (1961) [68]. Sequencing of the 
genome of all the pure cultures (Table S6) were per-
formed at the CGEB-IMR (Dalhousie University, Can-
ada), using an Illumina MiSeq (Illumina Inc) platform. 
Illumina MiSeq reads of all the pure cultures were 
assembled with SPAdes—v3.15.3 [69]. For metagenome 
sequencing, unamplified DNA extracts from the cellulose 
enrichments were used to prepare TruSeq nano librar-
ies which were further sequenced with Illumina Miseq 
(5 samples multiplexed per lane) at the Utrecht Sequenc-
ing Facility, generating 45 million 2 × 250 bp paired end 
reads. All the Illumina Miseq reads of enrichments were 
assembled by metaSPAdes—v3.15.3 [70].

Scaffold binning and assessment of MAG quality
Scaffolds were binned into draft genome sequences based 
on coverage profile across samples and tetra-nucleotide 
frequencies with MetaBAT v.2.3.0 [71]. The “superspe-
cific” preset was used to minimize contamination. To 
increase sensitivity without losing specificity, MetaBAT 
was run with ensemble binning, which aims to combine 
highly similar bins. Quality of the MAGs was assessed 
based on absence and presence of lineage-specific marker 
gene sets after genome placement in a reference tree with 
CheckM v1.0.8 [72].

Genome and MAG annotations, and phylogenetic analysis
Annotation of the assembled data was performed with the 
Prokka pipeline [73] available on the DOE systems biology 
knowledgebase (KBase) [74], the Rapid Annotation Using 
Subsystem Technology (RAST; http://​rast.​nmpdr.​org/​rast.​cgi) 
[75], and PATRIC (Pathosystems Resource Integration 
Center; https://​www.​patri​cbrc.​org/) [76]. The BlastKO-
ALA tool [77] was used for the functional characteriza-
tion. CRISPR arrays were identified with CRT (v. 1.1) 
[78]. Average nucleotide identity (ANI) [79] and digital 
DNA-DNA hybridization (DDH) [80] were performed by 
using the Kostas lab server (http://​enve-​mics.​ce.​gatech.​
edu/​ani/) and the genome-to-genome distance calculator 
(http://​ggdc.​dsmz.​de/), respectively. To identify carbohy-
drate degradation-related enzymes, we used the online 
dbCAN2 meta server [81] to annotate protein sequences 
by HMMER search against the CAZy database, including 
glycoside hydrolases (GHs), carbohydrate esterases (CEs), 
glycosyl transferases (GTs), carbohydrate-binding mod-
ules (CBMs), polysaccharide lyases (PLs), and auxiliary 

http://rast.nmpdr.org/rast.cgi
https://www.patricbrc.org/
http://enve-mics.ce.gatech.edu/ani/
http://enve-mics.ce.gatech.edu/ani/
http://ggdc.dsmz.de/
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activities (AAs) [81]. Additionally, eggNOG annotations 
were used as auxiliary results for GH identification [82]. 
Pfam 31.0 [83] was used as the reference database for the 
annotation of peptidases, aminotransferases, and trans-
porters of oligopeptides and amino acids by HMMER 
v3.1b2 (cut-off e value: 1e−10, best hits reserved). In addi-
tion, nonredundant peptidase unit sequences included in 
MEROPS (Release 12.1) were used for peptidase annota-
tion by Diamond Blastp v0.8.36.98 [84]. Potential subcel-
lular localizations of putative CAZymes, peptidases, and 
lipases were predicted by uploading FASTA amino acid 
sequences of genes into the PSORTb 3.0.3 database [85].

Morphological, physiological, and biochemical analyses
Morphological properties and other physiological tests 
such as growth at different temperatures, pH, and NaCl 
were performed as described earlier [6, 86, 87]. Glucose 
fermentation products were analyzed as described pre-
viously [87]. Growth on organic substrates (D-glucose, 
glycerol, cellulose, chitin, cellobiose, sucrose, starch, 
pyruvate, acetate, L-glutamate and L-aspartic acid and 
L-lysine) was tested in a minimal medium described 
previously [6, 86, 87]. Fermentation of various carbon 
sources (glucose, lactate, glycerol, xylose, galactose, cel-
lobiose, maltose, lactose, aspartate, threonine, glutamate, 
and lysine) were tested as described previously [86, 87]. 
Growth at elevated hydrostatic pressure (0.1–60  MPa) 
was tested in pressure vessels under strict anoxic condi-
tions as described previously [11]. Sulfide tolerance tests 
were performed in liquid medium which contained (g 
L−1, pH 7.0) pyruvate (2.0); tryptone (2.0); yeast extract 
(1.0); CaCl2·2H2O (1.0), NaCl (20.0), MgCl2·6H2O (3.6), 
MgSO4·7H2O (4.3), and KCl (0.5). To examine the sulfide 
tolerance of strains A1T and A2, pyruvate was replaced 
with cellobiose, while the rest of the medium remained 
the same. The sulfide solution was neutralized before 
adding to the medium as described earlier [88]. Chemo-
lithoautotrophic and chemolithoheterotrophic growth 
was tested as described earlier [89, 90]. Various bio-
chemical tests (cellulose/starch/casein/chitin hydroly-
sis, oxidase, and catalase activity) were carried out as 
described previously [6, 87, 91]. Other enzymatic activi-
ties and biochemical test were determined with API 20 A 
kit (bioMerieux, France) according to the instructions of 
the manufacturer.

