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Abstract 25 

As Arctic soil ecosystems warm due to climate change, enhanced microbial activity is 26 

projected to increase the rate of soil organic matter degradation. Delineating the diversity and 27 

activity of Arctic tundra microbial communities active in decomposition is thus of keen 28 

interest. Here, we describe novel cold-adapted bacteria in the genus Mucilaginibacter 29 

(Bacteroidota) isolated from Artic tundra soils in Finland. These isolates are aerobic 30 

chemoorganotrophs and appear well adapted to the low-temperature environment, where they 31 

are also exposed to desiccation and a wide regime of annual temperature variation. Initial 16S 32 

rRNA-based phylogenetic analysis suggested that five isolated strains represent new species 33 

of the genus Mucilaginibacter, confirmed by whole genome-based phylogenomic and 34 

average nucleotide identity. Five novel species are described: Mucilaginibacter geliditolerans 35 

sp. nov., Mucilaginibacter tundrae sp. nov., Mucilaginibacter empetricola sp. nov., 36 

Mucilaginibacter saanensis sp. nov. and Mucilaginibacter cryoferens sp. nov. Genome and 37 

phenotype analysis showed their potential in complex carbon degradation, nitrogen 38 

assimilation, polyphenol degradation and adaptation to their tundra heath habitat. A 39 

pangenome analysis of the newly identified species alongside known members of the 40 

Mucilaginibacter genus sourced from various environments revealed the distinctive 41 

characteristics of the tundra strains. These strains possess unique genes related to energy 42 

production, nitrogen uptake, adaptation, and the synthesis of secondary metabolites that aid in 43 

their growth, potentially accounting for their prevalence in tundra soil. By uncovering novel 44 

species and strains within the Mucilaginibacter, we enhance our understanding of this genus 45 

and elucidate how environmental fluctuations shape the microbial functionality and 46 

interactions in Arctic tundra ecosystems. 47 
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Introduction 51 

More than one-third of the global organic carbon pool is stored in Arctic and boreal 52 

ecosystems, which are under the threat of re-mineralization from increased microbial activity 53 

due to global warming [1, 2]. Microbes play a vital role in nutrient cycling by decomposing 54 

soil organic carbon and raising greenhouse gas emissions [3]. Arctic tundra soils harbour 55 

diverse microbial communities dominated by members of the phyla Actinomycetota, 56 

Acidobacteriota, Pseudomonadota, Verrucomicrobiota and Bacteroidota [4–7]. Among these, 57 

the Bacteroidota are Gram-negative bacteria found in diverse habitats such as soil, 58 

freshwater, ocean, plants, and the gastrointestinal tract of animals [8, 9]. Numerous species 59 

within the Bacteroidota are recognized for their ability to break down complex organic 60 

material [8]. The distribution and activity of different members of the tundra soil microbiota 61 

[10–14] is associated with soil organic matter breakdown and nutrient cycling in these 62 

environments. Increased biodegradation of sequestered carbon in these regions is expected to 63 

be a significant contributor to greenhouse gas emissions [15, 16]. 64 

The genus Mucilaginibacter was proposed in 2007 with the type-species 65 

Mucilaginibacter paludis, isolated from a Siberian peat bog and named because of its mucus-66 

producing nature [17]. The genus belongs to the family Sphingobacteriaceae in the phylum 67 

Bacteroidota [17]. The genus currently comprises over 80 species with validly published 68 

names (https://lpsn.dsmz.de/) [18]. Members of the genus have been isolated from diverse 69 

habitats, including aquatic ecosystems, glaciers, soil, plants, and peatlands [11, 19–22]. 70 

Several cold-adapted strains affiliated with the genus Mucilaginibacter have previously been 71 

isolated from the Arctic tundra soils [11]. Members of Mucilaginibacter play a vital role in 72 

the degradation of complex carbon. Their abundance in environments rich in soil organic 73 

matter, such as tundra soils, suggests their role in carbon cycling [17]. Moreover, 74 

Mucilaginibacter strains produce extracellular polymeric substances, thereby making them 75 

well adapted to fluctuating extreme conditions of tundra soils [23]. Though members of the 76 

genus Mucilaginibacter are present in diverse habitats, little is known about what shapes their 77 

taxonomic diversity and their ecological roles and niches in these habitats. The current study 78 

reports on five new species of Mucilaginibacter isolated from the Arctic tundra heath soils of 79 

northern Finland. Moreover, to understand the ecological significance, abundance, and 80 

diversity of Mucilaginibacter strains in the tundra soils, the genomes of these strains are 81 

compared with the genomes of Mucilaginibacter species isolated from other habitats. We also 82 

examined the distribution of the Mucilaginibacter in a set of tundra heath soils from which 83 
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the novel species were isolated. This study expands our understanding of the diversity, 84 

ecological significance, and role of Mucilaginibacter strains in complex carbon degradation 85 

and cycling in Arctic tundra soils. 86 

 87 

Materials and Methods 88 

Strain isolation 89 

Mucilaginibacter strains were isolated from tundra soil samples collected from the Kilpisjärvi 90 

region, Finland (69°01′N, 20°50′E). Strains E4BP6, X5P1 and X4EP1 were isolated from soil 91 

sampled in July 2012 from the north side of Mt. Pikku-Malla in Malla Nature Reserve; strain 92 

SP1R1 was isolated from the north side of Mt. Saana; and strain FT3.2 was isolated from a 93 

soil incubation experiment after three freeze-thaw cycles of soil sampled from Mt. Pikku-94 

Malla [10]. Isolation and characterization of strains M. mallensis MP1X4, M. lappiensis 95 

ANJLi2 and MP601 are described in [11]. Several carbon substrates were tested during the 96 

isolation and different strains were cultivated with different media. Strains FT3.2 and SP1R1 97 

were isolated using R2A (pH 7). Strains X5P1 and X4EP1 were isolated using a mixture of 98 

carboxymethyl cellulose, xylan, pectin and starch (each at 0.25 gl-1) in VL55 mineral salt 99 

medium [24] amended with yeast extract (0.1 gl-1) and agar (20 gl-1) and pH adjusted to 4.5. 100 

Strain E4BP6 was isolated on a medium containing soil and Empetrum extract. Empetrum 101 

extract was prepared from 28 g of crowberry (Empetrum nigrum) leaves in 400 ml of water 102 

by shaking (220 rpm) for 30 min. Soil extract was prepared by shaking 20 g of soil for 6 h, 103 

after which it was centrifuged (4000G/5 min), and the extract was decanted and autoclaved 104 

for further use. The growth medium contained 100 mll-1of empetrum extract, 300 mll-1 soil 105 

extract, 0.2 gl-1 yeast extract and 250 mll-1 VL55 mineral medium. All strains were 106 

maintained either on R2A or GY medium at pH 5.5-6.0. GY medium contained glucose (1 gl-107 
1) and yeast extract (0.5 gl-1) in VL55. 108 

 109 

Analysis of Mucilaginibacter community in tundra heath soils 110 

Soil samples were collected from tundra heaths of Mt. Pikku Malla in Malla Nature 111 

Reserve, Kilpisjärvi (69°03’50” N, 20°44’40” E), with differences in topography that 112 

dramatically influence snow accumulation. Four plots representing windswept slopes and 113 

four plots corresponding to snow-accumulating biotopes were sampled at a depth of <5 cm in 114 
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February 2013, as described previously [25]. Composite soil samples of 5 soil cores were 115 

taken from each plot, with three subsamples from each composite sample used for DNA 116 

extraction with a CTAB-based method [25].  117 

Near full-length bacterial rRNA operons were amplified from extracted DNA using 118 

16S rRNA-27F and 23S rRNA-2241R primers, <10 ng template DNA, and a High-Fidelity 119 

Taq Polymerase (Biomake Inc., CA, USA; [26]) with PCR conditions and rRNA operon 120 

amplicon analysis as described in [27]. Library construction utilized the SQK-LSK108 121 

sequencing kit and sequencing via the Oxford Nanopore MinION (Oxford, UK). The fast5 122 

files were basecalled using Guppy (3.2.0). Raw reads were demultiplexed with Guppy and 123 

sized (3700-5000 bp) using Geneious (11.1.5). FastA files were initially screened via 124 

MegaBLAST (2.10.0) against the ribosomal RNA operon database (rOPDB; [28]) to 125 

determine the raw reads associated with the Mucilaginibacter spp. These reads were re-126 

screened against a modified database amended with rRNA operons from the new 127 

Mucilaginibacter strains described in this study. Best BLAST hits (BBHs) were identified 128 

using the following settings: word size: 60, match/mismatch cost: 2/-3, gap open/extend 129 

penalties: 0/−4, and e-value: 1x10-10. Relative abundances of the different Mucilaginibacter 130 

spp. were calculated from the combined reads of four replicate soil samples, each from the 131 

windswept and snow-accumulating plots. 132 

 133 

Phenotypic and FAME analysis 134 

The assimilation of various carbon sources by Mucilaginibacter strains was tested using 135 

