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Abstract 

Microbial biodiversity is represented by genomic landscapes populating dissimilar environments on earth. 

These genomic landscapes usually contain microbial functional signatures connected with the community 

phenotypes. Here we assess the genomic microbiodiversity landscape of a river associated microbiome 

enriched with 200 mg.mL-1 of anthraquinone Deep-Blue 35 (™); we subjected to nutritional selection a 

composite sample from four different sites from a local river basin (Morelos, Mexico). This paper explores 

the resultant textile-dye microbiome, and infer links between predicted biodegradative functions and the 

individual genome fractions. By using a proximity-ligation deconvolution method, we deconvoluted 97 

genome composites, with 80% of this been potentially novel species associated with the textile-dye 

environment. The main determinants of taxonomic composition were the genera Methanobacterium, 

Clostridium, and Cupriavidus constituting 50, 22, and 11 % of the total population profile respectively; also 

we observe an extended distribution of novel taxa without clear taxonomic standing. Removal of 50% 

chemical oxygen demand (COD) with 23% decolorization was observed after 30 days after dye enrichment. 

By metagenome wide analysis we postulate that sequence elements related to catalase-peroxidase, polyphenol 

oxidase, and laccase enzymes may be causally associated with the textile-dye degradation phenotype under 

our study conditions. This study prompts rapid genomic screening in order to select statistically represented 

functional features, reducing costs, and experimental efforts. As well as predicting phenotypes within 

complex communities under environmental pressures. 
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1. Introduction 

Metagenomics approaches have been largely applied to characterize microbial 

communities’ structure and functions in different environments. Two major goals on 

metagenomic analysis of complex communities are to profile and compare the taxonomic 

composition and infer their associated phenotypic potential; in order to get a comprehensive 

understanding of environmental microbiodiversity and its concomitant effects. Recently, 

the recovering of individual genomic complements from metagenomes (MAGs) has 

become an attractive task, generating new insights about uncultured specimens usually 

underrepresented in customs genome data repositories and discovering totally new 

microbial genomes-landscapes [1].  

Historically, the ecosystems most scrutinized by metagenomic have been host-associated or 

environmental origin [2, 3]. Among the aquatic ecosystems, two of the most neglected 

biomes involve freshwater and sediments metagenomes, despite the importance of 

microbial dynamics in the function of freshwater surface bodies [4]. Since 2010, 10,648 

metagenomes have been uploaded to the National Center for Biotechnology Information 

(NCBI) Assembly database, 148 from freshwater environments, and 111 from sediments 

(https://www.ncbi.nlm.nih.gov/assembly/?term=derived+from+metagenome consulted 

21/03/2020).  Arguably, only a few hundred of individual genomes have been assembled 

from these metagenomes (https://www.ncbi.nlm.nih.gov/assembly/?term=metabat 

consulted 21/03/2020). Furthermore, the Integrated Microbial Genomes & Microbiomes 

(IMG/M) system contains 9898 metagenomes, from which 13,866 bins from freshwater 

environments have been assembled (761 bins from river samples and 508 from sediments), 

representing just 1.58% of total metagenomes bins (https://img.jgi.doe.gov/cgi-

bin/m/main.cgi?section=MetagenomeBins&page=bins&type=ecosystem consulted 

21/03/2020).    

 

Often it is difficult to connect the ecological functions that take place in microbiomes with 

the specific biotypes that perform them. Binning methods have brought us closer to 

inferring individuals that might be performing discrete functions within a mixed sample. 

The binning methods offer an attractive and committed way to assemble genomes from 
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metagenomes [5, 6]. However, these methods are not without limitations v. gr., low 

reconstruction genome rate, or bins clustering with low quality, usually associated with the 

incorporation of spurious reads and the dependence on two-dimensional parameters like 

compositional regularity of bases among others [7]. Genome-resolved metagenomics still 

struggles to achieve high quality and contiguity indicators. 

Recently, methods based on chromosomal proximity ligation (Hi-C or 3C) have been 

applied to extract genomes from metagenomes with reasonable indicators of quality, taking 

physical neighborhood signals of sequences that are co-located in cells [8, 9]. Several 

papers show their applicability to deconvolve microbiomes and extract functional-

phenotypic determinants related to community performance  [10–12].  