Core lipid and intact polar lipid analyses
The core lipid of all the pure cultures isolated in this study 
were analyzed on the culture grown in liquid medium 
with pyruvate as carbon source except Clostridiales bac-
teria strains A1T and A2. Strains A1T and A2 were grown 
at their optimal conditions by using cellobiose as carbon 

source. Cells were harvested by centrifugation (5000 g for 
10  min at 20  °C) from late exponential phase of growth 
and core lipids were released by either base [57] or acid 
hydrolysis [92] and analyzed by gas chromatography/mass 
spectrometry, as described previously [57, 92]. Intact 
polar lipids were extracted from freeze-dried biomass 
using a modified Bligh-Dyer procedure and were analyzed 
by Ultra High Pressure Liquid Chromatography-High 
Resolution Mass Spectrometry and by high-performance 
liquid chromatography-ion trap mass spectrometry as 
described previously [93].

Taxonomic description of novel taxa
Based on the distinct phenotypic and (meta) genomic prop-
erties, here, we propose the following novel taxa affiliated 
with the phyla Bacillota, Spirochaetota, Bacteroidota, Desul-
fobacterota, Cloacimonadota, Mycoplasmatota, Ignavibacte-
riota, Planctomycetota, and Chloroflexota. The classification 
of isolates/enrichment cultures based on (meta) genomes 
were also assessed using GTDB-Tk and by constructing 
phylogenomic trees.

Description of Pontosulfidobacter gen. nov.
Pontosulfidibacter (Pon.to.sul.fi.di.bac’ter. Gr. n. pontos eux-
einos, the Black Sea. N.L. neut. n. sulfidum, sulfide; N.L. 
masc. n. bacter, a bacterium; N.L. masc. n. Pontosulfidibac-
ter, a bacterium from sulfidic waters of the Black Sea).

Two bacterial strains (i.e., A1T, A2) were isolated 
using cellobiose as the primary carbon source through 
repeated streaking on agar medium. Both strains shared 
90.3% 16S rRNA gene sequence similarity to their clos-
est cultured relative, Fusibacter paucivorans SEBR 4211 T 
[94], belonging to the order Clostridiales of the phylum 
Bacillota. Based on phylogenomic analysis, strains A1T 
and A2 were found to be closely related to members of 
an uncultivated clade of the order Clostridiales (Fusibac-
teraceae MAG BB-3; Figs. 3 and S2), known to be impor-
tant OM degraders in deep sulfidic marine habitats [4, 5]. 
Both strains are strictly anaerobic, Gram-positive, spin-
dle-shaped, endospore-forming bacteria (Fig. S2C, D; for 
further details, refer to the Supplementary information). 
They form muddy whitish colonies on agar medium and 
release terminal endospores after 4 days of growth.

Description of Pontosulfidobacter cellobiosiphilus sp. nov.
P. cellobiosiphilus (cel.lo.bi.o.si′phi.lus. N.L. neut. n. cello-
biosum cellobiose; Gr. masc. adj. philos, friend, loving; N.L. 
masc. adj. cellobiosiphilus loving cellobiose).