Biolog PM2A plates (Biolog Inc, Hayward, CA). The isolates were inoculated in the PM2A 136 

plates and incubated at 25℃ for 7 days. Growth in the PM2A plate wells was observed by 137 

measuring the OD at 600 nm and by checking for a change in the redox indicator colour. 138 

Growth temperature limits were tested by cultivating the strains on R2A plates (pH 6) for 2 139 

weeks at 2-34°C. The effect of pH on growth was evaluated at 20°C by growing the strains in 140 

liquid GY medium at pH 4.0-8.0 (in 0.5 pH unit increments) in 96-well microtiter plates.  141 

Cellular fatty acids were analyzed from cells grown on R2A agar (pH 6) at 20 °C for 3 142 

days. Total fatty acids were methylated as described earlier [29] and analyzed by gas 143 

chromatography-mass spectrometry (Agilent 6890 Series Gas Chromatography System and a 144 

5973 Mass Selective Detector, Santa Clara, CA) with an HP-5MS column (30 m, 0.25 mm 145 

i.d., 0.25 µm film thickness) with helium as the carrier gas. Fatty acid methyl esters were 146 

identified by their retention times (ECL values) and mass spectra. 147 
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 148 

Genome sequencing and assembly generation 149 

DNA was extracted from the isolates using the DNeasy UltraClean Microbial Kit (Qiagen) 150 

according to the manufacturer’s instructions. The genomes of the five new Mucilaginibacter 151 

strains were sequenced using the Oxford Nanopore MinION. The genomic libraries were 152 

prepared using the MinION Rapid Sequencing Kit (SQK-RAD004) followed by sequencing 153 

on MinION-Mk1C with R9.4 flow cell. The raw pod5 reads were basecalled with Dorado 154 

basecaller v0.4.3 in high accuracy mode. All the studied strains also had Illumina short-read 155 

sequences publicly available via the JGI Genome Portal (Table S1). The basecalled fastq 156 

reads of strains (X5P1, E4BP6, X4EP1, SP1R1) were assembled using Trycycler tool v0.5.4 157 

[30]. Conversely, the reads of strain FT3.2 were assembled using Flye assembler v2.9.3 since 158 

Trycycler was unable to assemble a complete genome for the strain due to slightly lower read 159 

coverage. Trycycler generates assemblies using Flye v2.9.3 [31], Minipolish v0.1.3 [32] and 160 

Raven v1.8.3 [33] assemblers at default settings. The Trycycler-generated assemblies were 161 

polished using Nanopore and Illumina reads using Medaka v1.11.1, Polypolish v0.5.0 [34] 162 

and POLCA tool v4.1.0 [35]. The Flye-generated assembly of the strain FT3.2 was polished 163 

according to a previously described method [36]. Briefly, the Flye-generated assembly was 164 

polished with Nanopore reads using two rounds of Racon v1.4.3 and one round of Medaka 165 

Polisher v1.11.1. Finally, the Nanopore polished assembly was polished with Illumina short 166 

reads using Polypolish v0.5.0 & POLCA v4.1.0 tool. The final assembly of all the studied 167 

strains was checked for completeness & contamination using CheckM tool v1.2.2 [37] and 168 

genome quality using QUAST tool v5.2.0 [38]. Assembly and genome statistics of the 169 

Mucilaginibacter strains are listed in (Table S2). 170 

 171 

Genome analysis 172 

The genome assembly of all the tundra Mucilaginibacter strains were uploaded to the RAST 173 

server for annotation using subsystem technology [39–41]. Additionally, the genomes were 174 

analyzed using DRAM [42] and METABOLIC tool v4.0 [43, 44] to predict metabolic and 175 

biogeochemical functional traits. The metabolic tool annotates microbial genomes using 176 

KEGG [45], Pfam [46], custom hidden Markov model (HMM) [47], and TIGRfam databases 177 

[48]. The secondary metabolites encoded by the tundra strains were predicted using the 178 

antiSMASH v7 tool [49], while the proviral sequences present in the bacterial strains were 179 
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predicted by the geNomad v1.8.0 tool [50]. The anti-phage defence systems in the genomes 180 

were evaluated using the Defense Finder web service [51]. Polyphenol metabolism by the 181 

isolates was assessed by using the CAMPER tool [52]. 182 

 183 

Phylogenetic, Phylogenomic and pangenome analysis 184 

The 16S rRNA gene sequence was extracted from the whole genome assembly of each tundra 185 

isolate using the Basic Rapid Ribosomal RNA Predictor (Barrnap v0.9) tool. The extracted 186 

16S rRNA gene sequences were aligned with all Mucilaginibacter species, and a maximum 187 

likelihood tree was prepared using MEGA 11 [53] with 1000 bootstrap replications. The 188 

phylogenomic analysis of the Mucilaginibacter strains was done as described previously [54]. 189 

Briefly, UBCG v3 [55] was used for the phylogenomic tree construction of the strains. The 190 

UBCG v3 tool extracts the conserved genes from all the strains and prepares the tree using 191 

RAxML [56]. The average nucleotide identity (ANI) values between the strains were 192 

calculated using the OrthoANI tool [57]. The digital DNA-DNA hybridisation (dDDH) 193 

values were evaluated using the genome-to-genome distance calculator [58]. 194 

 The pangenome analysis of the eight strains isolated from tundra soil with 42 195 

genomes of publicly available Mucilaginibacter strains isolated from water, soil, moss, 196 

glacier, plant, and rhizosphere samples was done using anvi'o v8 [59] following previously 197 

described methods [60]. A contig database of all the genomes was created, followed by 198 

annotation using NCBI-COGs, tRNA-scan, single-copy core gene (SCG)-taxonomy, and 199 

KEGG database. The pangenome was calculated using NCBI-BLAST search, and the 200 

Markov Cluster algorithm (MCL) [61] at an inflation value of 6 was used to cluster the amino 201 

acids based on sequence similarity. Finally, the core and unique genes and functional 202 

enrichment between the strain’s category were computed with anvi-compute-functional-203 

enrichment-in-pan command using COG20-pathways and KEGG-module annotations. 204 

 205 

Results and Discussion 206 

Tundra isolates represent novel species of Mucilaginibacter 207 

Five bacterial strains were isolated from tundra heath soils. The initial 16S rRNA gene-based 208 

phylogenetic analysis denoted that these strains were members of the genus Mucilaginibacter 209 

(Fig. S1). Further whole genome-based phylogenomic analysis indicated that the Arctic 210 
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Mucilaginibacter strains are distributed across the genus (Fig. 1). The strains E4BP6 and 211 

FT3.2 were distant from any described Mucilaginibacter species. In contrast, strain X5P1 212 

clustered with M. mallensis MP1X4, strain X4EP1 clustered with M. frigoritolerans FT22 213 

and strain SP1R1 clustered with M. pocheonensis 3262. The calculated ANI and dDDH 214 

values between the tundra strains and their closest relatives from the phylogenomic analysis 215 

were all below the threshold value used for species delineation (Table 1). The ANI and dDDH 216 

similarities, along with their placements in the phylogenomic tree (Fig. 1), clearly separate 217 

the tundra heath isolates from known species. Here we describe five novel species of the 218 

genus Mucilaginibacter with their respective type strains, for which we propose the names 219 

Mucilaginibacter geliditolerans sp. nov. X5P1, Mucilaginibacter tundrae sp. nov. E4BP6, 220 

Mucilaginibacter empetricola sp. nov. X4EP1, Mucilaginibacter saanensis sp. nov. SP1R1, 221 

and Mucilaginibacter cryoferens sp. nov. FT3.2. The complete circular phylogenomic tree of 222 

all Mucilaginibacter species is shown in (Fig. S2). 223 

 224 

Novel Mucilaginibacter species are polyphenol and complex carbohydrate-degrading 225 

specialists 226 

The genomic features of the tundra strains analyzed using Metabolic and RASTtk tools 227 

provided insights into their potential metabolic functions and activities in tundra soils. The 228 

genome features were sorted into functional hits (Table S3), indicating that the tundra strains 229 

were mainly involved in the degradation of phenolic and other complex carbon compounds, 230 

fermentation, and metal reduction. The members of the phylum Bacteroidota are known for 231 

their ability to degrade complex carbohydrate substrates. Carbon source utilization by the 232 

tundra isolates is shown in (Table S4). The genome analysis showed that all the members of 233 

the Mucilaginibacter genus can degrade carbohydrates, such as cellulose, xyloglucans, mixed 234 

linked glucans, and arabinan (Fig. 2). This predicted carbohydrate degradation ability of the 235 

various Mucilaginibacter strains was not specific to any niche; as they are present in all the 236 

strains isolated from different habitats. Tundra soils store substantial amounts of organic 237 

carbon in the form of plant litter and soil organic matter that is susceptible to degradation by 238 

microbial activity due to rise in temperatures [7]. Previous studies indicated that members of 239 

the phylum Bacteroidota were more abundant in tundra soils subjected to freeze-thaw cycles 240 

