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Abstract 

Escalating proportions of industrially contaminated sites are one of the major catastrophes faced 

at the present time due to the industrial revolution. In the outlook of the obstacles associated with 

culturing the microbes, the direct metagenomic analysis of various complex niches is rapidly 

gaining attention. In this study, metagenomic approach using next generation sequencing 

technologies was applied to exemplify the taxonomic abundance and metabolic potential of the 

microbial community residing in Amlakhadi canal, Ankleshwar at two different seasons. All the 

metagenomes revealed a predominance of Proteobacteria phylum. However, difference was 

observed within class level where Gammaproteobacteria was relatively high in polluted 

metagenome in Summer while in Monsoon the abundance shifted to Betaproteobacteria. 

Similarly, significant statistical differences were obtained while comparing the genera amongst 

contaminated sites where Serratia, Achromobacter, Stenotrophomonas and Pseudomonas were 

abundant at one season and the dominance changed to Thiobacillus, Thauera, Acidovorax, 

Nitrosomonas, Sulfuricurvum, Novosphingobium, Hyphomonas and Geobacter at the next 

season. Further upon functional characterization, the microbiomes demonstrated diverse survival 

mechanisms adapted by the inherent microbial community such as degradation of aromatic 

compounds, heavy metal resistance, oxidative stress responses and multidrug resistance efflux 

pumps. The results have important implications in understanding and predicting the impacts of 

human-induced activities on microbial communities inhabiting natural niche and their responses 

in coping with the fluctuating pollution load. 

Keywords:  Aromatic compounds; Industrial contamination; Microbial diversity; Proteobacteria; 
Oxidative stress. 
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1.0 Introduction   

Anthropogenic contamination is often directed by the avid community desires and has become a 

serious matter of concern recurrently encountered near long-term industrialized areas. The 

western state of India, Gujarat, houses majority of the industrial estates within the "Golden 

Corridor" extending from Mehsana to Vapi (Shah et al. 2013; Sharaff et al. 2017). This industrial 

belt falls into the basins of various river bodies across the state making them contaminated and 

unhealthy for the surrounding residential areas. Consequently, the sediments act as repositories 

of various pollutants and xenobiotic compounds that are retained within these water bodies with 

time. Since the last two decades, there is an escalating awareness in the field of bioremediation 

due to the limitation in landfills and the increasing remediation costs. However, the successful 

development of any bioremediation strategy depends on understanding the inherent microbial 

community dynamics, structure and function (Desai et al. 2010) through genomic approaches 

which will further aid in comprehensive knowledge in elucidating the evolutionary history, 

functional and ecological biodiversity (Shokralla et al. 2012). 

Metagenomic sequencing of the environmental DNA has conceded across the limitations of 

rRNA gene-based characterization and provided a robust platform for accessing the taxonomic 

affiliation and deciphering the genetic and molecular mechanism pertaining to the complex 

degradation processes in contaminated sites. Moreover, the latest development in next generation 

sequencing (NGS) technologies has facilitated many researchers to elucidate nearly complete 

genomes from complex niches (Hess et al. 2011; Iverson et al. 2012). Henceforth, analyzing the 

microbial communities through such high throughput platforms not only enable us to signify 

their function in a particular ecosystem but also help in statistical quantitative comparisons in 
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community structure that happen due to fluctuations in the anthropogenic conditions 

(Leininger et al. 2006; Fierer et al. 2007).  

It has been well studied that the innate microorganisms adapt to a diverse range of catabolic 

strategies to survive amidst the variety of toxic compounds prevalent in their habitat (Ufarte et al. 

2015). In the course of such microbial degradation processes, the molecular structure of the 

xenobiotic compounds is altered chiefly due to the enzymes translated in response to the 

fluctuating pollution, whose specificity can accommodate the analogs of several molecules. 

Furthermore, with the increasing knowledge on these catabolic enzymes, their substrate 

efficiency to a particular compound can be modified and thus aid in discovering novel 

biocatalysts (Pieper and Reineke 2000, Alcalde et al. 2006). Additionally, microbes develop 

various evolutionary strategies to cope with the pollution load and this can direct to evolve 

different pathway adaptations for relating their metabolic resilience to the environment 

(Gianoulis et al. 2009). 

In the present study, we used whole-genome shotgun (WGS) sequencing to investigate the 

taxonomic profile and functional diversity of the microbial community inhabiting an industrially 

contaminated site across space and time, which to our knowledge has not been previously 

explored. According to our hypothesis, the diversity in this particular niche is altered by the 

anthropogenic turbulence in the canal and the dissimilarities is reflected by the microbial 

communities and their metabolic potential to co-exist in such contaminated environment.  
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2.0 Materials and Methods 

2.1 Site description, soil sampling and its characterization  

Amlakhadi canal receives the effluents from Ankleshwar, Panoli and Jhagadia industrial estates 

and finally merges with Narmada. The subsurface sediment samples (5 – 8 inches below the 

surface) were collected in triplicate for two time points over the year (summer and monsoon of 

2013) from three distinct sites (21º37’17.10”N, 72º58’56.56”E; 21º37’20.07”N, 72º58’20.15”E 

and 21º37’53.55”N, 72º57’23.83”E) of Amlakhadi canal. Similarly, the pristine soil samples 

(within 1000 m radius) without any visible pollution were collected. All the samples were 

immediately processed for the extraction of metagenomic DNA. The sediment samples were 

dried and subjected to physico-chemical characterization at Gujarat Institute of Desert Ecology, 

Kutch. The culturable bacterial community were analyzed as described in Supplementary 

information.  