In addition to the properties given in the genus 
description, the cells are motile and have a spindle vibri-
oid to curved shape (0.8–0.9 × 3.0–5.0  µm). They stain 
Gram-positive and are negative for catalase, oxidase, 
and chitinase activity but positive for caseinase activity. 
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Denitrification is not possible. The optimal growth occurs 
between pH 6.5 and 8.8 (with an optimum at 7.0–8.0; 
refer to Table S3). They tolerate up to 5.5% NaCl, with the 
best growth at 2–3%. The optimal growth temperature 
is 20–22 °C (with a range of 4–35 °C). While growth on 
D-Glucose, D-mannitol, D-lactose, and D-saccharose is 
possible, cellobiose is the preferred carbon source. How-
ever, growth is not possible with cellulose, D-melezitose, 
D-raffinose, D-sorbitol, L-rhamnose, and D-trehalose. 
Additional vitamins are not required for growth. Sulfate 
is not used as a terminal electron acceptor, whereas thio-
sulfate and sulfur serve as terminal electron acceptors. 
Genes of 2C-methyl-D-erythritol 4-phosphate (MEP) 
pathway of isopentenyl pyrophosphate (IPP) biosynthe-
sis are present in the genome C14:0, C16:1ω9C, C16:0, C18:2, 
C18:1ω7C and C18:0 are present as major fatty acids (> 5%) 
with minor amounts (< 5 and > 1%) of iso-C15:0, C16:1ω5C 
and C18:1ω9C (Table S44). G + C content is 42.8%. Type 
strain is A1T (= KCTC 15661 T = JCM 32480 T).

Description of Oceanispirochaeta piezotolerans sp. nov.
O. piezotolerans (pie.zo.to′le.rans. Gr. v. piezo to press; L. 
part. adj. tolerans tolerating, N.L. part. adj. piezotolerans 
tolerating high hydrostatic pressure).

Two bacterial strains affiliated with the phylum Spi-
rochaetota (strains M1T and M2 and S2) were isolated 
by repeated streaking on a glucose medium (BS6; see 
material and methods for details; Fig.  1). Both strains 
shared 96.2% 16S rRNA gene sequence similarity with 
Oceanispirochaeta litoralis DSM 2029  T (Fig. S3A) and 
phylogenomic analyses showed affiliation with an uncul-
tivated lineage of the phylum Spirochaetota (Figs.  3 and 
S3B) involved in the OM degradation in sulfidic marine 
habitats [4]. Both strains were strictly anaerobic, heli-
cal-shaped bacteria (Fig. S3C, D) belonging to a novel 
species within the phylum Spirochaetota according to 
distinct phenotypic, physiological, and biochemical dif-
ferences from their closest phylogenetic neighbors (see 
Supplementary information and Table S1). The bacterium 
forms muddy whitish colonies on the agar medium. It 
appears as helical-shaped Gram-negative cells, measur-
ing 0.1–0.2 µm in width and 5–20 µm in length. The cells 
exhibit helical movement and are highly motile. Sphaero-
plasts are commonly observed under the microscope dur-
ing the stationary growth phase (4–5 days). It grows on 
a pH range of 6.5 to 8.8, with the optimum pH between 
7.0 and 8.0. The bacterium requires at least 0.5% NaCl for 
growth and can tolerate up to 5.5%. The optimal growth 
temperature is 18–23 °C, with a range of 4–28 °C. Under 
optimal conditions (20  °C, 2% NaCl, pH 7.5), the dou-
bling time is 1.5–2.0 h. The bacterium exhibits negative 
reactions for catalase, indole production, and hydrolysis 
of cellulose, chitin, and gelatin. It requires yeast extract 

for growth but does not need additional vitamins. It is 
an obligate chemoorganoheterotrophic bacteria and 
thrives on glucose and pyruvate but not on cellobiose 
and cellulose. Under strict anoxic conditions, it ferments 
glucose for growth. However, it does not utilize sulfate, 
sulfite, thiosulfate, nitrate, fumarate, or elemental sulfur 
as terminal electron acceptors. Dominant fatty acids 
(> 5%) are: iso-C13:0, C14:0, iso-C15:0, and C16:0 (Table S45). 
Cardiolipins and glycolipids are the major polar lipid 
classes, mostly with mixed-ether/ester cores (Table S46). 
G + C content is 42.8%. Type strain is M1T (JCM 32615 T = 
KCTC 15719 T).

Description of “Candidatus Sphaerochaeta piezotolerans” sp. 
nov.
S. piezotolerans (pie.zo.to′le.rans. Gr. v. piezo to press; L. 
part. adj. tolerans tolerating, N.L. part. adj. piezotolerans 
tolerating high hydrostatic pressure).

