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Abstract

High-throughput 16S rRNA sequencing was performed to compare the microbiomes inhab-

iting two contrasting soil types—sod-podzolic soil and chernozem—and the corresponding

culturome communities of potentially cellulolytic bacteria cultured on standard Hutchinson

media. For each soil type, soil-specific microorganisms have been identified: for sod-pod-

zolic soil—Acidothermus, Devosia, Phenylobacterium and Tumebacillus, and for cherno-

zem soil—Sphingomonas, Bacillus and Blastococcus. The dynamics of differences

between soil types for bulk soil samples and culturomes varied depending on the taxonomic

level of the corresponding phylotypes. At high taxonomic levels, the number of common

taxa between soil types increased more slowly for bulk soil than for culturome. Differences

between soil-specific phylotypes were detected in bulk soil at a low taxonomic level (genus,

species). A total of 13 phylotypes were represented both in soil and in culturome. No rela-

tionship was shown between the abundance of these phylotypes in soil and culturome.

Introduction

Cellulolytic microorganisms are one of the most popular subjects of scientific research for sev-

eral reasons. On the one hand, they have an understandable pattern of nutritional require-

ments, which makes the selection of a nutritional medium more convenient. On the other

hand, they play a crucial role in the process of soil formation and global carbon cycling. Mod-

ern metagenomic techniques provide new opportunities to investigate cellulolytic soil

communities.

Five different North American forests were studied by Wilhelm with co-authors, who

uncovered the biodiversity of lignocellulose-, hemicellulose- and cellulose-degrading bacteria

and fungi in soil [1]. It was shown that bacteria from the Caulobacteraceae family were the

most active decomposers and utilised all the proposed substrates. The cellulolytic component

of the community was enriched with bacteria belonging to the Burkholderiaceae, Comamona-

daceae and Oxalobacteraceae families. Cellulose and hemicellulose together were decomposed
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mostly by bacteria belonging to the Asticaccaulis, Cellvibrio, Janthinobacterium, Cytophaga
and Salinibacterium genera. In addition, many previously uncultivated bacteria from relatively

new phyla were detected, particularly bacteria from the genera Chtoniobacter, Opititus (phy-

lum Verrucomicrobia) and Candidatus Saccharibacteria (TM7) [1].

The characteristic genera of relatively cold temperate forests (e.g., pine forests and moun-

tain pine forests) were also found by Štursová and co-authors. Among them were Cytophaga,

Pedobacter, Burkholderia, Gp1 and Gp2 acidobacteria, Asticaccaulis, Achromobacter, Mucilagi-
nibacter, Herminiimonas, Collimonas and others [2].

A study by Eichorst and Kuske [3] covered the biodiversity of soil bacteria in five different

ecosystems within both temperate and subtropical climatic zones. In agreement with previous

studies, a prominent role of the Caulobacteriaceae and Burkholderiaceae families in xylan and

cellulose degradation was also discovered in this research. Additionally, the list of cellulolytic

bacteria was completed with the families Rhizobiales, Sphingobacteriales, Xanthomonadales

and Myxococcales as well as unidentified and still uncultured representatives of Acidobacteria

group I [3].

Other aspects of metagenomic studies involve large-insert metagenomic library analysis

[4], shotgun targeted metagenomic sequencing [5, 6], or proteomics [7] and aim to study not

only the taxonomic structure of the cellulolytic community but also the biodiversity of genes

involved in decomposition. However, it is not necessary to dwell on them here, because their

goals are beyond the scope of the current study.

The only drawback of metagenomic analysis is its dissociation from conventional microbio-

logical methods, which in turn can provide comprehensive information on the physiology of

the mineralisation processes in microbial cells. Sharing of data obtained using these methods

simultaneously will update the available information on already cultivated microorganisms

and emphasise the promising species that should be cultivated for future research.