 

To assess the genomic microbiodiversity landscape that can be resolved using proximity 

ligation (Hi-C) chemistry in a river associated microbiome, we subjected to nutritional 

selection -with a proprietary oil blue family anthraquinonic dye- a composite sample from 

sediment and freshwater from Apatlaco river basin (Morelos, Mexico) for 30 days in batch 

conditions, to enrich a textile-dye degrader community fraction. From there, we 

deconvolved 97 genome composites and evaluated the overall dye-removal achieved by the 

mixed culture. This paper explores the resultant textile-dye microbiome (TDM), in order to 

infer links between predicted biodegradative functions and the individual genomic 

complements of the community. We deal with the hypothesis that it is possible to connect 

which individual genomic composites may contribute a given function within a community 

under nutritional selection. This is the first report about taxa-specific Hi-C deconvolution 

analysis in a textile dye related biome, and the first approach to deconvolve the Apatlaco 

River microbiome, the basin most impacted by human activity in the state of Morelos.   
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2. Material and Methods 

2.1. Sample recovery, DNA preprocessing and Hi-C deconvolution analysis 

The Apatlaco river basin (Morelos, México) was our study model to explore the effects of 

anthropogenic pollution on microbial diversity. Four samples of sediment and surface water 

were taken and processed as described by Breton-Deval et al., [5] (sites S1: −99.26872, 

18.97372, S2: −99.2187, 18.83, S3: −99.23337, 18.78971 and S4: −99.18278, 18.60914). 

One composite sample (~ 2 L) was enriched in the laboratory with 200 mg. mL-1 of Deep-

Blue 35(™), an anthraquinone dye from the oil blue family as sole carbon source. The 

enriched sample was incubated for 30 days at room temperature in a 10 L batch reactor. 

Ten grams of the sediment sludge plus 10 mL of water column were extracted from the 

reactor and directly cross-linked according to [11]. A Hi-C library was created from the 

sample using a Phase Genomics (Seattle, WA) ProxiMeta Hi-C Microbiome Kit, which is a 

commercially available version of the Hi-C protocol [13]. Following the manufacturer's 

instructions for the kit, intact cells from the sample were simultaneously digested using the 

Sau3AI and MlucI restriction enzymes, and proximity ligated with biotinylated nucleotides 

to create chimeric molecules composed of fragments from different regions of genomes that 

were physically proximal in vivo. Continuing with the manufacturer's protocol, molecules 

were pulled down with streptavidin beads and processed into an Illumina-compatible 

sequencing library. Sequencing was performed on an Illumina HiSeq4000, generating a 

total of 72,007,031 Hi-C read pairs. All metagenomic sequencing files were uploaded to the 

Phase Genomics cloud-based bioinformatics portal for subsequent analysis. 

Previous shotgun reads obtained by Breton-Deval et al., [4] were combined with Hi-C reads 

and were filtered and trimmed for quality, then normalized using bbtools [14] and 

assembled with MEGAHIT [15] using default options. Hi-C reads were then aligned to the 

assembly following the Hi-C kit manufacturer's recommendations.  Briefly, reads were 

aligned using BWA-MEM [16] with the -5SP and -t 8 options specified, and all other 

options default. SAMBLASTER [17] was used to flag PCR duplicates, which were later 

excluded from the analysis. Alignments were then filtered with samtools [18] using the -F 

2304 filtering flag to remove non-primary and secondary alignments. Metagenome 
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deconvolution was performed with ProxiMeta [11]. Clusters were assessed for quality 

using CheckM [19] and assigned preliminary taxonomic classifications with Mash [20]. 

Binning refiner and DAS tool were used to select optimized and non-redundant set of 

metagenomes assembled genomes from the initial 97 clusters [7, 21]. 

2.2. Community taxonomic profiling 

We estimated microbial community composition by mapping the Hi-C reads against the 

representative clade-specific markers catalog contained on the MetaPhlAn tool [22]. The 

abundance profiles obtained were merged and processed with GraPhlAn to producing an 

abundance-based cladogram tree representation [23]. MetaPhlAn raw abundance tables 

were visually explored with excel spreadsheet developed by Microsoft in order to identify 

patterns and trends.  