A bacterial strain (S2) was isolated by repeatedly streak-
ing on glucose medium (BS6; see material and methods 
for details; Fig. 1). It belongs to the genus Sphaerochaeta in 
the phylum Sphaerochaeta and showed 99.1% 16S rRNA 
gene sequence similarity to Sphaerochaeta halotolerans 
4-11  T (Fig. S3A). However, when compared to S. halo-
tolerans 4-11 T, its average nucleotide identity (ANI) and 
digital DNA-DNA hybridization (DDH) were found to be 
below the species cut-off (Table S2). Physiological (Table 
S3) and phylogenomic analyses (Fig. S3B) confirmed that 
strain S2 belongs to a novel species affiliated with the phy-
lum Spirochaetota (see Supplementary information). The 
cells of this culture were spherical in shape and stained 
Gram-negative (Fig. S3E). Due to the loss of viability dur-
ing repeated subculturing in our laboratory conditions, 
it is referred to as Candidatus status to describe this spe-
cies. Cells of strain S2 are spherical shaped (0.8–0.9  μm 
in diameter) and Gram negative. Growth occurs in media 
with pH 6.5 to 8.8, and the optimum pH ranges between 
pH 7.0 and 8.0. They require at least 0.5% NaCl for growth 
and could tolerate up to 5.5%. Optimum growth occurs at 
18–23  °C, with a range for growth of 4–28  °C. The dou-
bling time under optimal conditions [20  °C, 2% (w/v) 
NaCl, pH 7.5] are 1.5–2.0 h. Shows negative reactions for 
catalase, indole production and cellulose, chitin, and gela-
tin hydrolysis. Growth is possible from 0.1 to 50 MPa of 
hydrostatic pressure. Chemoorganoheterotrophic growth 
is possible. Sodium thioglycolate is required as reducing 
agent for growth. Growth is possible on glucose, pyruvate, 
and acetate. However, xylan, chitin, and cellulose are not 
utilized for growth. Grow under strict anaerobic condi-
tions by fermenting glucose. Sulfate, sulfite, thiosulfate, 
and nitrate are not utilized as terminal electron acceptor. 
The genomic G + C content is 46.87%.



Page 17 of 22Yadav et al. Microbiome           (2024) 12:98 	

Description of Lutibacter atrimaris sp. nov.
L. atrimaris (at.ri.ma’ris. L. adj. ater, black; mare, -is, sea; 
N.L. gen. n. atrimaris, of the Black Sea).

Two bacterial strains (B1T and B2) were isolated on a 
pyruvate-containing medium (BS8; see “Materials and 
methods” for details; Fig. 1). They share 96.3% 16S rRNA 
gene sequence similarity with Lutibacter profundi LP1T 
(Fig. S4A) and belong to an uncultivated clade (phylotype 
10972)7 (Lutibacter ASV_02820) [5] of the order Flavo-
bacteriales, within the phylum Bacteroidota. These taxa 
play a significant role in OM degradation in deep sulfidic 
marine environments [4, 5] (see Fig. S5A). Both strains 
display motile and small rod-shaped cells (0.2–0.3 × 3.0–
5.0  µm) that stain Gram-negative and are facultative 
anaerobic bacteria. They are negative for catalase, oxi-
dase, and chitinase activity but positive for cellulase and 
amylase activity. Additionally, they produce indole but do 
not perform denitrification. The growth occurs between 
pH 6.5 and 9.0 (optimum 7.0–8.0), and they tolerate up to 
5.5% NaCl, with optimum growth at 2–3%. The optimal 
growth temperature is 20–22  °C (range 4–35  °C). Their 
growth mode is chemoorganoheterotrophic. For growth, 
they utilize D-Glucose, D-mannitol, D-lactose, D-saccha-
rose, D-maltose, salicin, D-xylose, L-arabinose, cellobi-
ose, sucrose, and starch. However, they cannot grow with 
cellulose, D-melezitose, D-raffinose, D-sorbitol, L-rham-
nose, and D-trehalose. The genome contains genes of the 
2C-methyl-D-erythritol 4-phosphate (MEP) pathway and 
the mevalonate pathway of IPP biosynthesis Iso-C15:0, iso-
C15:1ω11C, iso-β-OH C15:0 (Table S49) and glycine iso-
β-OH C17:0 amide were present as major fatty acids (> 5%) 
in strains B1T and B2 along with minor amounts (< 5 
and > 1%) of iso-C13:0, anteiso-C15:1ω11C, anteiso-C15:0, 
C15:0, iso-C17:0, iso-α-OH C15:0, iso-β-OH C17:0, glycine 
iso-β-OH C15:0 amide, glycine iso-β-OH C16:0 amide, gly-
cine β-OH n-C16:0 amide, and glycine anteiso-β-OH C17:0 
amide. MK-6 is the predominant menaquinone. Phos-
phatidylethanolamines, ornithines, flavolipins, capnines, 
and glycine lipids are the major polar lipid groups with 
minor amounts (< 3.5%) of glutamine lipids and phos-
phatidylcholines [57]. G + C content is 30.2%. Type strain 
is B1T (= KCTC 62862 T = JCM 32877 T).