Currently, there are plenty of works aimed at the comparative analysis of metagenomic

data and various culturing methods. However, soil microbiology is still lacking examples of

this kind of study. The application of these methods leads to the revision of the composition of

the cultivated part of the soil, or even the worldwide microbiome. For example, Shade with co-

authors demonstrated that a nutritional medium usually captures only a tiny part of the rhizo-

sphere microbial community, containing in turn the minor phylotypes from the correspond-

ing metagenomic library. Moreover, some species that were detected on a medium did not

have corresponding signatures in the metagenomic analysis [8]. This study was conducted by

using a very rich medium (specifically the rhizosphere isolation medium, RIM, which contains

glucose, amino-acid mixture and vitamins, [9]), so the presence of many spore-forming copio-

trophs could introduce significant inaccuracy in the biodiversity data. In this work, we used a

relatively poor medium, in which cellulose filter paper was the only source of available carbon,

so this should produce more selective conditions for bacterial growth than those in the afore-

mentioned study.

Despite the apparent simplicity of the culturing procedure for cellulolytic bacteria, there is

still a lack of comprehensive studies devoted to the biodiversity of microbiomes inhabiting sev-

eral climatic zones. Known studies with similar goals focused on microbiomes of the Brazilian

mangroves [10], sugarcane plots in Mexico [11], or paddy fields in Hainan [12], which all are

very specific biomes. Considering the wide fluctuations in the composition of the soil micro-

biome depending on climate changes [13], we still have much to explore in terms of the biodi-

versity of the microbial consortia inhabiting climatically unstable subtropical and temperate

regions. Thus, the main goal for the current study is simultaneous analysis of cellulolytic cul-

turomes and the corresponding metagenomes in two contrasting biomes—sod-podzolic and

chernozem soils—from the temperate and subtropical grasslands of Russia.
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Materials and methods

Soil sample collection

Soil samples of sod-podzolic (SP) and chernozem (CZ) soil were collected in summer 2017 during

expeditions to the Pskov (Pskov Research Institute of Agriculture, 57˚50’44.2"N, 28˚12’03.7"E)

and Voronezh (Kamennaya Steppe reserve, 51˚01’41.6"N, 40˚43 ’39.3"E) regions, respectively (S1

Fig). The director of Federal State Budget Scientific Institution “Kamennaya Steppe Experimental

Forest District” and the director of the Federal State Budget Scientific Institution Pskov Research

Institute of Agriculture gave permission for the sample collection. Soil samples were taken from

the territories of the formerly sown areas from 10 different equidistant points from the upper soil

layer (approximately 10 cm from the top of the soil profile). Finally, the selected samples were

mixed and transported for laboratory research. Six replicates for each type of soil were formed.

Bacterial growth on nutritional medium

For cultivation, solid Hutchinson medium [14] with cellulose filters was used (grams/L:

NaNO3: 2.5, FeCl3: 0.01, К2НРО4: 1.0, MgSO4·7H2O: 0.3, NaCl: 0.1 and CaCl2: 0.1; рН 7.2).

The analysis was performed in six replicates for each type of soil. For both soils, the active

growth of various types of bacteria was detected. After two weeks of cultivation, Petri dishes

were washed out with sterile water, centrifuged, and subjected to DNA isolation. These sam-

ples were named gSP and gCZ accordingly.

DNA extraction and sequencing

The DNA was extracted from 0.2 g of soil using the PowerSoil DNA Isolation Kit (Mobio Lab-

oratories, Solana Beach, CA, USA), which included a bead-beating step, according to the man-

ufacturer’s specifications. Samples were homogenised with a Precellys 24 (Bertin Corp., USA)

at 6.5 m/sec, twice for 30 s. The purity and quantity of DNA were tested by electrophoresis in

1% agarose in 0.5 × TAE buffer. DNA concentrations were measured at 260 nm using a SPEC-

TROStar Nano (BMG LABTECH, Ortenberg, Germany).