2.3. Decolorization of the textile dye Deep-Blue 35(™) by the enriched microbiome 

The textile dye Deep-Blue 35(™) was obtained from Monroe Chemical Company de 

México, S.A. de C.V, in his national commercial form. A dye stock solution (32 g.L-1, final 

pH 9.2) was prepared using deionized water. We evaluated the overall dye-removal 

achieved by the mixed culture by adding Deep-Blue 35 to the bath reactor up to a final 

concentration of 200 mg.L -1 as sole carbon source. After 30 days of incubation at room 

temperature, we assessed the final chemical oxygen demand (COD) using a standard 

HACH® procedure followed by the spectrophotometric determination in a Hach 

spectrophotometer DR/4000 UV-Vis. Also, we recorded the UV-Vis spectrum of the 

sample to evaluate the degree of color removal. 

 2.4. Functional annotation and phenotypic potential inference  

The individual genomes composites deconvolved in this study were annotated with Prokka: 

Rapid Prokaryotic Genome Annotation tool [24]. Besides, they were annotated with 

KofamKOALA tool to assign KEGG Orthology related to the decolorization of textile dyes 

[25]. We selected several enzymatic dye-biodegradation markers according to Sarkar et al., 
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[26]; after we look for their representation in the resolved genomes and we compared their 

abundance against previous freshwater metagenomes assembly annotations from [4, 27]. 

The enzymes selected were: Dye decolorizing peroxidase [EC:1.11.1.19, K15733]; 

Azoreductase [EC 1.7.1.6, K03206; EC:1.7.1.17, K01118]; Laccase [EC:1.10.3.2; 

K05909]; Lignin peroxidase [EC:1.11.1.14, K23515]; Tyrosine phenol-lyase [EC:4.1.99.2, 

K01668]; Tyrosinase [EC:1.14.18.1, K00505]; Catalase-peroxidase [EC:1.11.1.21, 

K03782].  KEGG mapper was employed to explore pathways and functional modules 

representative of the textile dye microbiome [28]. Alternatively, we apply the Seer tool [29] 

in order to investigate sequence signatures (k-mers) significantly associated with the textile 

dye biodegradation phenotype, assumed from genotype. For this, we associate each 

deconvoluted genome with the presence or absence for any enzymatic dye-biodegradation 

marker (already mentioned) in a binary file, were 0 imply no biodegradation phenotype and 

1 suppose a potential biodegradative phenotype. 

2.5. Genus and species boundaries estimation on the genome composites 

To assign a taxonomic context for all deconvolved genomes complements of this study, we 

apply a hybrid approach involving the extraction of rDNA coding sequences from the bins 

with Barrnap tool when possible and comparing them against homologous sequences from 

type material [30]. According to this criterion, each genome was placed in the most 

probable phylogenetic context at the genus or species level. When the rDNA gene 

resolution was insufficient or absent, Mash distance (D) was estimated against all NCBI 

type genomes from the most plausible linage for each bin resolved [20]. Type genomes 

with lower D values were selected for further analysis using average nucleotide identity 

(ANI) determination. When D ≤ 0.05 or ANI > 95% species context was assigned 

unambiguously. Novel species were inferred when D > 0.05 or ANI < 95 %. Novel higher 

taxonomic ranks like genus or family were carefully evaluated by adding up-to-date 

phylogenomic context comparisons among the most similar type genomes according to 

Mash [31]. Otherwise, Barco et al., [32] recommendations were set to genus delineation 

relying on the Alignment Fraction (AF) and ANI values for genus demarcation boundaries 

(means of 0.331 and 73.98 % respectively). This combined approach ensures unambiguous 
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taxonomic standing assignation for any genome composite moderately complete (> 50 %) 

and marker gene overrepresentation (< 10 %). 

2.6. Statistic analysis 

Chi-Square exact test was applied to assess KEGG molecular functions (KO) 

overrepresentation accordingly to functional assignations on each metagenome. 

Data availability 

The raw data that support the findings of this study were submitted to NCBI under 

BioProject accession number: PRJNA623057 and are openly accessible with the following 

link: 

https://www.ncbi.nlm.nih.gov/sra/PRJNA623057. Any other data are available from the 

corresponding author, [ASR], upon reasonable request. 

3. Results and Discussion 

3.1. Taxonomic profiles comparison between a textile-enriched and Apatlaco 

freshwater natural microbiomes 

We first characterized the TDM microbiome coming primarily from the Apatlaco river 

composite samples and compared them with four freshwater microbiomes available from 

the same basin [4, 27]. The textile dye build-environment involved a considerable 

abundance of archaea (> 50% pertaining to Euryarchaeota, the most abundant phylum). 