Description of “Candidatus Bradybacterium” gen. nov.
Bradyacterium (Bra.dy.bac.te’ri.um. Gr. adj. bradys, 
slow; N.L. neut. n. bacterium, a bacterium; N.L. neut. n. 
Bradybacterium, a slow-growing bacterium).

Two bacterial strains, S6 and L6, were isolated using 
cellobiose as the primary carbon source through repeated 
streaking on agar medium. Both strains exhibited 88.7% 
16S rRNA gene sequence similarity to Lentimicrobium 
saccharophilum TBC1T (Fig. S4A). Phylogenomic analy-
sis revealed their relation to an uncultivated lineage 

(phylotype 5079 of the family Lentimicrobiaceae) within 
the order Bacteroidales of the phylum Bacteroidota 
(Figs.  3 and S4B), known for its involvement in cyano-
bacterial necromass degradation in sulfidic marine habi-
tats [7]. These strains were negative for catalase, oxidase, 
and chitinase activity but positive for cellulase and amyl-
ase activity. They possess a chemoorganoheterotrophic 
growth mode. The genome of both strains contains genes 
of the 2C-methyl-D-erythritol 4-phosphate (MEP) and 
mevalonate pathway of IPP biosynthesis.

Description of “Candidatus Bradybacterium flavum” sp. nov.
B. flavum (fla’vum. L. neut. adj. flavum, yellow, referring 
to the colony color).

In addition to the properties given in the genus 
description, this bacterium displays the following charac-
teristics: it appears as motile and small rods measuring 
0.2–0.3 × 3.0–5.0  µm. Visible colonies on agar medium 
take approximately 15–21  days to form. The cells stain 
Gram-negative and are strict anaerobes. They do not 
exhibit catalase, oxidase, or chitinase activity, but they 
show positive amylase and caseinase activity. Growth 
occurs within a pH range of 6.5–8.8, with the optimal 
pH being 7.0–8.0. It tolerates up to 5.5% NaCl, with the 
best growth observed at 2–3%. The optimum growth 
temperature is between 20 and 22 °C, and it can tolerate 
temperatures ranging from 4 to 30 °C. Chemoorganohet-
erotrophy is the sole growth mode. For growth, it utilizes 
D-glucose, cellobiose, sucrose, starch, and D-mannose. 
However, it cannot grow with cellulose, D-melezitose, 
D-raffinose, and D-trehalose. The genomic G + C content 
is 35.0%.

Description of Pseudodesulfovibrio turroides sp. nov.
P. turroides (tur.ro.i’des. L. n. turris, tower; L. suff. -oides, 
looking like; N.L. masc. adj. turroides, looking like a tower, 
referring to the unusual shape of the colonies).

Two bacterial strains (i.e., S3T and S3-i) were isolated 
under strict anaerobic conditions by repeatedly streaking 
on a pyruvate-containing medium (BS8; see “Materials 
and methods” for details; Fig. 1). Phylogenetic analysis of 
strains S3T and S3-i (Fig.  1B) indicated their close affili-
ation with an uncultivated clade of the family Desulfo-
vibrionaceae (Fig. S6A, B) while they shared 97.4% 16S 
rRNA gene sequence similarity with Pseudodesulfovi-
brio indicus J2T. Strains S3T and S3-i formed orange 
colored and tower-shaped colonies on agar medium 
(after 1 month of incubation) when incubated at 18–25 °C 
under strict anaerobic conditions (Fig. S6C,E). The orange 
colonies are quite surprising since no orange-pigmented 
members of the family Desulfovibrionaceae have previ-
ously been reported. Moreover, to the best of our knowl-
edge, there is no reported bacteria forming tower-shaped 
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colonies. Nevertheless, cells of both strains were of typi-
cal vibrio shape and stained Gram-negative (Fig. S6C, E). 
Comparative analysis of both strains with their nearest 
phylogenetic neighbors (Table S5) indicated they belong 
to a novel species within the family Desulfovibrionaceae 
of the phylum Desulfobacterota (see Supplementary 
information). The cells can tolerate short (30 min) expo-
sure to oxygen. They are motile, curved rods, measuring 
0.7–0.9 µm in width and 2.0–5.0 µm in length. They test 
negative for catalase and oxidase. Growth occurs under 
strictly anaerobic conditions at pH 6.5–8.8 (optimum 
7.5–8.0). At least 0.5% (w/v) NaCl is necessary for growth, 
and up to 5.5% is tolerated. The optimum growth tem-
perature is 18–23  °C, with a range of 4–30  °C. Pyruvate, 
acetate, L-Glutamate, aspartate, and fumarate are utilized 
for growth. Although chemolithoheterotrophic growth 
is possible, they preferably grow chemoheterotrophi-
cally. Sulfate serves as the terminal electron acceptor, and 
hydrogen is utilized as an energy source. Traces of yeast 
extract are required for growth, but added vitamins are 
not essential. Genes of 2C-methyl-D-erythritol 4-phos-
phate (MEP) pathway are present in the genome. iso-C15:0, 
anteiso-C15:0, C16:0, iso-C17:0, iso-C17:1ω8t, and C18:0 are 
present as major fatty acids (> 5%) with minor amounts 
(< 5 and > 1%) of iso-C16:1ω7t, iso-C16:0, iso-C17:1ω8, 
anteiso-C17:1ω8, anteiso-C17:0, iso-C19:1ω8t, and iso-C19:0 
(Table S48). The genomic G + C content is 56.6%. Type 
strain is S3T (= KCTC 15635 T = JCM 32483 T).