[10] and increased at lower temperatures in an incubation experiment [62]. Moreover, the 241 

higher abundance of Bacteroidota under light reindeer grazing [62] and lower N availability 242 

[7] suggests that they are well adapted to the nitrogen-limited tundra heaths dominated by 243 
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ericaceous shrub vegetation that produces complex, polyphenol-rich plant and fungal biomass 244 

in soil [63]. Several previous studies indicated an acceleration of litter decomposition in the 245 

tundra ecosystem due to increased microbial activity [64–66]. The presence of 246 

Mucilaginibacter strains in tundra sites suggests a role in litter decomposition and carbon 247 

recycling. Moreover, functional hits for fermentation processes were also observed in the 248 

tundra isolates. Many Mucilaginibacter strains are facultative anaerobes [67–70] and gain 249 

energy from fermentation under anaerobic conditions. 250 

Tundra soil habitats are characterized by high plant-derived phenolic compounds [71]. 251 

In Fennoscandian tundra ecosystems, shrub-dominated vegetation has been shown to 252 

correlate positively with a higher proportion of (poly)phenolic compounds in soils [63, 72]. 253 

As the shrub-dominated tundra contains ample amounts of polyphenols and related 254 

compounds, the Mucilaginibacter strains were evaluated for their ability to metabolise 255 

polyphenols using the CAMPER tool. The analysis indicated that the strains harbour enzymes 256 

for the degradation of aromatic hydrocarbons, flavonoids, lignans, phenolic acids and other 257 

polyphenols (Fig. 3A). The occurrence of genes involved in the degradation of polyphenols 258 

and other aromatic compounds in the Mucilaginibacter strains suggests their role in the 259 

degradation of plant phenolic compounds in the ericaceous shrub-dominated tundra soils. 260 

 261 

Novel Mucilaginibacter species are well-adapted to cold tundra ecosystems and harbour 262 

prophages and anti-phage systems 263 

Annotation with the RASTtk toolkit provided further insights into the metabolic adaptations 264 

of the Mucilaginibacter strains to the tundra soil habitat. The RAST annotation showed that 265 

the tundra strains harboured genes involved in osmotic, periplasmic, and cold stress responses 266 

(Table S5). Genes involved in DNA repair were also prominent in the studied strains (Table 267 

S5). The tundra ecosystem is an extreme environment characterised by seasonal changes in 268 

temperature, including freeze-thaw cycles, that lead to osmotic and cold stress. Microbes 269 

produce various biomolecules for their protection to withstand the extreme conditions of their 270 

environment. The presence of osmotic, periplasmic, and cold stress response proteins in the 271 

genomes of Mucilaginibacter strains indicates the adaptational potential of the strains to their 272 

environment. 273 

Bacteriophages can affect bacterial populations and community diversity by 274 

mediating horizontal gene transfer, altering the competitiveness among bacterial strains, and 275 
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maintaining bacterial diversity [73]. In addition to promoting bacterial speciation by 276 

horizontal gene transfer events by prophages, bacteriophages also decrease speciation by 277 

inducing directional selection of the bacterial cells [74]. The genomes of the novel 278 

Mucilaginibacter strains (ANJLi2, E4BP6, SP1R1, X4EP1) contain many proviral sequences 279 

(Table S6). The presence of these prophage regions in the genomes suggests that they might 280 

be helpful in horizontal gene transfer and facilitate the adaptive evolution of strains 281 

harbouring them. Since prophage regions were detected in some Mucilaginibacter genomes, 282 

anti-phage defence systems were also explored in the strains. The tundra strains harbour anti-283 

phage defence genes that may protect them from phage attacks, promoting speciation events 284 

by limiting phage infection that lowers the speciation in bacteria (Fig. 3B). 285 

 286 

Novel Mucilaginibacter species are highly suited to nitrogen-deficient tundra soils and 287 

produce a wide array of secondary metabolites 288 

The Arctic tundra ecosystems are nitrogen-limited with low inorganic nitrogen 289 

concentrations, restricting microbial growth [75]. Microbes adapt and survive in these 290 

nitrogen-limiting environments by developing systems to acquire and transport scarce 291 

nitrogen into the cell. Nitrogen assimilation genes were therefore investigated in the 292 

Mucilaginibacter strains isolated from nitrogen-limited tundra soil sites (Table S7). Genes for 293 

assimilatory nitrite and nitrate reduction that convert the inorganic nitrate/nitrite into usable 294 

organic nitrogen compound, i.e., ammonia, were present. Moreover, the transporters for 295 

nitrate/nitrite were also present in the genomes. Additionally, ammonia uptake, transport and 296 

assimilation genes were found in the Mucilaginibacter genomes (Table S7). The 297 

Mucilaginibacter strains appeared to be capable of assimilating both inorganic and organic 298 

forms of nitrogen from the environment. 299 

The tundra soil Mucilaginibacter strains harbour gene clusters for the synthesis of 300 

various secondary metabolites (Fig. 3C). Microbes synthesise secondary metabolites that 301 

primarily function as defence mechanisms and inhibit the growth of other microbes, thereby 302 

allowing them to compete for resources in their surroundings [76]. They also help their 303 

adaptation to enhance their survival and perform other functions, such as communication and 304 

establishing symbiotic relations with other microbes [77]. The metabolites synthesised by the 305 

predicted gene clusters of the Mucilaginibacter strains function as antimicrobial agents, 306 

inhibiting the growth of other bacteria, viruses and fungal strains. They also help in 307 



11 
 

communications, thereby likely providing a competitive advantage of the Mucilaginibacter 308 

spp. in these tundra habitats. 309 

 310 

Comparative pangenome analysis of tundra isolates uncovers distinct and shared 311 

functions 312 

Tundra isolates were compared with other Mucilaginibacter strains isolated from different 313 

habitats. Pangenome analysis of eight tundra strains with 42 other Mucilaginibacter species 314 

identified 50,667 gene clusters with 241,695 genes in common (Fig. 4).  Single-copy core 315 

gene (SCG) clusters were present in all 50 genomes. The unique genes in the tundra strains 316 

are involved in functions such as fatty acid biosynthesis, pyrimidine degradation, and NADH 317 

dehydrogenase, as evaluated by COG20 pathway prediction (Table 2).  Microbes in the cold 318 

tundra ecosystem are subjected to harsh conditions, and various biomolecules need to be 319 

synthesized for protection and survival. One of the challenges in cold-temperature habitats is 320 

maintaining cell membrane fluidity. Microbes inhabiting cold environments synthesise 321 

unsaturated, branched-chain and shorter acyl-chain fatty acids and incorporate these in the 322 

cell membranes to maintain cell fluidity [78–80]. The primary cellular fatty acids of the 323 

Mucilaginibacter isolates are iso-C15:0, C16:0, C16:1ω7c/iso-C15:0 2-OH (co-elute), iso-324 

C17:1, C16:0 3-OH and iso-C17:0 3-OH (Table S8). Pyrimidine degradation is useful in 325 

microbes as it helps recycle and assimilate nitrogen for growth [81]. As tundra soils are 326 

mostly nitrogen deficient, Mucilaginibacter strains use nitrogen recycled from pyrimidine 327 

degradation for growth. Further, the NADH dehydrogenase synthesising gene cluster was 328 

uniquely present in the tundra strains. There are two types of NADH dehydrogenases present 329 

in the bacteria viz. NADH-1 enzyme complex and NADH-2 [82]. NADH-1 enzyme complex 330 

translocates protons across the cell membrane and oxidises NADH to NAD+, producing 331 

energy, while NADH-2 is nonproton-translocating in nature [83]. The tundra strains contain 332 

the NADH-1 type enzyme complex in the genome, suggesting their energy generation and 333 

survivability capabilities in harsh environments. KEGG module prediction of the unique 334 

genes of the tundra strains revealed functions such as aerobactin biosynthesis from lysine, 335 

catecholamine biosynthesis, melatonin biosynthesis, and dihydrokalafungin biosynthesis 336 

from octaketide (Table 2).  Aerobactin is a siderophore that is helpful in the assimilation of 337 

iron from the environment and is essential for microbial growth [84]. Iron is a crucial 338 

cofactor in various enzymes involved in cellular processes, including respiration, DNA 339 

synthesis and oxidative protection [85]. Catecholamines are essential to bacterial growth by 340 
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assisting iron utilization [86, 87]. Biosynthesis of the aerobactin siderophore and 341 

catecholamine by the tundra Mucilaginibacter strains suggest the importance of iron uptake 342 

potential for adaptation to the alpine-tundra ecosystem. Melatonin is helpful in the protection 343 

of bacterial cells from reactive oxygen species [88, 89], whereas dihydrokalafungin acts as an 344 

antimicrobial agent that kills or slows down the growth of microbes [90, 91]. In summary, the 345 

tundra soil Mucilaginibacter strains contain unique gene clusters that are helpful in the 346 