The same DNA extraction procedure was applied to the culture plates. Microbial colonies

were removed and solubilised in the extraction buffer, and DNA was extracted according to

the manufacturer’s instructions. The average DNA yield was 2–5 μg DNA, with concentrations

between 30 and 50 ng/μl. The purified DNA templates were amplified with the universal multi-

plex primers F515 50-GTGCCAGCMGCCGCGGTAA-30 and R806 50-GGACTACVSGGGTATC
TAAT-30 [15] targeting the variable region V4 of bacterial and archaeal 16S rRNA genes,

flanking an approximately 300-bp fragment of the gene, extended with service sequences con-

taining linkers and barcodes according to Illumina technology. The PCR reactions were

assembled in a 15-μl mix containing 1 U of Phusion Hot Start II High-Fidelity polymerase and

1X Phusion buffer (Thermo Fisher Scientific, USA), 5 pM of both primers, 10 ng of DNA, and

2 nM of each dNTP (Life Technologies, USA). The PCR thermal profile used was 94˚С for 30

s, 50˚С for 30 s, and 72˚С for 30 s for 29 cycles. A final extension was performed at 72˚С for 3

min. PCR products were purified and size selected with AM Pure XP (Beckman Coulter,

USA). Further library preparation was done according to the manufacturer’s protocol with the

MiSeq Reagent Kit Preparation Guide (Illumina, USA). Libraries were sequenced on an Illu-

mina Miseq with a MiSeq1 Reagent Kit v3 (2x300b) sequencing kit.

Data processing

Amplicon libraries of the 16S rRNA gene were processed using packages in R [16] and

QIIME2 [17] software environments. RStudio [18] was used as the development environment
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for R. Raw sequence reads were trimmed and grouped into amplicon sequence variants (phy-

lotypes) by use of the ’dada2’ package [16]. The RDP classifier [19] based on Silva 132 [20] was

used to classify assign taxonomic ranks to the phylotypes. The phylogenetic tree was built in

the QIIME2 software environment in the SEPP package [21]. Data were normalised by a rare-

faction algorithm according to the sample with the smallest number of readings for alpha and

beta-diversity analysis. For differential analysis of phylotypes and quantitative metrics, the nor-

malisation was performed by a variance stabilisation algorithm through the ‘DEseq2’ package

[22]. To estimate the significance of differences between phylotypes previously normalised

data were processed using the Wald test, with Benjamin-Hochberg false discovery rate (FDR)

correction in the ‘DEseq2’ package [23]. The UniFrac, unweighted UniFrac [24], Bray-Curtis

and MPD [25] algorithms were used as metrics for beta diversity. Beta-diversity data was

graphically reproduced using PCoA [26]. Statistical analysis of beta-diversity was done by

PERMANOVA [27] in the form of the adonis2 function (‘vegan’ package) [28]. The formula

by Apostol and Mnatsakanian [29] in package ‘usedist’ [30] was used as an additional statistical

approach to calculate the distance between the centres of mass (centroids) of the sample

groups in the beta-diversity space. The function cophenetic.phylo from the ‘ape’ [31] package

was used to agglomerate closely related taxa using single-linkage clustering. The reliability of

the dependence of the representation of phylotypes in soil and culturomes was obtained

through the Fisher test for the generalised linear model (‘glm’) [32]. The R packages ‘phyloseq’

[33], ‘ggpubr’ [34], ‘picante’ [35], ‘ggforce’ [36], ‘tidyverse’ [37], ‘ggtree’ [38], ‘ampvis2’ [39]

and ‘rnaturalearth’ [40] were used for post-processing and visualisation of the obtained data.

Data deposition

All sequences were deposited to the SRA (NCBI) within the dataset: Submission ID:

SUB5714186 and BioProject ID: PRJNA549392.

Results

Alpha diversity of soil microbiomes and culturomes

An amplicon library was obtained for bulk soil samples (246,527 sequences), and culturomes

(397,307 sequences). Phylotype richness was higher in bulk soils compared to culturomes in

both sample sets; sod-podzolic (SP) soil was more diverse than chernozem (CZ) soil (bulk

soils: SP—1505, CZ—1286 and culturomes: SP—274, CZ—239, Fig 1A). These tendencies can

be clearly seen on the rarefaction curves, where culturome samples reached plateaus much ear-

lier than bulk soil samples. The alpha diversity indices (evenness and richness) were similar for

bulk soils as well as for culturomes (SP—424, CZ—358 and SP—65, CZ—54 correspondingly).