2.2 Metagenome extraction and sequencing  

Metagenomic DNA from polluted and pristine sites and from each replicate was extracted 

independently by the method described in Desai and Madamwar (2007). The extracted DNA was 

purified by silica-based gel extraction kit (Merck Biosciences, Bangalore, India) as per the 

manufacturer’s instruction. The study was aimed to recognize the change in microbial 

community between polluted sites and pristine environment (i.e. inter-site difference) and 

functional ability of the community for sustaining the biogeography of the polluted ecosystem. 

Since, we did not intend to study the diversity of microbial community of individual location the 

metagenome extracted from each polluted site (for each time point separately) was mixed in 

equal concentration to make a composite DNA, representing the polluted environment. Likewise, 

the extracted DNA from the pristine soils were also mixed in equal concentration to obtain the 
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composite metagenomic DNA. These composite DNA were sequenced on Ion Torrent Platform 

using 316 chip with 200 bp chemistry.  

2.3 Taxonomic and functional annotation of metagenomes 

The sequenced datasets were deposited in MG-RAST server version 3.5 (Meyer et al. 2008) for 

taxonomic and functional annotation of the sequences. Artificial replicate sequences were 

removed according to Gomez-Alvarez et al. (2009) and low quality sequences (quality mean 

value 20%) were removed using PRINSEQ (Schmieder and Edwards 2011). The taxonomic 

profiles were analysed using M5NR database, while the reads for functional genes were 

annotated using SEED subsystem database (Overbeek et al. 2005). The best hit classification at a 

maximum e-value of 1e−5, a minimum identity of 60% and a minimum alignment length of 15 

were used in both the analysis. For identification of genes, the functions and their corresponding 

taxa, the open reading frames (ORF) were predicted from the sequenced reads using 

FragGeneScan (Rho et al. 2010). These ORF's were annotated against the KEGG database to 

characterize the metabolic pathways and GhostKOALA (Kanehisa et al. 2016) to identify the 

taxonomy associated with the particular functions in the specific pathway. 

2.4 Statistical analysis 

The statistical comparison between the taxonomic and functional profiles were carried out by 

using the Statistical Analyses of Metagenomic Profiles (STAMP) software v 2.1.3 (Parks et al. 

2014). Significant statistical differences between samples were processed by two-sided Fisher’s 

exact test with Newcombe-Wilson confidence interval method, and Benjamini-Hochberg FDR 

and results with p values (p<0.05) were considered. The diversity indices were computed using 

PAST Version 3.06 software using default parameters. 
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2.5 Sequence Accession Numbers 

All metagenome sequences have been deposited to the MG-RAST database under the accession 

numbers 4541801.3 (Polluted 1), 4542275.3 (Control 1), 4618428.3 (Polluted 2) and 4607054.3 

(Control 2). The 16S rRNA gene sequences from the culturable bacterial community were 

submitted to NCBI with Accession No. KX817810 to KX817971. 

 
 
 
 
3.0 Results 

The polluted and control soil samples collected during summer (Season 1) and monsoon (Season 

2) of the year 2013 were subjected to high throughput sequencing using Ion Torrent PGM 

platform. The metagenomes from Season 1 were designated as P1 for polluted and C1 for control 

while for Season 2, P2 for polluted and C2 for control samples. The physico-chemical 

characteristics of the polluted and control soil samples collected from Amlakhadi canal are 

tabulated in Supplementary Table S1. The pH of the soil samples ranged from 7.8-8.4 indicating 

slightly alkaline conditions. The electrical conductivity of the polluted soil varied between 16.6 

MS - 48.1 MS while in the control soil it was 10.1 MS. Heavy metals such as copper, manganese 

and zinc were found in elevated amounts contributing in many industrial processing activities.  