adaptation of the strains to extreme conditions, nitrogen and iron assimilation, energy 347 

generation, and growth. Moreover, the genomes of these strains contain genes for complex 348 

carbon degradation, response proteins to stressors, polyphenol degradation, biogeochemical 349 

cycling, secondary metabolite synthesis helpful for growth and survival, etc., thereby 350 

supporting their occurrence in extreme habitats such as tundra soil. 351 

 The comparative genome analysis also revealed the core, shared genes and functions 352 

present in all the analyzed Mucilaginibacter species (Fig. S3). The genes for amino acid 353 

biosynthesis, like arginine, aromatic amino acid, glutamine, histidine, isoleucine, leucine, 354 

valine, lysine, and serine were present in all the Mucilaginibacter spp. Moreover, the genes 355 

for central carbon metabolism, like glycolysis, pyruvate oxidation, TCA cycle, pentose 356 

phosphate pathway and gluconeogenesis, were observed in all the strains. Additionally, other 357 

metabolic functions, such as FoF1-type ATP synthase, biotin, folate, heme, isoprenoid, 358 

lipoate, menaquinone, NAD, phospholipid, purine & pyrimidine, riboflavin, thiamine, and 359 

ubiquinone biosynthesis were common in all the strains. The detection of cofactor and 360 

coenzyme synthesis genes, along with central carbon and amino acid metabolism, in the core 361 

genome of Mucilaginibacter spp. indicates their capability to effectively utilize resources for 362 

growth, adaptation, and survival. This reveals that the members of the genus 363 

Mucilaginibacter are well-equipped to adapt and grow across various environments, as is also 364 

evident from their cultivation from a wide variety of habitats. 365 

 366 

Ecological context of Mucilaginibacter community in tundra heath soils 367 

We examined the distribution of the Mucilaginibacter species in a set of snow-accumulating 368 

and windswept tundra heath soils of Malla Nature Reserve, including soil plots from which 369 

the novel species were isolated. At this site, variation in topology results in depressions 370 

sheltered from the winds with high snow accumulation (up to ≥1 m), contrasting with 371 

windswept areas that remain essentially snow-free throughout the winter. This leads to 372 
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distinctly different soil temperature profiles and differences in the amplitude of annual 373 

temperature variation [25]. The soil bacterial communities were assessed by rRNA operon 374 

profiling with the Oxford Nanopore MinION, enabling strain-specific identification of 375 

community members. Overall, rRNA operon reads from the Bacteroidota represented 1.7% 376 

of the total bacterial reads from these tundra samples. The Mucilaginibacter reads represented 377 

~0.25% of the rRNA operon reads in the snow-accumulating soils and ~0.32% in the 378 

windswept soils. Several different Mucilaginibacter species were detected, including M. 379 

tundrae, M. mallensis, M. lappiensis and M. geliditolerans, which had all been cultivated 380 

from these soils (Fig. 5). Snow cover, reindeer grazing, and the linked vegetation shifts and 381 

soil C and N dynamics may be the important microclimatic drivers of bacterial communities. 382 

Diverse Mucliganibacter species are ubiquitous in acidic Arctic tundra and sub-Arctic Forest 383 

soils. The Kilpisjärvi region has representative tundra vegetation dominated by dwarf shrub-384 

rich Empetrum heaths over acidic soils or forb- and graminoid-rich Dryas heaths over non-385 

acidic soils [10, 72, 92, 93]. These soils are well-aerated and rich in organic carbon, 386 

harbouring an abundant and diverse aerobic heterotrophic microbiota. 387 

 388 

Conclusions 389 

Here, we describe five new species of the Mucilaginibacter genus isolated from Artic tundra 390 

heath soil. The genomic analysis provided insight into their carbon degradation potential, 391 

adaptation to extreme conditions, and ecology in their tundra soil habitat. The study shows 392 

that the strains were capable of degrading a variety of polysaccharides & polyphenols and 393 

contained response proteins for cold, osmotic, and periplasmic stress. The strains harbour 394 

genes for carbon cycling and nitrogen assimilation by nitrite ammonification and pyrimidine 395 

degradation. Further, the genomes contain unique genes for the biosynthesis of fatty acids 396 

required for membrane integrity, enzymes for energy generation, and secondary metabolites 397 

for growth that explain the abundance and diversity of Mucilaginibacter species in tundra 398 

soils. The genomic study provides insights into the ecosystem functions of Mucilaginibacter 399 

species in tundra soil and points out the role of these microbes in carbon degradation and 400 

releasing greenhouse gases from stored organic matter. 401 

 402 

Description of Mucilaginibacter geliditolerans sp. nov.  403 
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Mucilaginibacter geliditolerans (ge.li.di.to’le.rans. L. masc. adj. gelidus, cold; L. pres. part. 404 

tolerans, tolerating, enduring; N.L. masc. part. adj. geliditolerans, cold-tolerating). 405 

 406 

Cells are Gram-negative, non-motile, aerobic rods. Colonies are pale yellow and mucoid 407 

when grown on R2A agar. Growth occurs at 2 to 32 °C and pH 4.5 to 7.0. The major cellular 408 

fatty acids are iso-C15:0, C16:0, C16:1ω7c/iso-C15:0 2-OH (co-elute), iso-C17 : 0 3-OH and 409 

iso-C17:1. The DNA G + C content determined from the genome sequence of the type strain 410 

is 41.27%. The type strain is X5P1T (= DSMZ 119435 = HAMBI 3824) isolated from tundra 411 

soil in Malla Nature Reserve, Kilpisjärvi, Finland (69°01’ N, 20°50’ E). NCBI accession 412 

numbers for the 16S rRNA gene sequence and the draft genome sequence of the type strain 413 

are PQ453000 and CP183230, respectively. 414 

Description of Mucilaginibacter tundrae sp. nov.  415 

Mucilaginibacter tundrae (tun’drae. N.L. gen. fem. n. tundrae, from the tundra biome). 416 

Cells are Gram-negative, non-motile, aerobic rods. Colonies are yellow and smooth when 417 

grown on R2A agar. Growth occurs at 2 to 34 °C and pH 4.0 to 6.5. The major cellular fatty 418 

acids are iso-C15:0, C16:0, C16:1ω7c/iso-C15:0 2-OH (co-elute), iso-C17 : 0 3-OH and iso-419 

C17:1. The DNA G + C content determined from the genome sequence of the type strain is 420 

39.99%. The type strain is E4BP6T (= DSMZ 119436 = HAMBI 3826) isolated from tundra 421 

soil in Malla Nature Reserve, Kilpisjärvi, Finland (69°01’ N, 20°50’ E). NCBI accession 422 

numbers for the 16S rRNA gene sequence and the draft genome sequence of the type strain are 423 

PQ452956 and CP183227, respectively. 424 

Description of Mucilaginibacter empetricola sp. nov.  425 

Mucilaginibacter empetricola (em.pe.tri’co.la. L. suff. -cola (from L. n. incola), inhabitant; 426 

N.L. neut. n. Empetrum, referring to the plant genus Empetrum; N.L. n. empetricola, 427 

inhabiting tundra heath soil dominated by the plant Empetrum nigrum ssp. hermaphroditum) 428 

 429 

Cells are Gram-negative, non-motile, aerobic rods. Colonies are yellow and smooth when 430 

grown on R2A agar. Growth occurs at 2 to 34 °C and pH 4.5 to 6.5. The major cellular fatty 431 

acids are iso-C15:0, C16:0, C16:1ω7c/iso-C15:0 2-OH (co-elute), iso-C17 : 0 3-OH and iso-432 

C17:1. The DNA G + C content determined from the genome sequence of the type strain is 433 

40.60%. The type strain is X4EP1T (= DSMZ 119437 = HAMBI 3825) isolated from Empetrum 434 

nigrum rhizosphere soil from Malla Nature Reserve, Kilpisjärvi, Finland (69°01’ N, 20°50’ E). 435 

https://nam02.safelinks.protection.outlook.com/?url=http%3A%2F%2Fge.li.di.to%2F&data=05%7C02%7Chaggblom%40connect.rutgers.edu%7C440e097665e441d308c008dc9b5f8ced%7Cb92d2b234d35447093ff69aca6632ffe%7C1%7C0%7C638556081901786869%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C&sdata=iVUH59awEuJfWVQBStRcQdEKva53QK3ydXeBbDiJ34o%3D&reserved=0
https://nam02.safelinks.protection.outlook.com/?url=http%3A%2F%2Fco.la%2F&data=05%7C02%7Chaggblom%40connect.rutgers.edu%7C440e097665e441d308c008dc9b5f8ced%7Cb92d2b234d35447093ff69aca6632ffe%7C1%7C0%7C638556081901796594%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C&sdata=F4WU8TOKFVIjabFFYXlVfayb4kmohC8f%2FpqxA5HTBeQ%3D&reserved=0
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NCBI accession numbers for the 16S rRNA gene sequence and the draft genome sequence of 436 

the type strain are PQ452973 and CP183229, respectively. 437 

Description of Mucilaginibacter saanensis sp. nov.  438 

Mucilaginibacter saanensis (sa.a.nen’sis. N.L. masc. adj. saanensis, pertaining to Mt. Saana in 439 