While bacterial phyla Firmicutes, Proteobacteria, and Actinobacteria represented roughly 

half of the community. MetaPhlAn revealed at least three major clades with abundances 

>0.5%, containing 10 genera and 14 species. Methanobacterium was consistently the most 

abundant genus; it represented ~50% of the bacterial community in the textile dye 

microbiome. Also, Clostridium (22%) and Cupriavidus (~11%) complete the most 

significant fraction of the metagenome. Overall, the TDM microbiome account for 28 

genera (highlighting Methanobacterium; Clostridium; Cupriavidus; Mesorhizobium; 
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Ralstonia; Saccharomonospora; Sporolactobacillus); and 41 species-level assignments 

(highlighting Methanobacterium paludis; Clostridium tyrobutyricum; Cupriavidus 

metallidurans; Methanobacterium congolense; Mesorhizobium sp. UASWS1009; 

Saccharomonospora azurea; Ralstonia sp. MD27; Sporolactobacillus laevolacticus; 

Clostridium diolis) (Figure 1a, Supplementary Material 1). This confirms a diverse 

community with phylotypes characteristics from oxygen-limited environments and obligate 

aerobic entities. It is worthy to note that TDM microbiome experienced a drastic reduction 

on diversity compared with S1-S4 microbiomes [4, 27], sharing only two species-specific 

lineages: Variovorax paradoxus with S1and S4, and Cutibacterium acnes with S2 and S4, 

suggesting a taxonomic context fundamentally distinct from that of natural biomes; maybe 

due to anthraquinone Deep Blue 35 dye nutritional selection effects (Figure 1b). The co-

occurrence of both taxa is not uncommon in the referred conditions. V. paradoxus is a 

highly adaptable microorganism with demonstrated capabilities for anthropogenic 

contaminants biodegradation [33, 34]. C. acnes is a ubiquitous anaerobic Actinobacteria 

part of the human healthy skin microbiota. Metabolically it can degrade triacylglycerol on 

lipid environments [35]. As C. acnes is also found in the human intestine and urinary tract, 

it is evident a waste-water associated origin, where it could survive colonizing fatty 

components material. 

Since the species coverage depends on sequenced microorganisms, MetaPhlAn species-

level detection should be taken with caution in light to offer further details on the structure 

of this metagenome. However, in TDM seems to be apparent the prevalence of 

methanogenic phylotypes (Methanomada, Stenosarchaea, and Clostridia groups;) that 

populate the microbiome and could be important in carbon and CH4 cycles. 

Methanobacteriales and Clostridiales (accounting for > 70% of relative abundance), both 

orders known to contain anoxygenic-types, suggesting a discrete prevalence of anaerobic 

taxonomic patterns in TDM. Other lower clades involved aerobic or facultative types like 

Mesorhizobium sp., Saccharomonospora azurea, Ralstonia sp. MD27, Sporolactobacillus 

laevolacticus. This work expands the community blueprints described by [4] that inhabit 

the Apatlaco river basin and suggest more diverse community patterns. Eventually, this 

type of comparative study between freshwater microbiomes and built environment 
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metagenomes under xenobiotic nutritional selection will help to predict microbial shifts 

associated with anthropogenic activities.  

3.2. Decolorization of Deep Blue 35 by the enriched microbiome 

We measure the initial and final COD of the water composite sample during the enrichment 

process with Deep Blue 35, to appreciate the impact of the textile-dye community fraction 

on the overall organic load; which is a robust indicator of oxidizable pollutants found in 

water. The initial COD was 265.80 ± 5.0 mg.L-1 and the final COD was recorded as 133.33 

± 3.6 mg.L-1. Indicating that after 30 days on batch reactor the level of COD was reduced 

until values < 200 mg.L-1; in agreement with the Official Mexican Standard NOM-014-

ECOL-1993, which establishes the permissible limits of pollutants in wastewater from the 

textile industry [36]. Also, we recorded the UV-VIS spectra of the dye-treated sample at the 

initial and final time (0-30 days by triplicated); the dye sample accounted for a 

discoloration rate of 23% (maximum visible wavelength: ~592-630 nm) (Figure 2). The 

absorption bands at ~630 nm -associated with the blue color- decreased slightly after 30 

days on oligotrophic incubation, supporting that anthraquinone dye are both poorly 

adsorbed on to biomass or sediment. The relatively slight diminution of color essentially 

suggests that the removal of Deep Blue 35 was almost incomplete at this point, maybe due 

to a chromophore structure highly resistant to degradation, resulting in lengthy 

decolorization [37]. 