Description of “Candidatus Atrimarinoplasma 
cellobiosiphila”
Atrimarinoplasma (Atri.ma.ri.no.plas’ma. N.L. n. atrum, 
black; N.L. n. mare, sea; N.L. neut. n. plasma, something 
formed; referring to a black marine bacterium).

Cellobiosiphila (cel.lo.bi.o.si′phi.la. N.L. neut. n. 
cellobiosum cellobiose; N.L. fem. adj. phila from Gr. fem. 
adj. philê friendly to, loving; N.L. fem. adj. cellobiosiphila 
loving cellobiose).

A cellobiose-medium amended with the antibiotic 
rifampicin (100 µg mL−1) was used to enrich strain Izemo-
BS, a new member of the phylum Mycoplasmatota, and 
the enrichment level was found to be 22.2% based on 16S 
rRNA gene amplicon sequencing (Fig.  1A). The enrich-
ment of this strain with rifampicin was surprising as this 
antibiotic is mostly used for the enrichment of spiro-
chetes due to their resistance to it [95]. Although the strain 
could not be isolated, an almost complete MAG (97.3% 
completeness with 1.3% contamination) was recovered 
and revealed that Izemo-BS is a new taxon at the family 
level of the Mycoplasmatota phylum (Fig. S10A, B; see 
Supplementary information). 16S rRNA gene sequence 
(380  bp) of Izemo-BS shared only 85.59% similarity with 
Acholeplasma morum ATCC 33211  T. It showed highest 

similarity (< 84) with several uncultured 16S rRNA gene 
sequence of the members of phylum Mycoplasmatota. 
Within the MAG, a variety of transporters involved in the 
passage of phosphate, D-methionine, Fe2+, manganese, 
chromate, magnesium, cadmium, zinc, cobalt, biotin, maltose, 
lactose, L-arabinose, aspartate, glutamate, arginine, glu-
tamine, vitamin B12, oligopeptides, and dipeptides are pre-
sent. A variety of genes involved in nucleic acid degradation 
are also present. Cellobiose could be another important 
source for growth in addition to nucleic acids resistant to 
rifampicin. The G + C content of the MAG is 31.1%.

Description of “Candidatus Atrimarinobacter sulfidophilus”
Atrimarinobacter (Atri.ma.ri.no.bac’ter. N.L. n. atrum, 
black; N.L. n. mare, sea; N.L. masc. n. bacter; referring to 
a black marine bacterium).

Sulfidophilus (sul.fi.di.phi′lus. N.L. n. sulfidum sulfide; 
N.L. masc. adj. philus from Gr. adj. philos loving; N.L. 
masc. adj. sulfidiphilus sulfide-loving).

Strain Cloa-SY6, which belongs to the Cloacimonadota 
phylum, was enriched in a medium with 0.2 g L−1 of pro-
pionate (BS4; see “Materials and methods” for details; 
Fig. 2) from primary enrichments (cellulose with 4 mM of 
sulfide; Fig. 1B). An almost complete MAG (> 98% com-
pleteness, contamination 1.1; see Table S6) was obtained, 
and the 16S rRNA gene sequence contained in the MAG 
revealed that it had only 83–84% 16S rRNA gene sequence 
similarity with its nearest relatives, “Ca Cloacamonas 
acidaminovorans” and “Ca Syntrophosphaera thermo-
propionivorans” (see Figs. 3 and S8A, B). A CARD-FISH 
probe was specifically designed to target the 16S rRNA 
sequence (see Table S7), which revealed that the level 
of enrichment was approximately 17%, and that the cell 
morphology of the strain was spherical to oval and had a 
diameter of 0.9–1.0  μm (see Figs.  2 and S8C, D). When 
compared to closely related species, strain Cloa-SY6, it 
exhibited significant differences with respect to phyloge-
netic (Fig. S8A), phylogenomic (Fig. S8B), and physiologi-
cal (Table S8) properties and was determined to be a new 
taxon at the class level of the phylum Cloacimonadota 
(see Fig. S8; see Supplementary information).