Kilpisjärvi, Finland) 440 

Cells are Gram-negative, non-motile, aerobic rods. Colonies are pale pink and smooth when 441 

grown on R2A agar. Growth occurs at 2 to 32 °C and pH 4.5 to 8. The major cellular fatty 442 

acids are iso-C15:0, C16:0, C16:1ω7c/iso-C15:0 2-OH (co-elute), and iso-C17 : 0 3-OH. The 443 

DNA G + C content determined from the genome sequence of the type strain is 41.74%. The 444 

type strain is SP1R1T (= DSMZ 119438 = HAMBI 3819) isolated from tundra soil on Mount 445 

Saana, Kilpisjärvi, Finland (69°01’ N, 20°50’ E). NCBI accession numbers for the 16S rRNA 446 

gene sequence and the draft genome sequence of the type strain are PQ452957 and 447 

CP183226, respectively. 448 

 449 

Description of Mucilaginibacter cryoferens sp. nov.  450 

Mucilaginibacter cryoferens (cry.o.fer.ens. Gr. neut. n. kryos, cold; L. pres. part. ferens, to 451 

endure; N.L. masc. part. adj. cryoferens, cold-enduring) 452 

Cells are Gram-negative, non-motile, aerobic rods. Colonies are pale yellow and smooth 453 

when grown on GR2A agar. Growth occurs at 2 to 32 °C and pH 4.5 to 8.0. The major 454 

cellular fatty acids are iso-C15:0, C16:0, C16:1ω7c/iso-C15:0 2-OH (co-elute), and iso-455 

C17 : 0 3-OH. The DNA G + C content determined from the genome sequence of the type 456 

strain is 42.08%. The type strain is FT3.2T (= DSMZ 119439 = HAMBI 3818) isolated from 457 

tundra soil in Malla Nature Reserve, Kilpisjärvi, Finland (69°01’ N, 20°50’ E) after multiple 458 

freeze-thaw cycles. NCBI accession numbers for the 16S rRNA gene sequence and the draft 459 

genome sequence of the type strain are PQ452958 and CP183228, respectively. 460 
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FIGURE LEGENDS 756 

 757 

Fig. 1: Phylogenomics tree of eight tundra soil isolates and other members of the 758 

Mucilaginibacter genus. The tree was prepared with the UBCG v3 tool employing RAxML. 759 

The value at the branch point represents the gene support index (GSI, indicating the number 760 

of genes out of 92 conserved genes supporting the branch point) and the bootstrap value, 761 

respectively. 1000 bootstrap replications were used for phylogenomics tree preparation. 762 

Sphingobacterium spiritivorum FDAARGOS_1144 and Pedobacter heparinus DSM 2366 763 

were used as outgroups. 764 

 765 

Fig. 2: Carbohydrate degradation ability of the members of the genus Mucilaginibacter 766 

predicted by the CAZy database. The Mucilaginibacter strains were able to utilise cellulose, 767 

xylose, arabinose and mixed glycans. The carbohydrate degradation ability is present in all 768 

the Mucilaginibacter strains irrespective of the isolation source. 769 

 770 

Fig. 3: Polyphenol degradation enzymes (A), anti-phage defence systems (B), and secondary 771 

metabolite synthesis (C) gene clusters present in Mucilaginibacter strains. The novel 772 

Mucilaginibacter strains show the presence of genes related to polyphenol degradation. Anti-773 

phage-related genes were also found in the novel strains, implying the presence of phages in 774 

the tundra ecosystem. Additionally, novel tundra isolates contain secondary metabolite gene 775 

clusters having antimicrobial properties. 776 

 777 

Fig. 4: Pangenome analysis of tundra Mucilaginibacter strains with other members of the 778 

genus isolated from diverse habitats. The heatmap represents the average nucleotide identity 779 

(ANI) between the strains. The analysis shows that the tundra isolates are separated into two 780 

groups based on gene cluster presence and absence. This implies that tundra strains are 781 

different from strains isolated from other habitats.  782 

 783 

Fig. 5:  Relative abundance of detected Mucilaginibacter species in soils of windswept and 784 

snow-accumulating tundra heath plots of Mt. Pikku Malla. rRNA operon reads from the 785 

Bacteroidota represented ~1.7% and Mucilaginibacter spp. ~0.25-0.32% of the total bacterial 786 
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reads. Data presents the combined reads of four replicate soil samples, each from the 787 

windswept and snow-accumulating plots. 788 

  789 
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Table 1: OrthoANI and digital DNA: DNA hybridisation (dDDH) values between the 790 
Mucilaginibacter strains isolated from the tundra soil and their closest relatives. Both ANI 791 
and dDDH values for the studied strains were below the value used for species delineation, 792 
implying that the isolated strains are novel species. 793 

 794 

Genome pairs ANI-value dDDH value 

Mucilaginibacter geliditolerans X5P1 vs M. mallensis MP1X4 92 68.5 

Mucilaginibacter empetricola X4EP1 vs M. frigoritolerans FT22 81 33 

Mucilaginibacter cryoferens FT3.2 vs M. dorajii CECT_7660 80 26.4 

Mucilaginibacter saanensis SP1R1 vs M. pocheonensis 3262 79 23.2 

Mucilaginibacter tundrae E4BP6 vs M. mallensis MP1X4 76 16.3 

  795 
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 796 

Table 2: Unique gene clusters and their functions predicted by COG20 and KEGG modules in 

the tundra Mucilaginibacter isolates. 

COG20 PATHWAY Enrichment 
score 

Adjusted 
q-value 

Accession Gene cluster IDs 

Fatty acid biosynthesis 
Pyrimidine degradation 

14.87 0.25 COG0236, 
COG2070, 
COG3321, 
COG4221 

GC_00010161 

NADH dehydrogenase 4.76 1 COG0649, 
COG0852 

GC_00049369 

Na+-translocating  
Fd:NADH oxidoreductase 

4.67 1 COG4658 GC_00000098,  
GC_00010394 

Phospholipid biosynthesis 
Ubiquinone biosynthesis 

13.24 0.42 COG0204, 
COG2227, 
COG4258 

GC_00006052 

Asparagine biosynthesis 9.89 1 COG0367 GC_00002406, 
GC_00005847, 
GC_00008361, 
GC_00008958, 
GC_00009897, 
GC_00016362, 
GC_00019377, 
GC_00020793, 
GC_00023172, 
GC_00023208, 
GC_00032842, 
GC_00042418, 
GC_00042651, 
GC_00044058, 
GC_00046196, 
GC_00047875 

KEGG Module 
Aerobactin biosynthesis,  
lysine => aerobactin 

9.71 0.84 M00918 GC_00021183 

Catecholamine biosynthesis, 
tyrosine => dopamine => 
noradrenaline => adrenaline, 
Melatonin biosynthesis, 
Tryptophan => serotonin => 
melatonin 

9.71 0.84 M00042, 
M00037, 
M00936 

GC_00017643 

Dihydrokalafungin 
biosynthesis,  
octaketide => 
dihydrokalafungin 

10.35 0.82 M00779 GC_00010089, 
GC_00026961 
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Fig. S1: 16S rRNA-based, maximum likelihood, phylogenetic tree of the Mucilaginibacter genus showing the 
placement of eight strains isolated from Kilpisjärvi region tundra soil (highlighted in bold). Sphingobacterium 

spiritivorum ATCC 33861 was used as an outgroup. The values at the branch point indicate the bootstrap values 
of 1000 replications; values below 50 are not shown. The tree shows the separation of tundra strains from other 
described species of the genus Mucilaginibacter.
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Fig. S2: The circular maximum likelihood phylogenomics tree of all members of the Mucilaginibacter genus. The 
tree was prepared with the UBCG v3 tool employing RAxML with bootstrap values of 1000 replications shown at 
the branch point; values below 50 are not shown. Sphingobacterium spiritivorum FDAARGOS_1144 and 
Pedobacter heparinus DSM 2366 were used as outgroups. The tree shows the separation of tundra strains from 
other described species of the genus Mucilaginibacter.
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Fig. S3: The core or shared metabolic functions present in all the Mucilaginibacter strains. The 
shared functions include central carbon metabolism, amino acids metabolism, energy generation 
pathways, lipid metabolism, and multidrug resistance. 
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Table S1: Illumina sequencing reads and project information of tundra-isolated Mucilaginibacter 
strains. The table shows the old and new IMG IDs of the sequencing project, as well as the NCBI 
genome and 16S rRNA gene assertions for the new assembly. 
 