Although several strains capable of degrading anthraquinones dyes have been described, 

Klebsiella sp., Pseudomonas sp., Bacillus cohnii [38–40], very few studies prevail under 

oligotrophic conditions or oxygen limitation. Bacillus cereus DC11 has been reported as an 

anthraquinone degrader under oxygen limiting conditions, achieving a decolorization rate 

of Acid Blue 25 (100 μmol.L-1) near to 55% [41].  In this study we showed enrichment of 

anoxic and facultative taxa at the genus and species level (See taxonomic profile on 

Supplementary Material 1), suggesting that a reduced oxygen environment was created 

after Deep Blue 35 addition. Our results are numerically comparable to other achieved by 

single isolates like Pseudomonas sp. strain GM3 [42] with Reactive Blue 2 (degradation 

rate 14 %), Aeromonas hydrophila DN322 with Acid Blue 56 (degradation rate 21 %) [43]; 
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Enterobacter sp. with Reactive Blue 19 (Degradation rate 25%) [44]. It is worthy to note 

that most of these cases were performed in rich media or supplemented with carbon sources 

such as glucose. Our approach roughly attempts to simulate what would happen in case of a 

discharge of textile effluent on to superficial waters and takes into account the modification 

of the microbiota as well as its ability to remove the contaminant in the absence of 

biostimulation. Altogether, suggest that the impact of textile dyes in freshwater could have 

long-term lasting effects before the indigenous microbiota been capable of modifying the 

pollutant significantly, this could represent conditions that promote anaerobiosis and 

methanogenesis. Otherwise, the microbial composition may experience significant 

modification.  

 

3.3. Proximity-ligation metagenome deconvolution on textile dye selected microbiome 

While MetaPhlAn provides useful taxonomic profiling through clade-specific markers, we 

attempt to obtain full genome community information by Hi-C metagenome deconvolution 

[8, 11]. ProxiMeta TDM deconvolution resulting in the reconstruction of 97 putative 

genome clusters (Figure 3a). Around 13.4% of the raw genome clusters have > 50% 

completeness; about 29.9% of the clusters have between 20-48% completeness, and 56.7% 

of genome composites have less than 20% completeness. Remarkably, 98% of the clusters 

produced by Hi-C have less than 10% of gene marker overrepresentation and 63 effective 

clusters possess less than 5% according to CheckM [19], supporting that Hi-C method 

produces clusters with little contamination levels [11, 12]. Forty-five clusters have a 

novelty score > 80% according to Mash distance metric [20] , this anticipates the presence 

of an undescribed taxa representative from the Apatlaco basin (Supplementary Material 2); 

highlighting valuable novel genotaxonomic landscapes contained in the textile dye 

microbiome. 

Subsequently, we applied Binner_refiner and DAS Tool overall 97 Hi-C assembly clusters 

to eliminate redundancy and generated more accurate genomes composites. This approach 

drastically reduced the total genome clusters to 18 improved drafts, all of them with 
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medium or high-quality genomes properties [7, 21] (Figure 3B, Table 1). These 18 

optimized metagenome-assembled genomes outperform the previous 14 Hi-C clusters with 

completeness ~50%. However, while we improved the overall quality of the most complete 

genomes, we do not rule out any of the Hi-C clusters obtained by proximity deconvolution 

for subsequent functional analysis; under the premise that these clusters came in principle 

from different cells in the microbiome, whose individual genomic complements may be 

functionally relevant. Full genome community exploration revealed novel species-level 

composites accurately; each Hi-C cluster represents an individual genomic unit (Intercluster 

Mash D > 0.2); this species segregation is properly reflected at phylogenetic level (Figure 3 

C), with a clear differentiation between diverse taxonomic groups (Archaea, Clostridiales, 

Actinobacteria, Proteobacteria, or unknown taxa). This is a criterion to approximate 

species-specific relationships (two clusters of the same species share Mash D ≤ 0.05) in 

natural or build-environments microbiomes poorly-characterized. As in MetaPhlAn 

profiling, deconvolution produced clusters consistent with Clostridales and 

Methanobacteriales as the most abundant in the community. The combination of different 

tools for recovering metagenome-assembled genomes will improve our understanding of 

the structure and function of microbial communities in natural and synthetic ecosystems, 

revealing hidden species-level microbial contexts with his respective genomics 

complement. 

3.4.  Functional landscape selected by the textile dye, linking the phenotypic potential 

with individual genomes. 