16S rRNA gene sequence (1535 bp) of Cloa-SY6 shares 
83.8% similarity with “Candidatus Syntrophosphaera 
thermopropionivorans” of the phylum Cloacimonadota. 
The bacterium grows as oval to spherical shape with a 
diameter of 0.8–0.9  µm that may form chains. Sodium 
propionate is expected to be the preferred carbon source 
for growth. Cells can tolerate high sulfide concentra-
tion (> 2  mM) and are oligotrophic and psychrophilic. 
Within the MAG, a variety of transporters involved in 
the passage of phosphate, D-methionine, Fe2+, manganese, 
chromate, magnesium, cadmium, zinc, cobalt, biotin, ribo-
flavin, fatty acids, dicarboxylic acids, lactate, glutamine, 
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and vitamin B12 were detected. All the genes involved in 
the 2C-methyl-D-erythritol 4-phosphate (MEP) pathway 
of isoprenoid biosynthesis are present. The TCA cycle is 
incomplete with the steps from 2-oxoglutarate to fuma-
rate and the conversion of malate to oxaloacetate miss-
ing. The G + C content of the MAG is 34.3.

Description of “Candidatus Ponteuxinibacter sulfidophilus”
Ponteuxinibacter (Pont.eu.xi.ni.bac’ter. L. masc. n. and 
adj. Pontus Euxinus, Black Sea; L. masc. n. bacter, rod; 
N.L. masc. n. Ponteuxinibacter, rod-shaped bacterium 
from the Black Sea).

Sulfidophilus (sul.fi.di.phi′lus. N.L. n. sulfidum sulfide; 
N.L. masc. adj. philus from Gr. adj. philos loving; N.L. 
masc. adj. sulfidiphilus sulfide-loving).

In the enrichment with 4  mM sulfide (Fig.  1A), the 
microbial community showed the presence of Igna-
SY6, which was found to make up to 8% of the commu-
nity, as confirmed by 16S rRNA gene amplicon analysis 
(Fig.  2). Using a specially designed CARD-FISH probe 
(Table S7), it was determined that the cell morphol-
ogy of Igna-SY6 was rod-shaped, measuring 5–6 × 0.8–
0.9  μm (Fig. S9C, D). The high-quality MAG obtained 
(> 98% completeness; Table S6) indicated that Igna-SY6 
was affiliated with the family Ignavibacteriaceae of the 
Ignavibacteriota phylum and was classified as a novel 
taxon (Fig. S9A, B; see Supplementary information). 16S 
rRNA gene sequence of Igna-SY6 shares 88.0% (407 bp) 
similarity with Ignavibacterium album JCM 16511  T of 
the family Ignavibacteriaceae of the phylum Ignavibac-
teriota. The cell morphology of the bacterium is rod 
shaped with 4–5 μm in length and 0.5–0.6 μm in width 
(Table S14). Genome indicates the utilization of starch, 
cellulose, cellobiose, glucose, and pyruvate. Cells can 
tolerate high sulfide concentration (> 2 mM) and are oli-
gotrophic and psychrophilic. Within the MAG, a vari-
ety of transporters involved in the passage of phosphate, 
Fe2+, manganese, chromate, magnesium, cadmium, 
zinc, cobalt, bicarbonate, biotin, glucose, hexuronate, 
L-arabinose, glutamate, putrescine, vitamin B12, and 
dipeptides were detected. The MAG contains all the 
genes involved in the 2C-methyl-D-erythritol 4-phos-
phate (MEP) pathway of isoprenoid biosynthesis. Trans-
porter systems for phosphate, aspartate/glutamate/
glutamine, and cystine are present. The G + C content of 
the MAG is 32.9.

Description of “Candidatus Atrisphaera chitinolytica”
Atrisphaera (A.tri.sphae’ra. L. masc. adj. ater, black, dark; 
L. fem. n. sphaera, sphere; N.L. fem. n. Atrisphaera, a 
spherical-shaped bacterium from the Black Sea).