 

Strain name IMG ID 
(Illumina) 

IMG ID 
(Hybrid) 

NCBI Genome 
assembly 
(Hybrid) 

16S rRNA 

Mucilaginibacter 

geliditolerans X5P1 
2849165822 8122391181 CP183230.1 PQ453000 

Mucilaginibacter 

tundrae E4BP6 
2849171336 8122369792 CP183227.1 PQ452956 

Mucilaginibacter 

empetricola X4EP1 
2849193241 8122385834 CP183229.1 PQ452973 

Mucilaginibacter 

saanensis SP1R1 
2849175832 8122374309 CP183226.1 PQ452957 

Mucilaginibacter 

cryoferens FT3.2 
2849317864 8122379841 CP183228.1 PQ452958 

 
 
 
 
Table S2: Assembly and genome statistics of Mucilaginibacter strains isolated from tundra sites. 
The Nanopore and Illumina-based sequences allowed for the complete trycycler and flye hybrid 
genome assembly of all the strains. The genome size, number of genes, assembly completion & 
contamination levels were evaluated using the CheckM tool, and genome statistics were 
evaluated using QUAST. 
 
 

Genome name E4BP6 FT3.2 SP1R1 X4EP1 X5P1 

Completeness 97.62 97.46 97.46 97.94 97.62 

Contamination 1.19 0.48 1.35 0.24 1.19 

Size 4864841 7054601 6304161 5882492 6530971 

DNA GC% 39.99 42.08 41.74 40.60 41.27 

Protein coding genes 4442 5901 5447 5270 5460 

CRISPR Arrays - 1 1 1 - 

rRNA genes 6 15 9 6 9 

16S rRNA genes 2 5 3 2 3 
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Table S3: The different functions performed by tundra isolates. The analysis was performed by using the Metabolic toolkit. The 
tundra Mucilaginibacter strains mainly had the potential for complex carbon degradation, aromatics degradation, and metal reduction 
functions. 
 

Category Function Gene abbreviation ANJLi2 FT22 E4BP6 FT3.2 MP1X4 SP1R1 X4EP1 X5P1 
Ethanol 
fermentation Ethanol fermentation acetate => acetaldehyde Present Present Absent Present Present Present Absent Present 

Aromatics 
degradation Phenol => Benzoyl-CoA ubiX||bsdC Present Present Present Present Present Present Present Present 

Complex carbon 
degradation Cellulose degrading cellulase Present Present Present Present Present Present Present Present 

Complex carbon 
degradation Cellulose degrading beta-glucosidase Present Present Present Present Present Present Present Present 

Complex carbon 
degradation 

Hemicullulose 
debranching arabinosidase Present Present Present Present Present Present Present Present 

Complex carbon 
degradation 

Hemicullulose 
debranching beta-glucuronidase Absent Absent Absent Present Absent Present Absent Absent 

Complex carbon 
degradation 

Hemicullulose 
debranching alpha-L-rhamnosidase Present Present Present Present Present Present Present Present 

Complex carbon 
degradation Endohemicellulases mannan endo-1,4-beta-mannosidase Present Present Present Present Present Present Present Present 

Complex carbon 
degradation Endohemicellulases alpha-D-xyloside xylohydrolase Present Present Present Present Present Present Present Present 

Complex carbon 
degradation 

Other oligosaccharide 
degrading beta-xylosidase Present Present Present Present Present Present Present Present 

Complex carbon 
degradation 

Other oligosaccharide 
degrading beta-mannosidase Absent Present Present Absent Absent Absent Present Absent 

Complex carbon 
degradation 

Other oligosaccharide 
degrading beta-galactosidase Present Present Present Present Present Present Present Present 

Complex carbon 
degradation Amylolytic enzymes isoamylase Present Absent Present Present Absent Present Absent Absent 

Fermentation Acetogenesis acdA||ack||pta Present Present Present Present Present Present Present Present 
Fermentation Acetate to acetyl-CoA acs Present Present Present Present Present Present Present Present 
C1 metabolism Formaldehyde oxidation fdhA||fghA||frmA||mycoS_dep_FDH||fae Absent Absent Absent Present Absent Present Absent Absent 
C1 metabolism Aerobic CO oxidation coxS||coxM||coxL Present Absent Absent Present Absent Present Absent Absent 

Nitrogen cycling Nitrite reduction to 
ammonia nrfADH||nirBD Absent Absent Absent Present Present Present Present Present 
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Oxidative 
phosphorylation 

Complex I (NADH-
quinone oxidoreductase) nuoABC Present Present Present Present Present Present Present Present 

Oxidative 
phosphorylation 

Complex II (Succinate 
dehydrogenase/Fumarate 
reductase) 

sdhCD Present Present Present Present Present Present Present Present 

Oxidative 
phosphorylation 

Complex V (F-type H+-
transporting ATPase) atpAD (F-type) Present Present Present Present Present Present Present Present 

Oxygen metabolism 
(Oxidative 
phosphorylation 
Complex IV) 

Oxygen metabolism - 
cytochrome c oxidase, 
cbb3-type 

ccoNOP Absent Present Present Present Absent Absent Absent Absent 

Oxygen metabolism 
(Oxidative 
phosphorylation 
Complex IV) 

Oxygen metabolism - 
cytochrome (quinone) 
oxidase, bd type 

cydAB Present Present Present Present Present Present Present Present 

Halogenated 
compound 
utilization 

Halogenated compounds 
breakdown E3.8.1.2||pcpC||cprA||pceA Absent Absent Absent Absent Absent Absent Present Absent 

Metal reduction Metal (Iron/Manganese) 
reduction Iron reduction series genes Present Present Present Present Present Present Present Present 
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Table S4: Growth conditions and list of carbon sources utilized by novel Mucilaginibacter 
strains. Growth temperature ranges were tested on R2A plates (pH 6) for 2 weeks at 2-34°C. The 
pH growth range was tested in liquid GY medium at pH 4.0-8.0 (in 0.5 pH unit increments). 
Carbon source utilization was tested on Biolog PM2A plates. 
 

  Strain 
  E4BP6 SP1R1 X4EP1 X5P1 FT3.2 
Growth conditions           
Temperature-range (°C) 2-34 2-32 2-34 2-32 2-32 
pH range 4.0-

6.5 
4.5-8.0 4.5-6.5 4.5-7.0 4.5-8.0 

Assimilation of: 
2-Deoxy-D- Ribose + + + w + 
2-HydroxyBenzoic Acid w - w - + 
2,3-Butanedione + + w - + 
3-0-ß-D-Galactopyranosyl- D-Arabinose w w - + - 
3-Hydroxy-2- Butanone + w w + + 
4-HydroxyBenzoic Acid + - w + + 
5-Keto-D-Gluconic Acid + + + + + 
Acetamide w w w + + 
Amygdalin - - + + + 
Arbutin + - - + + 
Butyric Acid - w - w + 
Capric Acid - + - - + 
Caproic Acid - w w + + 
Chondroitin Sulfate C - w w - - 
Citraconic Acid + - w + + 
Citramalic Acid w - w + + 
D-Arabinose + - + + + 
D-Arabitol - - + + + 
D-Fucose w w w w w 
D-Glucosamine + - + - + 
D-Lactic Acid Methyl Ester w w - + + 
D-Melezitose - - + + + 
D-Raffinose - - - + + 
D-Ribono-1,4- Lactone + - + + + 
D-Tagatose + - + + + 
D-Tartaric Acid w - + + + 
D,L-Carnitine + w w + + 
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Dextrin w + w + + 
DihydroxyAcetone + + + + + 
Gelatin - w w w w 
Gentiobiose - - - + - 
Glycine + - w + + 
Glycogen - w w w w 
Hydroxy-LProline + - + + + 
Inulin + w - + + 
Itaconic Acid + - w + + 
L-Alaninamide + + + + + 
L-Arginine w - + + + 
L-Histidine + - w + + 
L-Lysine + w - + + 
L-Methionine w w - w + 
L-Ornithine w w w + + 
L-PyroglutamicAcid + w w + + 
L-Sorbose + - + + + 
L-Tartaric Acid w w - + + 
Lactitol + - w + + 
Laminarin w w - w w 
Malonic Acid + + + + + 
Maltitol w - + + + 
Mannan w w - w w 
Melibionic Acid + - + + + 
N-Acetyl-D- Galactosamine - - - w - 
N-Acetyl-L- Glutamic Acid w w + + + 
Oxalic Acid w w + + + 
Oxalomalic Acid + - + + + 
Palatinose - w w + + 
Pectin - w w - w 
Putrescine + + w + + 
Sebacic Acid + - + + + 
Sedoheptulosan + - w + + 
Sorbic Acid + + + - + 
ß-Cyclodextrin + + - w w 
ß-D-Allose + - w + + 
ß-Methyl-D- Glucuronic Acid w - w + w 
Stachyose w - w + + 
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Succinamic Acid + + + + + 
Turanose w - + + + 
α-Cyclodextrin + + - - w 
α-Methyl-D- Glucoside w - + + w 
γ-Cyclodextrin + + - - w 

(+) Positive; (-) negative; (w) weakly positive reaction, na (data not available) 



11 
 

Table S5: Stress response proteins present in the tundra soil Mucilaginibacter strains. The proteins for osmotic and periplasmic stress 
were observed in the strains. The proteins for DNA repair and restriction-modification systems were also prominent in the tundra 
strains. 
 