To investigate the functional landscape distinctions between the textile dye and natural 

freshwater microbiomes, we concatenated all four freshwater metagenomes in a sole 

archive with KEGG annotations, to create a unified representative freshwater microbiome. 

Then we analyze the coding sequence elements related to major functional categories on 

KEGG reference database and identified relevant dye degradation enzymes coding 

sequences in both datasets.  

Relatively similar amounts of coding sequences were assigned to textile and freshwater 

metagenomes (115,712 vs 135, 993; about ~ 10% difference between both predictions). 
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Freshwater and textile dye metagenome fractions showed distinguishable functional 

profiles in the categories of carbohydrate, energy and lipid metabolism, glycan 

biosynthesis, xenobiotic biodegradation, and membrane transport. Interestingly, most of the 

molecular functions (KO) overrepresented in TDM, cluster independently (except for 

fructose and mannose metabolism) (Figure 4), suggesting a functional core significantly 

influenced by nutritional selection. Methane metabolism is a highly representative function 

in TDM probably enhanced after dye enrichment; this agrees with genomic observations 

where methanogenic taxa were the most abundant representatives (Supplementary Material 

3). Also, we observed a higher frequency of phnJ gene (which encodes a releaser methane 

enzyme) in TDM (6 sequences elements) compared with natural microbiomes (1 sequence) 

[45]. Hence, it is expected that anaerobic mechanisms would be contending with the dye 

nutritional selection, insofar as other functional cores may be shaped in the community. 

Other functions like glycan synthesis and galactose metabolism could be related to cell wall 

synthesis processes and nucleotide sugar biosynthesis to support active growth. The 

phosphotransferase system could be triggered in response to oligotrophic conditions, to 

potentiate uptake of carbohydrates from a medium limited in nutrients [46]. Likewise, in 

the freshwater fraction, the most representative metabolic pathway was related to the ABC 

transporters system, followed by the fatty acid, aromatic degradation, and 

lipopolysaccharide biosynthesis. This is consistent with the reported by Breton-Deval et al., 

[27] and support functions associated with the metabolism of anthropogenic substances 

coming from diverse origins (industrial, agricultural, and domestic discharges).  

Subsequently, we constructed a presence-absence matrix with dye-decoloring enzymes 

deduced from KEGG annotations in TDM (see MM), and clustered against the genome 

composites they came from; under the premise that they constitute potential phenotypic 

markers associable with the ability to degrade textile dyes (Table 2). 

Dye biodegradation trait could be connected efficiently to emerging new taxa deconvoluted 

in TDM based on dye biodegradation functional genes (Figure 5). In agreement with the 

overall distribution, NADH-Azoreductase, Polyphenol oxidase, and Catalase-peroxidase 

sequence elements were the most abundant per genome. Functional redundancy was 

observed mainly on the clusters 1 (novel taxon); 3 (Candidatus Afipia apatlaquensis); 7 
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(novel Euryarchaeota member); 11 (novel taxon); 14 (Clostridium arbusti); 20 

(Mesorhizobium sp., novel species) and 41 (Cupriavidus metallidurans) with three or more 

copies by genome. Clostridium and Mesorhizobium members have been previously 

identified as capable to degrade anthraquinonic dyes [47][48], C. metallidurans is largely 

known for his tolerance to metals and have been reported in aromatic compound 

degradation like toluene [49]. 

 

3.4.1 Sequence elements significantly associated with simulated phenotype based on 

genotype 

To support the hypothesis that it is possible to connect individual genomic composites 

with explicit functions within a community under nutritional selection, we apply an 

association analysis of sequence elements with phenotypes through a genome-wide 

association approach. We artificially associated a binary predicted phenotype to each 

genome composites from this study, based on the former presence/absence of dye-

decoloring coding sequences. By applying Seer tool [29] over the 97 TDM genome 

composites we predicted 17, 194,445 genetics features (total k-mers). After data filtration 

57,115 final k-mers were printed as putative elements with effect on textile dye 

biodegradation phenotype, and 43,141 significant k-mers aligned with sequence elements 

related to biodegradation of textile dyes. The genetic determinants mostly associated with 

the biodegradation of textile dyes were those corresponding to Catalase-peroxidase > 

Polyphenol oxidase > Laccase (Table 3). The clusters 3, 14 (Clostridium arbusti), and 

41(Cupriavidus metallidurans) also remark as attractive candidates for targeted studies on 

the degradation of textile dyes. The cluster 3, (identified as “Candidatus Afipia 

apatlaquensis ”)  genome composite has been recently suggested as a tentative textile dye 

biodegrader [50]. Also totally novel taxa from different fila (Euryarchaeota, Firmicutes, 

Proteobacteria) are significantly associated with the textile-dye degradation phenotype, 

expanding the catalog of microbiodiversity related to textile biodegradation. This suggests 

that these sequence elements are strongly associated with the predicted phenotype, 

compared to those with lower coverage, and tentatively could have a greater effect on it.  