The complete description of vertical soil structure as well as the agrochemical analysis can be

seen in Table 1.

Identification of the core and accessory components of soil microbiomes

and culturomes

53 phylotypes for SP and 39 phylotypes for CZ were shared between bulk soil and culturome

samples (S1 Table). This set of phylotypes was dominated by Gammaproteobacteria (Massilia,

Pseudoduganella), Actinobacteria (Streptomyces, Glycomyces, Pseudarthrobacter), Alphapro-

teobacteria (Bradyrhizobium, Devosia, Microvirga), Bacteroidetes (Niastella, Dyadobacter,
Chitinophaga (predominated in SP)), Firmicutes (Bacillus(predominated in SP), Paenibacil-
lus).No relationship was found between the representation of the phylotype in the bulk soil

and culturome (Fig 1B; P-value for general linear F-test for SP was 0.43, for CZ– 0.5).

PLOS ONE Cellulolytic ‘culturomes’ and microbiomes inhabiting two contrasting soil types

PLOS ONE | https://doi.org/10.1371/journal.pone.0242060 November 20, 2020 4 / 14

https://doi.org/10.1371/journal.pone.0242060


Fig 1. A. Rarefaction curves for the culturomes (gCZ—Hutchinson medium culturome from the chernozem soil, gSP—Hutchinson medium culturome from the sod-

podzolic soil) and bulk soil samples (bsCZ—bulk chernozem soil, bsSP—bulk sod-podzolic soil) B. Dependence of phylotype abundance in the culturome (Y-axis) as

compared to bulk soil (X-axis). Color indicates different soil types.

https://doi.org/10.1371/journal.pone.0242060.g001

Table 1. The main physical and agrochemical characteristics of the analyzed soil samples.

Parameter Units Soil type

Sod-podzolic Chernozem

Particle size (mm) distribution

1–0.25 % 15.1 1.8

0.25–0.10 % 16.4 1.1

0.10–0.05 % 23.26 10.86

0.05–0.01 % 28.64 33.36

0.01–0.005 % 1.8 7.68

0.005–0.001 % 3.2 11.08

<0.001 % 11.6 34.12

Agro-chemical analysis

pH pH units 6.05 7.32

N % 0.22 0.38

P mg/kg 85 121

K mg/kg 60 155

C % 2.48 8.75

Ca mmol/100 g 3.25 30.62

Mg mmol/100 g 2.45 3.82

https://doi.org/10.1371/journal.pone.0242060.t001
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Soil specific taxa for bulk soil were phylotypes from the Verrucomicrobia (Candidatus

Udaeobacter phylotypes), Actinobacteria (Microlunatus phylotypes, Acidothermus in SP, Blas-
tococcus in CZ), Bacteroidetes (Chitinophagaceae phylotypes, Phylobactius bibliophyllum phy-

lotypes) phylotypes in SP, Bacillus in CZ, Acidobacteria (RB41 phylotypes, Bryobacter
phylotypes, Candidatus_Solibacter phylotypes in SP), Entotheonellaeota (specific for CZ) and

Alphaproteobacteria (Pseudolabrys phylotypes, Sphingobacteriales phylotypes in CZ; Fig 2B).

Significant increases of 295 phylotypes for SP and 213 for CZ were shown. Differences between

soil specific phylotypes were manifested in bulk soil at a low taxonomic level (genus, species).

Sod-podzolic soil as compared to the chernozem was characterised by the high values of the

species abundance variance within a certain genus.

The number of the common phylotypes between the culturomes derived from two soil

types was substantially lower compared to bulk soil samples. The culturomes were enriched

with Proteobacteria and Actinobacteria and to a lesser extent with Firmicutes and Bacteroi-

detes. As opposed to bulk soil samples, in culturomes, the presence of the phylum Acidobac-

teria, Entotheonellaeota was not shown, and archaea were not represented. The

representatives of the genus Streptomyces predominated among the detected actinobacteria.