Subcategory Subsystem Role X5P1 X4EP1 SP1R1 MP1X4 E4BP6 FT22 FT3.2 ANJLI2 

DNA 
Metabolism 

Restriction-Modification 
System 

Putative DNA-binding protein in cluster 
with Type I restriction-modification system 

- - - * - - - - 
  

Type I restriction-modification system, 
DNA-methyltransferase subunit M (EC 
2.1.1.72) 

- - - * * * - * 

  
Type I restriction-modification system, 
restriction subunit R (EC 3.1.21.3) 

- - - - * - - * 
  

Type III restriction-modification system 
methylation subunit (EC 2.1.1.72) 

- - - - - * - - 

DNA repair 2-phosphoglycolate 
salvage 

Phosphoglycolate phosphatase (EC 
3.1.3.18) 

* - * * - - - - 
  

Putative phosphatase YqaB * - - * - - - - 
 

DNA repair system 
including RecA, MutS and 
a hypothetical protein 

DNA mismatch repair protein MutS * * * * * * * * 

  
RecA protein * * * * * * * *   
Regulatory protein RecX * * * * * * * * 

 
DNA repair, bacterial A/G-specific adenine glycosylase (EC 

3.2.2.-) 
* * * * * * * * 

  
ADA regulatory protein * * * * * * * *   
Alkylated DNA repair protein AlkB * * * - * * * *   
DNA polymerase IV (EC 2.7.7.7) * * * * * * * *   
DNA recombination protein RmuC * * * * * * * *   
DNA repair protein RadA * * * * * * * *   
DNA repair protein RecN * * * * * * * *   
DNA-cytosine methyltransferase (EC 
2.1.1.37) 

* * * - * * * * 
  

Exodeoxyribonuclease III (EC 3.1.11.2) * * * * * * * *   
Methylated-DNA--protein-cysteine 
methyltransferase (EC 2.1.1.63) 

* * * * * * * * 
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RecA protein * * * * * * * *   
Single-stranded DNA-binding protein * * * * * * * *   
Very-short-patch mismatch repair 
endonuclease (G-T specific) 

- - - - * - - * 
  

Error-prone repair protein ImuA - - - - * - - *   
Exonuclease SbcC - - - - * - - -   
Exonuclease SbcD - - - - * - - -   
Endonuclease V (EC 3.1.21.7) - - - - - - - * 

 
DNA repair, bacterial 
MutL-MutS system 

DNA mismatch repair protein MutL * * * * * * * * 
  

DNA mismatch repair protein MutS * * * * * * * *   
MutS-related protein, family 1 * * * * * * * *   
Recombination inhibitory protein MutS2 * * * * * * * * 

 
DNA repair, bacterial 
photolyase 

Deoxyribodipyrimidine photolyase (EC 
4.1.99.3) 

* * * * * * * * 
  

Deoxyribodipyrimidine photolyase, single-
strand-specific 

* * - * - - - - 
 

DNA repair, bacterial 
RecFOR pathway 

ATP-dependent DNA helicase RecQ * * * * * * * * 
  

DNA recombination and repair protein 
RecF 

* * * * * * * * 
 

DNA recombination and repair protein 
RecO 

* * * * * * * * 
 

RecA protein * * * * * * * *  
Recombination protein RecR * * * * * * * *   
Single-stranded DNA-binding protein * * * * * * * * 

 
DNA repair, UvrABC 
system 

Excinuclease ABC subunit A * * * * * * * * 
  

Excinuclease ABC subunit A paralog in 
greater Bacteroides group 

* * * * * * * * 
  

Excinuclease ABC subunit B * * * * * * * *   
Excinuclease ABC subunit C * * * * * * * * 

 
Nonhomologous End-
Joining in Bacteria 

ATP-dependent DNA ligase (EC 6.5.1.1) 
clustered with Ku protein, LigD 

* * * * * * * * 
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ATP-dependent DNA ligase (EC 6.5.1.1) 
LigC 

- * * - * - - * 
  

Ku domain protein * * * * * * * * 
 

RecA and RecX RecA protein * * * * * * * *   
Regulatory protein RecX * * * * * * * * 

 
DNA Repair Base Excision ATP-dependent DNA ligase (EC 6.5.1.1) 

clustered with Ku protein, LigD 
- * * - * - - * 

  
ATP-dependent DNA ligase (EC 6.5.1.1) 
LigC 

- * * - * - - * 
  

DNA polymerase I (EC 2.7.7.7) - * * - * - - *   
DNA-3-methyladenine glycosylase (EC 
3.2.2.20) 

- * * - * - - * 
  

DNA-3-methyladenine glycosylase II (EC 
3.2.2.21) 

- * * - * - - * 
  

Endonuclease III (EC 4.2.99.18) - * * - * - - *   
Ku domain protein - * * - * - - *   
Formamidopyrimidine-DNA glycosylase 
(EC 3.2.2.23) 

- - * - * - - * 

Protein folding Protein chaperones Chaperone protein DnaJ * * * * * * * *   
Chaperone protein DnaK * * * * * * * *   
Chaperone protein HscB * * * * * * * *   
Chaperone protein HtpG * * * * * * * *   
DnaJ-class molecular chaperone CbpA * * * * * * * *   
Heat shock protein GrpE * * * * * * * * 

Detoxification Uptake of selenate and 
selenite 

DedA protein * * * * * * * * 

Osmotic stress Choline and Betaine 
Uptake and Betaine 
Biosynthesis 

L-proline glycine betaine ABC transport 
system permease protein ProV (TC 
3.A.1.12.1) 

- * - - - - - - 

 
Osmoregulation Aquaporin Z * * * * - * * *   

Glycerol uptake facilitator protein * * * * - * * *   
Outer membrane protein A precursor * * * * * * * * 

 
NADPH:quinone 
oxidoreductase 2 

NADPH:quinone oxidoreductase 2 - * * * - - - - 
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Rubrerythrin Alkyl hydroperoxide reductase subunit C-

like protein 
* * * * * * * * 

  
Rubredoxin * * - * - - - -   
Rubrerythrin * * * * * * * * 

 
Glutathione: Biosynthesis 
and gamma-glutamyl cycle 

Gamma-glutamyltranspeptidase (EC 
2.3.2.2) 

- - - - - - - * 
  

Glutamate--cysteine ligase (EC 6.3.2.2), 
divergent, of Alpha- and Beta-
proteobacteria type 

- - - - - - - * 

 
Glutathionylspermidine 
and Trypanothione 

Similarity with glutathionylspermidine 
synthase (EC 6.3.1.8), group 1 

- - - - - * - - 

Periplasmic 
Stress 

Periplasmic Stress 
Response 

HtrA protease/chaperone protein * * - * * * - * 
  

Outer membrane protein H precursor * * * * * * * * 
 
*     (protein/gene present) 

        -     (protein/gene absent) 
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Table S6: Putative prophages predicted by geNomad in the genomes of Mucilaginibacter strains 
isolated from tundra soils. All the prophages which were observed in the strains belonged to the 
Caudoviricetes class of viruses. 
 

Genome Topology Length Coordinates Virus 
score 

Hallmarks Taxonomy 

M lappiensis 
ANJLi2 

Provirus 54691 109489-164179 0.9559 6 Caudoviricetes 
Provirus 36280 174233-210512 0.7242 5 Caudoviricetes 

Mucilaginibacter 
tundrae E4BP6 

Provirus 20205 4844637-4864841 0.8438 3 Caudoviricetes 
Provirus 23182 2894407-2917588 0.8171 2 Caudoviricetes 
Provirus 6947 - 0.7195 0 Caudoviricetes 

Mucilaginibacter 
saanensis SP1R1 

Provirus 52997 403370-456366 0.9652 6 Caudoviricetes 

Mucilaginibacter 
empetricola 
X4EP1 

Provirus 13099 5425787-5438885 0.9007 2 Caudoviricetes 
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Table S7: Marker genes identified for nitrogen metabolism across Tundra Mucilaginibacter strains. The E.C. number of the enzyme, 
product name and locus of the proteins are mentioned in the table. The genes for ammonia assimilation, assimilatory nitrate and nitrite 
reduction, and ammonium uptake transport were prominently observed in the strains. 
 