As genome encodes the metabolic abilities of microorganisms it is a major genetic causal of 

phenotypic behaviors. However, the prediction of individual organismal functions directly 
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from genes must be taken with caution. In this way, we propose that the genomes reported 

in figure 5 could be involved in the degradation of textile dyes based on the genetic 

potential they show. This would be useful on rapid screenings within a large collection of 

genomes in order to select the most represented functional feature (for example in the 

dissection of genome composites with the greatest contribution to an observed or 

hypothetical phenotype), reducing costs and experimental efforts. As well as predicting 

phenotypes within complex communities under environmental pressures. 

 

Conclusions 

 

These results help to understand how nutritional selection by a xenobiotic substance 

(anthraquinone textile dye) shapes local microbial landscapes at the community level.  Over 

50% of the total microbial diversity is related to anoxygenic lifestyle, also methanogenic 

functions were significantly enriched in the textile microbiome, supporting major role for 

anaerobic contexts in the microbiome. Organic oxidizable content was reduced by 50% 

with a modest decolorization rate, suggesting that more time is needed to achieve complete 

removal of complex textile dye structure. We postulate that sequence elements related to 

catalase-peroxidase, polyphenol oxidase, and laccase enzymes may be causally associated 

with textile-dye degradation phenotypes and may be putative markers for environmental 

monitoring of decolorizing functions, as in textile wastewater treatment plants. This study 

prompts rapid genomic screening in order to select statistically represented functional 

features, reducing costs, and experimental efforts. As well as predicting phenotypes within 

complex communities under environmental pressures. 
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Table. 1 Optimized, non-redundant set of genome clusters from Hi-C textile-dye microbiome after 

trimming with DAS Tool and Binning refiner 

 

 

Table 2. Coding sequence abundance of dye-decoloring related enzymes in freshwater and 
textile dye microbiomes according to KEGG annotations 

KO 
Freshwater 

microbiome 

Textile dye 

microbiome 

EC 

Number 
Name 

Gene 

name 

K15733 2 - 1.11.1.19 
Dye decolorizing 

peroxidase 
DyP 

K03206 1 1 1.7.1.6 Azoreductase azr 

K01118 11 26 1.7.1.17 NADH-azoreductase 
acpD, 

azoR 

K05909 1 1 1.10.3.2 Laccase - 

K03782 142 13 1.11.1.21 Catalase-peroxidase katG 

K05810 42 21 1.10.3.- Polyphenol oxidase - 

 

  

Cluster ID Top Reference Complete 

(%) 

MGO 

(%) 

Novelty 

score (%) 

Abundance 

(%) 

Conting 

N50 

Genome 

Size 

Num 

Contings 

GC 

(%) 

Cluster 1* Clostridiales 98.10 1.02 98.36 2.28 96482 2,632,104 48 42.15 

Cluster 2* Bacteria 96.3 1.00 99.17 3.46 194975 5,263,022 43 61.00 

Cluster 3* Candidatus Afipia apatlaquensis 96.19 1.15 36.71 0.69 4194 5,604,749 1,705 60.72 

Cluster 4* Actinobacteria 91.79 1.10 99.13 0.83 3692 2,008,428 656 57.28 

Cluster 5* Clostridiales 94.29 1.06 99.11 1.11 16281 2,577,802 235 60.06 

Cluster 6* Acetobacter sp. 90.48 1.04 82.04 1.46 172292 2,397,974 29 60.31 

Cluster 7* Euryarchaeota 86.00 1.10 98.61 1.73 5192 2,230,951 608 38.87 

Cluster 8* Euryarchaeota 79.74 1.04 95.08 4.58 39230 2,697,761 86 36.82 

Cluster 9* Actinobacteria 87.62 1.02 98.97 1.41 26583 1,399,956 57 65.26 

Cluster 10* Clostridium sp. 64.76 1.07 81.64 6.22 12668 2,400,021 280 30.74 

Cluster 11* Bacteria 63.81 1.06 98.71 0.7 11943 3,932,167 488 52.21 

Cluster 12 Methanobacterium paludis 54.34 1.24 15.76 0.9 1696 2,501,351 1,461 35.96 