Verrucomicrobia was represented only by the Verrucomicrobiaceae family, while the repre-

sentatives of Chthoniobacteraceae prevailed in the soil samples. The maximal relative abun-

dances were detected for Pseudoduganella, Pseudoxanthomonas, Massilia
(Gammaproteobacteria), Streptomyces and Glycomyces (Actinobacteria) in CZ and Streptomy-
ces (Actinobacteria), Chitinophaga (Bacteroidetes), Massilia aerilata, Variovorax paradoxus
and Pseudomonas (Gammaproteobacteria) in SP.

Beta-diversity of soil microbiomes and culturomes

In both culturome and bulk soils, chernozem (CZ) and sod-podzolic (SP) soil samples were

significantly separated according to beta diversity metrics (PERMANOVA for bulk soils by

Bray-Curtis: R2 = 0.75, p-value = 0.003; culturome R2 = 0.39, p-value = 0.004; the significant

difference (p-value < 0.05) by weighted/unweighted UniFrac, mean pairwise distance, Fig 3).

Bulk soil samples were generally more diverse in terms of beta-diversity as compared to the

corresponding culturomes. The distance between the centroids (the centres of the distribu-

tions) belonging to bulk soil samples was higher on the species and genus levels than for cul-

turomes (0.241 for bulk soil samples and 0.155 for culturomes). This tendency reduces and

finally turns to the opposite direction when the phylotypes are joined to the higher taxonomic

ranks (e.g. on the family level, the numbers of common phylotypes were 72 for bulk soil and

17 for culturomes; the values of the distances between centroids were 0.059 and 0.09 respec-

tively). The dynamics of the discussed changes can be seen more clearly using a graphical

representation in Fig 4. The analysis was built on the calculation of the percent of the common

tree leaves (tree tips) between the compared samples. The linear trend in the reduction of this

value (ANOVA p-value < 0.05) was revealed when moving from the lowest to the highest tax-

onomic levels and until the number of the tree tips has reached 40–60. The linear regression

differences expressed in the values of the line inclination (47.23 for bulk soil samples and 98.27

for culturomes) are statistically significant (p-value< 0.0001).

Discussion

In this work, a mixed culturome and 16S amplicon approach was used to identify the soil

microbiome, which allows quick screening of the microbial community from a solid nutrient

medium. This combination is quite rare in the literature [41], because usually the studies are
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aimed at the selection and identification of individual representatives of the microbiome

selected on a nutrient medium.

High inconsistency in the NGS profiles for bulk soil samples and culturomes was shown,

particularly, significant number of microorganisms from the culturome were absent in the

bulk soil. Moreover, no linear relationship was found in phylotypes’ abundances between bulk

soil samples and culturomes. This phenomenon was discussed previously by Shade and co-

authors for the rhizosphere bacterial communities [8]. Probably, the most feasible source for

the culturable part of the metagenome in this case is the microbial “seed bank” [42]. Other

authors comparing culturome and NGS-based methods for capturing biodiversity also

described a similar phenomenon. In a study of bottom sediment bacteria [43], using the

enrichment method, the number of identified phylotypes increased by 16%, while the rarefac-

tion curves almost reached the asymptote, as in our study. In a cultural study aimed at studying

the soil microbiome of The Atacama Desert [41], some of the isolates were also not identified

with 16S metabarcoding. In a study of the culture of the gut mouse microbiome [44], it was

shown that only an insignificant part of the culture and the 16S microbiome coincide, while

the culture-specific phylotypes are largely associated precisely with the functional activity of

the microbiome.

However, the observed tendencies in phylotypes’ distribution might be caused by the insuf-

ficient sequencing depth for bulk soil samples. So, an increase in the sample number will bal-

ance the community composition.

The difference in the taxonomic structure is characteristic when comparing the micro-

biome in different soil types. In our work, it was shown that the differentiation between con-

trast soil types for a culturome begins to appear at a higher taxonomic level than for bulk soils.