Chitinolytica (chi.tin.o.lyt’i.ca. chem. term chitin, chitin, 
a polysaccharide; Gr. adj. lytos, soluble; M. L. fem, adj. chi-
tinolytica, dissolving chitin).

Incubation using chitin in a diluted (0.2  g L−1) growth 
medium (BS5; see “Materials and methods” for details) 
at 10  °C resulted in enrichment of a new member of the 
Planctomycetota phylum, named Plnct-SY6 (Fig. 2). A high 
degree of enrichment (40–50%) and a spherical-to-oval-
shaped cell morphology with a diameter of 1.0–1.2 μm was 
assessed by using CARD-FISH with a specific probe based 
on the 16S rRNA gene sequence (Table S7; Fig. S7C, D). 
Although isolation of Plnct-SY6 could not be achieved, a 
high-quality metagenome assembled genome (MAG) was 
recovered (Table S6), confirming that the isolate Plnct-SY6 
represents a new taxon at the family level of the Plancto-
mycetota phylum (shown in Fig. S7A, B; see Supplementary 
information). Plnct-SY6 shared 91.25% (413 bp) 16S rRNA 
gene sequence similarity with Limihaloglobus sulfuriphilus 
SM-Chi-D1T of the family Sedimentisphaeraceae of the 
phylum Planctomycetota. Cells are oval to spherical shape 
with a diameter of 0.8–0.9 µm. It was found to be positive 
for chitinolytic activity, and the genome sequence indicated 
its ability to utilize starch, cellulose, cellobiose, glucose, 
and pyruvate. Plnct-SY6 can tolerate high sulfide concen-
tration (> 2 mM) and is characterized as oligotrophic and 
psychrophilic. Within the MAG, a variety of transporters 
involved in the passage of phosphate, D-methionine, Fe2+, 
manganese, chromate, bicarbonate, magnesium, cadmium, 
zinc, cobalt, biotin, glucose, trehalose, L-lactate, putres-
cine, dicarboxylic acids, vitamin B12, oligopeptides, and 
dipeptides were detected. The MAG contains all the genes 
involved in the 2C-methyl-D-erythritol 4-phosphate (MEP) 
pathway of isoprenoid biosynthesis. The G + C content of 
the MAG is 41.3.

Description of “Candidatus Euxinilinea sulfidophila”
Euxinilinea (Eu.xi.ni.li’ne.a. N.L. fem. n. Euxinus, pertain-
ing to the Black Sea; L. fem. n. linea, a line, thread; refer-
ring to a bacterium isolated from the Black Sea, forming 
thread-like structures).

Sulfidophila (sul. fi. do’phi, la. Gr. adj. philus loving; 
M.L. adj. sulfidophila sulfide-loving.

A member (Chflx-SY6) of the phylum Chloroflexota was 
identified in the enrichments containing 4  mM of sulfide 
(Fig.  1B), albeit with a low relative abundance of 1% as by 
using 16S rRNA gene amplicon and CARD-FISH analyses. 
We were unable to increase its abundance in further enrich-
ment experiments. Nonetheless, a high-quality MAG of 
Chflx-SY6 with an almost complete 16S rRNA gene sequence 
(1509 bp) was recovered. The 16S rRNA gene sequence had 
a similarity of only 91.2% with its closest cultured relative, 
Ornatilinea apprima P3M-1  T [96], and < 90.8% similarity 
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with other cultivated members of the Chloroflexota phylum. 
(Fig. S9A). A comparative genomic analysis with its nearest 
phylogenetic neighbor revealed that Chflx-SY6 represents 
probably a novel genus within the Chloroflexota phylum 
(Table S9, and Fig. S9A-C; see Supplementary information). 
Cells are rod shape with a length of 4.0–5.0 µm. Within the 
MAG, a variety of transporters involved in the passage of 
phosphate, D-methionine, Fe2+, manganese, magnesium, 
cadmium, nickel, calcium, potassium, L-cystine, zinc, cobalt, 
sulfate, biotin, maltose, L-lactate, L-arabinose, sialic 
acid, spermidine, putrescine, arginine, glutamine, vitamin 
B12, oligopeptides, and dipeptides were detected. The MAG 
contains all the genes involved in the mevalonate pathway of 
isoprenoid biosynthesis. Its genome also contains the com-
plete gene repertoire of the Wood-Lunjdahl pathway (Fig. 4; 
Fig. S22), supporting its potential role in CO2 fixation in the 
deep sulfidic waters of the Black Sea. G + C content of the 
MAG is 43.1.
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