Cluster 13* Actinobacteria 59.05 1.05 98.48 1.11 12333 1,01,1957 100 67.89 

Cluster 14 Clostridium arbusti 48.74 1.34 25.22 1.49 4324 2,397,525 720 32.46 

Cluster 16* Oscillibacter sp. 67.62 1.13 95.12 0.91 3232 1,651,099 600 36.31 

Cluster 18* Clostridium sp. 59.05 1.10 97.27 1.73 4816 2,313,905 651 40.80 

Cluster 21 Methanobacterium_paludis 48.37 3.20 10.02 1.10 1805 1,608,877 882 36.20 

Cluster 32 Clostridium arbusti 55.67 0.0 5.39 3.10 7238 683,706 126 30.08 
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Table 3. Metagenome association results for the textile dye biodegradation predicted 
phenotype over 97 genome composites on the TDM community. Predicted phenotype was 
based on dye-decoloring coding sequence presence/absence. Significant k-mers were 
mapped to Prokka annotations for all dye-decoloring related genes in the community. The hits 
with significant k-mers > 1000 mapped to reference are shown   

Genome representation KO 
Functional annotation or 

Conserved domains 

k-mers 

mapped  

Bases with 

coverage (%) 

Average 

coverage depth 

Cluster 7 (Methanobacterium 

sp.)* 
K03782 Catalase-peroxidase 2117 99.35 9.76 

Cluster 17 (Proteobacteria)* K03782 Catalase-peroxidase 1689 99.65 7.77 

Cluster 34     (Clostridium 

sp.)* 
K03782 Catalase-peroxidase 1678 98.29 8.19 

Cluster 14 (Clostridium 

arbusti) 
K03782 Catalase-peroxidase 

1404** 100 12.47 

1237** 99.81 11.78 

Cluster 12 (Methanobacterium 

paludis) 
K03782 Catalase-peroxidase 1261 99.08 8.92 

Cluster 3 (Candidatus Afipia 

apatlaquensis) 

K03782 Catalase-peroxidase 1065 98.39 7.46 

K05909 Laccase 1001 97.42 7.05 

Cluster 41 (Cupriavidus 

metallidurans) 
K05810 Polyphenol oxidase 1050 100 13.09 

*Novel species: Mash D > 0.05 with it closets neighbor 

**k-mers mapped to two different sequence elements with common orthology 
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Figure 1.  Short-reads metagenomic profiling for the textile-dye selected microbiome (TDM) 
and four related freshwater microbiomes. GraPhlAn cladogram showing the taxonomic 
distribution represented as different colors inside the rings. The main determinants in the 
TDM microbiome are highlighted within the cladogram in different colors and their taxonomic 
level was identified with text notes (a). Venn diagram showing the distribution at the species 
level among the compared microbiomes and their composition at the Phylum level (b). 

 

 

 

Figure 2. UV/Vis absorbance spectra recorded from the textile dye Deep-Blue 35(™) by the 
enriched microbiome. The blue line represents spectra recorded at day 0 with a concentration 
of 200 mg.L -1 of textile dye. The yellow line represents spectra recorded after 30 days of 
incubation. 
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Figure 3. ProxiMeta Hi-C deconvoluted genomes in TDM. Quality criteria for genomes 
adhering to CheckM criteria for completeness (gray dots) and contamination (yellow dots), 
also the novelty score according to Mash D is showed (bars) (a). Refinement of Hi-C clusters 
to obtain optimized bins (b). Phylogenomic tree obtained with UBCG software grouping Hi-C 
clusters according to phylogenetic links (c); genome clusters with probable monophyletic 
relationship are enclosed in a light yellow leaf-like shape. 
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Figure 4. Main KEGG metabolic pathways in the TDM compared to natural freshwater 
metagenome. Overrepresented pathways are depicted in blue for TDM and red for the 
freshwater metagenome. P values are depicted on the left side. 

 

 

 

Figure 5.  Abundance of dye-decolorizing coding sequences in the TDM deconvoluted 
genomes. The enzymes selected are color labeled and his KO is shown on the right side. 
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