This can be attributed to the fact that the selection acting while seeding microorganisms on a

solid medium is manifested at a high taxonomic level. At the same time, for many microorgan-

isms in bulk soil, soil specificity was characteristic precisely at a low taxonomic level. It should

Fig 2. The comparison of phylotype abundances for sod-podzolic soil samples (SP) vs chernozem samples (CZ) in bulk soil (soil) and culturomes

(medium) samples. Only the significant differences (padj< 0.05) within the dominant phylotypes are shown (baseMean> 60). Heat map legend

meaning: increase of the phylotype abundance in CZ—red, SP—blue). The grey colour is for the phylotypes, which are absent either in bulk soil or

culturome. Phylotypes not represented either in the bulk soil or in culturome are indicated in grey. CZ—chernozem soil and SP—sod-podzolic soil.

https://doi.org/10.1371/journal.pone.0242060.g002

Fig 3. PCoA ordination plots for various beta diversity metrics. A. Bray-Curtis B. unweighted UniFrac C. weighted UniFrac. gCZ—Hutchinson medium culturome

from the chernozem soil, gSP—Hutchinson medium culturome from the sod-podzolic soil, bsCZ—bulk chernozem soil, bsSP—bulk sod-podzolic soil.

https://doi.org/10.1371/journal.pone.0242060.g003
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be noted that there is a significant difference between the microbiomes of SP and CZ, which

begins to manifest itself more strongly when growing on a solid nutrient medium that selects

cellulolytic microorganisms in the soil. The results obtained may also indicate that part of the

community with a low representation, but metabolically specific plays a significant role in the

difference between the soil types.

Сulturomes were dominated by bacteria that seemed to have copiotrophic lifestyles, e.g.,

some groups of beta-, gamma-, and alpha-proteobacteria, belonging to the genera Massilia
(also known as root-colonising microbes), Pseudomonas and bacteria from the family

Fig 4. Percentage of the common phylotypes inhabiting sod-podzolic soil samples (SP) and chernozem samples (CZ) measured by the calculation of the tips

(leaves) of the corresponding phylogenetic trees. A linear trend is shown by the regression line for bulk soil samples as well as for the culturomes.

https://doi.org/10.1371/journal.pone.0242060.g004
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Xanthomonadaceae and Rhizobiaceae. Here we should also add actinobacteria from the genus

Glycomyces, which were associated with plant roots [45]. These bacteria can play the role of an

associated microbiota for the slow-growing and potentially cellulose-degrading bacteria, e.g.

from the genus Caulobacter [46].

A noticeable group of bacteria within culturomes could be attributed to the cellulolytic

community. Among the candidates for utilisation of complex soil polymers were bacteria

belonging to the genera Dyadobacter [47], Chitinophaga, Niastella [48], Flavobacterium [49],

Cellvibrio [50], Steroidobacter [51], Stenotrophomonas [52], Myxococcus [53], Variovorax [54],

Paenibacillus (particularly P. polymyxa) [55], Cohnella (particularly C. panacarvi, which was

observed in the analysed culturomes) [56], Streptomyces [57], Achromobacter [58] and

Sphingomonas.
The microbiomes of bulk soil samples showed greater diversity than those of culturomes.

Most of the species inhabiting soil microbiomes are unculturable, so little is known about their

morphological features and metabolic capacities. Only a few bacteria can be partially charac-

terised in this respect. Particularly, bacteria from the genus Rubrobacter dominated chernozem

microbiomes. This bacterium, together with the large group of Gaiellales representatives are

reported to be thermophiles, and some of them are involved in the degradation of xylan—a

member of the hemicellulose group [59]. The potential for hydrolytic activity, particularly

beta-glucosidase activity, was also shown for bacteria belonging to the genera Microlunatus
[60] and Kribbella. In particular, K. jejuensis was mentioned for its utilisation of xylan and cel-

lobiose [61].