E.C. Product M mallensis 
MP1X4 

M 
frigoritolerans 
FT22 

M lappiensis 
ANJLi2 

Mucilaginibacter 
geliditolerans 
X5P1 

Mucilaginibacte
r empetricola 
X4EP1 

Mucilaginibacter 
saanensis SP1R1 

Mucilaginibacter 
cryoferens FT3.2 

Mucilaginibacter 
tundrae E4BP6 

Dissimilatory nitrate and nitrite reduction (denitrification) 
1.7.2.1 Copper-

containing nitrite 
reductase  

612309..6127
49 
3362260..336
2706 

(-) 
(158895..159341) 

- (-) 
(429824..430273) 
(-) 
(2415048..2415488) 

3602456..3602872 109935..110393 4382404..4382856 (-) 
(3161501..3161941) 

Assimilatory nitrate and nitrite reduction 
1.7.99.4 Assimilatory 

nitrate reductase 
large subunit 

(-) 
(4896716..49
00225) 

- - 6382943..6386452 4338037..4341546 (-) 
(3174326..3177862) 

(-) 
(337700..341218) 

- 

1.7.1.4 Nitrite reductase 
[NAD(P)H] large 
subunit  

(-) 
(4904542..49
07031)  

- - 6377390..6379879 4332475..4334964 (-) 
(3182413..3184902) 

(-) (76266..78761) - 

1.7.1.4 Nitrite reductase 
[NAD(P)H] small 
subunit  

(-) 
(4904150..49
04500) 

- - 6379924..6380274 4335009..4335359 (-) 
(3181944..3182294) 

(-) (75827..76147) - 

 Nitrate/nitrite 
transporter 
CHU_1319, 
NarK/U family 

(-) 
(4900249..49
01544) 

- - 6381624..6382919 4336719..4338014 (-) 
(3177868..3179163) 

(-) 
(341422..342711) 

- 

 ABC transporter, 
substrate-binding 
protein (cluster 
10, 
nitrate/sulfonate/b
icarbonate) 

- - - - 3089400..3090476 - - - 

Ammonia assimilation 
6.3.1.2 Glutamine 

synthetase type II  
(-) 
(2955991..29
57004) 

231323..232333 (-) 
(26328..27338) 

927486..928499 (-) 
(3517452..351846
2) 

3970521..3971531 (-) 
(2322882..2323892) 

(-) 
(4053169..4054182) 

6.3.1.2 Glutamine 
synthetase type 
III, GlnN  

(-) 
(1869466..18
71637) 

34944..37118 4299..6473 2151860..2154031 4642632..4644806 (-) 
(3735294..3737468) 

5259971..5262145 4200560..4202731 
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 glutamine 
synthetase family 
protein 

(-) 
(2953839..29
55197) 

232926..234284 (-) 
(24393..25751) 

929306..930664 (-) 
(3515389..351678
6) 

3973494..3974852 (-) 
(2320906..2322264) 

(-) 
(4051149..4052507) 

1.4.7.1 Ferredoxin-
dependent 
glutamate 
synthase  

2204919..220
6559 

- (-) 
(173668..17530
8) 

(-) 
(1708000..1709640) 

 3710030..3711670 1926741..1928381 3362396..3364036 

1.4.1.13 Glutamate 
synthase 
[NADPH] small 
chain  

(-) 
(3308321..33
09799) 

63900..65378 83415..84893 483720..485198 4673419..4674897 (-) (130808..132286) 3221373..3222851 3139707..3141185 

1.4.1.13 Glutamate 
synthase 
[NADPH] large 
chain  

(-) 
(3309802..33
14358) 

59380..63900 78891..83408 479161..483717 4668899..4673419 (-) (132292..136809) 3216849..3221366 3135176..3139699 

 Glutamate 
synthase 

 63490..63954  945095..945526 - -  - 

1.4.1.4 NADP-specific 
glutamate 
dehydrogenase  

2414222..241
5658 

(-) 
(103766..105202) 

(-) 
(120247..12168
3) 

(-) 
(1403067..1404503) 

(-) 
(4716084..471752
0) 

(-) 
(5897378..5898814) 

(-) 
(4686516..4687952) 

3617752..3619188 

1.4.1.2 NAD-specific 
glutamate 
dehydrogenase  

2414222..241
5658 

(-) 
(103766..105202) 

(-) 
(120247..12168
3) 

(-) 
(1403067..1404503) 

(-) 
(4716084..471752
0) 

(-) 
(5897378..5898814) 

(-) 
(4686516..4687952) 

3617752..3619188 

Ammonium uptake transport 
 Ammonium 

transporter 
1872207..187
3808 
(-) 
(1875894..18
77273) 
(-) 
(4100455..41
01762) 

(-) 
(365404..366711) 
(-) 
(32798..34387) 

552530..55383
7 
(-) 
(233632..23493
9) 
(-) 
(2081..3703) 

2146203..2147582 
(-) 
(2149665..2151290) 
6159877..6161184 

(-) 
(4640485..464207
4) 
(-) 
(5294500..529581
3) 

(-) (690249..691556) 
3738069..3739691 
(-) 
(3741971..3743278) 

1815453..1816760 
5253939..5255246 
(-) 
(5257713..5259347) 

2688224..2689531 
(-) 
(4198366..4199988) 

 Nitrogen 
regulatory protein 

- - - - - (-) 
(1595531..1599265) 

- - 

 Carbon-nitrogen 
hydrolase 

- - 240066..24159
2 
(-) 
(26052..26993) 

(-) 
(1950627..1951571) 

- 991019..992545 
4120545..4121492 

6131438..6132964 
(-) 
(103734..104675) 

601676..603223 

Proteases 
 Metallopeptidase (-) (-) 

(316162..318249) 
943932..94595
0 

(-) 
(1440991..1443039) 

437455..439509 (+) 636457..638529 
2730881..2732932 

843265..845283 1329656..1331674 
4242805..4244880 
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(1829506..18
31569) 
2375670..237
7700 
(-) 
(4580361..45
82409) 

266785..268839 
268963..269313 
269301..271016 
(-) 
(20032..22050) 

304944..30699
5 
307207..30925
8 
165004..16707
6 
45456..47507 

2192328..2194391 
5605562..5607610 

(-) 
(2511903..251399
0) 
4048113..4050125 

(-) 
(3499140..3500963) 

(-) 
(856988..859045) 
6844275..6846326 

Amino acid (AA) transport 
 ABC transporter, 

substrate-binding 
protein (cluster 1, 
maltose/g3p/polya
mine/iron) 

- - - - - - - 694968..696230 

 Na+/H+-
dicarboxylate 
symporter 

120711..1219
46 
(-) 
(3503782..35
05173) 
4159539..416
0786 

159961..161211 
(-) 
(278553..279749) 
188017..189381 

8370..9743 
206189..20740
9 
(-) 
(154355..15565
9) 

238068..239453 
(-) 
(6095862..6097103) 

2279939..2281186 
(-) 
(2398355..239957
8) 
(-) 
(3574291..357565
5) 

273584..274804 
(-) 
(3139785..3141023) 
(-) 
(5944023..5945393) 

(-) 
(2601995..2603185) 
(-) 
(4004337..4005731) 
5621165..5622415 

(-) 
(3888788..3890191) 
4524110..4525342 
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Table S8: Cellular fatty acid composition (%) of the novel Mucilaginibacter isolates and related 
species. The related strains are Mucilaginibacter lappiensis ANJLI2, Mucilaginibacter 

frigoritolerans FT22 and Mucilaginibacter mallensis MP1X4, which were also isolated from 
tundra sites. 
 
 
Fatty Acid E4BP6 FT3.1 SP1R1 X4EP1 X5P1 ANJLI2 FT22 MP1X4 
C14:0 0.6 1.1 1 0.9 0.7 0.3 0.4 tr 
C15:0 0.5 1.7 3.1 1 0.5 tr 1.2 1.3 
C16:0 20.6 23.5 23.3 12.2 17.7 3.7 3.1 4.8 
C17:0 0.6 0.6 0.6 1.2 1.8 - - - 
iso C15:0 30.9 15.6 19.5 32 28.7 18.9 21.9 26 
iso-C17 : 1  16.0 2.9 3.9 7.3 11.9 2.7 4.1 9.5 
iso-C15 : 0 3OH  - - - - - 2.2 2.9 2.9 
iso-C17 : 0 3OH  5.2 8.8 6.5 4.3 6.3 14.3 16.4 12.5 
anteiso-C15:0 0.8 3.3 0.5 0.4 4.7 - 1.6 0.9 
C16 : 1w5c - - - - - 6.8 2.7 4 
C18:1 1.2 0.9 2.5 1.2 1.6 - - - 
C16:0 3-OH  3.6 5.3 2.1 2.5 4.7 3.2 0.6 tr 
C16 : 1 ω7c and/or 
iso-C15 : 0 2-OH 19.6 35.9 36.1 36.9 21 45 38.7 32.9 

 
Data for strains ANJLI2, FT22, and MP1X4 was from: 
Männistö MK, Tiirola M, McConnell J, Häggblom MM. Mucilaginibacter frigoritolerans sp. nov., 
Mucilaginibacter lappiensis sp. nov. and Mucilaginibacter mallensis sp. nov., isolated from soil and 
lichen samples. Int J Syst Evol Microbiol 2010; 60:2849-2856. 