All other bacteria, as well as archaea, belonged to phylogenetic groups that were discovered

in the last two decades, among them were Verrucomicrobia, Thaumarchaeota, and Acidobac-

teria. There is still a lack of information on their biology because many of them avoid cultiva-

tion. The newest publications showed that it might be the consequence of auxotrophy [62] and

potentially obligate symbiotic strategies of their lifestyle. Many of them are known to be ubiq-

uitous and widespread soil bacteria, including those from the list, namely the genera RB41,

Udaeobacter, and Nitrososphaera. The last one is an example of the unique ecological niche

occupied by soil archaea—the indispensable link in the soil nitrogen cycle [63].

Conclusion

The study of microbiomes together with the cultivated cellulolytic communities of two con-

trasting soil types was performed by using 16S rRNA phylogenetic typing. Differences in com-

munity structure between the studied soil types for bulk soils and culturomes showed that only

a small part of the cellulolytic community of the culturome is identified in bulk soil. The soil-

and culturome- specific soil microbiome communities were specified. The opportunity to dis-

tinguish these groups proved to be very useful in studying the soil microbiome, which tends to

be one of the most complex scientific subjects to date. Its complexity obliges the use of many

cross-sections of biodiversity, e.g. differential DNA extraction, SIP or transcriptome analyses,

which might be used to extend the current study in the future.
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49. Lednická D, Mergaert J, Cnockaert MC, Swings J. Isolation and identification of cellulolytic bacteria

involved in the degradation of natural cellulosic fibres. Syst Appl Microbiol. 2000; 23: 292–299. https://

doi.org/10.1016/S0723-2020(00)80017-X PMID: 10930083

50. Djebar LB, Fellag BA. Cellulolytic activity of Cellvibrio japonicus and complete cellulase system. African

J Biol. 2016; 3: 220–227.

51. Sakai M, Hosoda A, Ogura K, Ikenaga M. The Growth of Steroidobacter agariperforans sp. nov., a

Novel Agar-Degrading Bacterium Isolated from Soil, is Enhanced by the Diffusible Metabolites

PLOS ONE Cellulolytic ‘culturomes’ and microbiomes inhabiting two contrasting soil types

PLOS ONE | https://doi.org/10.1371/journal.pone.0242060 November 20, 2020 13 / 14

https://doi.org/10.1080/00029890.2003.11919989
https://CRAN.R-project.org/package=usedist
https://CRAN.R-project.org/package=usedist
https://doi.org/10.1093/bioinformatics/bty633
http://www.ncbi.nlm.nih.gov/pubmed/30016406
https://doi.org/10.1371/journal.pone.0061217
http://www.ncbi.nlm.nih.gov/pubmed/23630581
https://CRAN.R-project.org/package=ggpubr
https://doi.org/10.1093/bioinformatics/btq166
http://www.ncbi.nlm.nih.gov/pubmed/20395285
https://CRAN.R-project.org/package=ggforce
https://CRAN.R-project.org/package=ggforce
https://doi.org/10.21105/joss.01686
https://doi.org/10.1093/molbev/msy194
https://doi.org/10.1093/molbev/msy194
http://www.ncbi.nlm.nih.gov/pubmed/30351396
https://doi.org/10.1101/299537
https://CRAN.R-project.org/package=rnaturalearth
https://CRAN.R-project.org/package=rnaturalearth
https://doi.org/10.3389/fbioe.2019.00010
https://doi.org/10.3389/fbioe.2019.00010
http://www.ncbi.nlm.nih.gov/pubmed/30805333
https://doi.org/10.1038/nrmicro2504
http://www.ncbi.nlm.nih.gov/pubmed/21233850
https://doi.org/10.1186/s40168-017-0383-2
https://doi.org/10.1186/s40168-017-0383-2
http://www.ncbi.nlm.nih.gov/pubmed/29291746
https://doi.org/10.1038/s41467-019-13836-5
http://www.ncbi.nlm.nih.gov/pubmed/31911589
https://doi.org/10.1007/s10482-017-1011-7
http://www.ncbi.nlm.nih.gov/pubmed/29289993
https://doi.org/10.1016/j.femsec.2004.07.015
http://www.ncbi.nlm.nih.gov/pubmed/16329862
https://doi.org/10.1099/ijs.0.019653-0
http://www.ncbi.nlm.nih.gov/pubmed/20008109
https://doi.org/10.1073/pnas.1406156111
http://www.ncbi.nlm.nih.gov/pubmed/25136124
https://doi.org/10.1016/S0723-2020%2800%2980017-X
https://doi.org/10.1016/S0723-2020%2800%2980017-X
http://www.ncbi.nlm.nih.gov/pubmed/10930083
https://doi.org/10.1371/journal.pone.0242060


Produced by Bacteria Belonging to Rhizobiales. Microbes Environ. 2014; 29: 89–95. https://doi.org/10.

1264/jsme2.me13169 PMID: 24621511

52. Tamilanban R, Velayudhan SS, Rajadas SE, Harshavardhan S. Purification and characterization of an

extracellular cellulase produced using alkali pretreated rice straw by stenotrophomonas maltophilia. Int

J Biol Res. 2017; 2: 2455–6548.

53. Kaur R, Singh SK, Kaur R, Kumari A. Myxococcus xanthus, a unique predatory myxobacterium: Gliding,

hunting and feeding together The Pharma Innovation Journal. 2017; 6(11): 614–617.

54. Ghio S, Sabarı́s G, Lorenzo D, Lia V, Talia P, Cataldi A, et al. From Decaying Woods and Characteriza-

tion of Their Potential for Cellulose Deconstruction. Int J Biochem Mol Biol. 2012; 3: 352–364. PMID:

23301200

55. Grady EN, MacDonald J, Liu L, Richman A, Yuan ZC. Current knowledge and perspectives of Paeniba-

cillus: A review. Microb Cell Fact. 2016; 15: 1–18. https://doi.org/10.1186/s12934-015-0402-6 PMID:

26729212

56. Ten LN, Im W. Cohnella panacarvi sp. nov., a xylanolytic bacterium isolated from ginseng cultivating

soil. J Microbiol Biotechnol. 2007; 17: 913–918. PMID: 18050908

57. Semêdo LTAS Gomes RC, Linhares AA Duarte GF, Nascimento RP Rosado AS, et al. Streptomyces

drozdowiczii sp. nov., a novel cellulolytic streptomycete from soil in Brazil. Int J Syst Evol Microbiol.

2004; 54: 1323–1328. https://doi.org/10.1099/ijs.0.02844-0 PMID: 15280309

58. Kurth D, Romero CM, Fernandez PM, Ferrero MA, Martinez MA. Draft Genome Sequence of Achromo-

bacter sp. Strain AR476-2, Isolated from a Cellulolytic Consortium Daniel. Genome Announc. 2016; 4:

2011–2012. https://doi.org/10.1128/genomeA.00587-16 Copyright PMID: 27340069

59. Carret L, Moore E, Nobre MF, Wait R, Riley PW, Sharp RJ, et al. nov., a New Thermophilic Species Iso-

lated from a Thermally Polluted EEluent. 2019; 460–465.

60. An DS, Im WT, Yoon MH. Microlunatus panaciterrae sp. nov., a β-glucosidase-producing bacterium iso-

lated from soil in a ginseng field. Int J Syst Evol Microbiol. 2008; 58: 2734–2738. https://doi.org/10.

1099/ijs.0.65004-0 PMID: 19060049

61. Song J, Kim BY, Hong SB, Cho HS, Sohn K, Chun J, et al. Kribbella solani sp. nov. and Kribbella jejuen-

sis sp. nov., isolated from potato tuber and soil in Jeju, Korea. Int J Syst Evol Microbiol. 2004; 54: 1345–

1348. https://doi.org/10.1099/ijs.0.02953-0 PMID: 15280312

62. Brewer TE, Handley KM, Carini P, Gilbert JA, Fierer N. Genome reduction in an abundant and ubiqui-

tous soil bacterium “Candidatus Udaeobacter copiosus.” Nat Microbiol. 2016; 2: 16198. https://doi.org/

10.1038/nmicrobiol.2016.198 PMID: 27798560
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