3.1 Microbial Community Structure deciphered by shotgun sequencing 

The classification of microbial lineage was generated by annotating the sequenced reads against 

the M5NR database using the parameters described above. According to the classifier, the 

Bacterial domain was most dominant in all the four metagenomes i.e. P1 (98.6%), P2 (95.3%), 

C1 (96.6%) and C2 (98.9%). In phylum classification, it was characterized that the major 

dominant phylum in all the metagenomes was Proteobacteria (84.6% - 98.6%) as shown in 
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Figure 1, which was followed by a minor abundance of Actinobacteria in P1 (1.7%), P2 (0.94%) 

and C1 (11.2%) whereas Firmicutes was the next abundant phyla in C2 (0.52%). At rank class, in 

polluted samples, the abundant bacterial class in P1 metagenome was Gammaproteobacteria 

(48.5%) whereas at the next season, the abundance shifted to Betaproteobacteria (46.6%) in P2 

metagenome. In P1 metagenome, the next dominant class was Betaproteobacteria (26.2%) 

followed by Alphaproteobacteria (16.8%) and Deltaproteobacteria (3.7%). During the monsoon, 

the second abundant class in P2 metagenome was Gammaproteobacteria (19.6%) followed by 

Alphaproteobacteria (18.1%) and Epsilonproteobacteria (6.6%). Whilst in control samples, both 

the seasonal metagenome showed the abundance of Gammaproteobacteria in C1 (62.8%) and C2 

(98.7%) respectively which was followed by Betaproteobacteria (18.5%) and Actinobacteria 

(11.3%) in C1 and Bacilli (0.38%) in C2 metagenome.  

Comparative statistical analysis of the metagenomes revealed significant differences at genus 

level between both the seasons. During Season 1 (summer), the results demonstrated that 

Serratia (37.2%), Achromobacter (11.5%) and Stenotrophomonas (9.7%) were the genus that 

were abundant in C1 metagenome when statistically analyzed (p<0.05) (Figure S1). Surprisingly, 

the P1 metagenome also showed the abundance of Serratia (22.9%), Achromobacter (7.1%) and 

Stenotrophomonas (4.7%) which was followed by Pseudomonas (3.1%), Yersinia (2.8%), 

Bordetella (2.7%), Xanthomonas (1.8%), Acidovorax (1.7%), Burkholderia (1.6%) and 

Thiobacillus (1.3%) that were statistically significant (p < 0.05). Whereas in the next season 

(monsoon), the significant statistic difference (p < 0.05) was observed between 30 different 

genera in P2 and C2 metagenome (Figure S2). Serratia (73%), Stenotrophomonas (7.3%), 

Yersinia (4.1%) and Escherichia (2.1%) were in abundance in control (C2) metagenome. 

Whereas Thiobacillus (16.4%), Thauera (8.6%), Acidovorax (7.93%), Nitrosomonas (5.4%), 
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Sulfuricurvum (4.8%), Novosphingobium (4.6%), Hyphomonas (3.6%), Geobacter (3.3%), 

Sphingobium (3%), Alicycliphilus (2.9%), Legionella (2.4%), Pseudomonas (2.4%), Oligotropha 

(2.3%) and Desulfovibrio (2.2%) were some of the dominant genera scrutinized in P2 

metagenome. Of the 480 genera identified amongst all the metagenomes, we compared to 

recreate a Venn diagram (Figure S3) to identify the potential rare phylotypes within each 

metagenome and it is tabulated in Supplementary Table S2. By analyzing the taxonomic profile 

through culturable approach, both the contaminated and control soil, were dominated by 

Firmicutes. Bacillus genus were found in abundance (77-80%) in both the samples (Figure S4).  

3.1.1. Diversity indices 

To understand the extent of diversity within the samples, diversity indices for all the samples was 

computed using PAST3 (Table S3) and Principal component analysis (PCA) plot was generated 

(Figure S5). Higher diversity as indicated from Chao, Fisher_Alpha and Shannon indices was 

observed in P1, P2 and C1 while the lowest diversity was observed in C2. Simpson index values 

exceeded 0.9 for both the polluted metagenome whereas the control samples showed the value of 

0.8 (C1) and 0.4 (C2) respectively. Dominance_D was high in C2 (0.5) when compared to rest of 

the samples.  

3.2 Functional metabolic profiling of the inherent community 

Functional distributions were characterized by SEED subsystems wherein out of the 28 

subsystems in level 1, both the polluted metagenomes (P1, P2) were abundant in clustering based 

subsystems (~14%) whereas in control metagenomes (C1, C2) carbohydrates (~16%) was the 

dominant which was followed by amino acids and derivatives (9-10%) and protein metabolism 

(6-9%) (Figure S6). Considering the perturbed environment, the subsystems like metabolism of 

aromatic compounds, stress responses and virulence, disease and defense were further 
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deciphered at Level 2. All the metabolic profiles were statistically analyzed in STAMP and the 

results stated are significantly different (p < 0.05). 

3.2.1 Metabolism of aromatic compounds 

As seen in Figure 2, the genes corresponding to n-Phenylalkanoic acid degradation were the 

prominent in P1 (24.2%), P2 (42.3%) and C1 (19.2%). Phenylacetyl-CoA catabolic pathway 

(8.8%) and Benzoate transport and degradation cluster (2.6%) were relatively abundant in P1 

metagenome when compared with C1. In season 1, salicylate and gentisate catabolism (7.3%) 

and N-heterocyclic aromatic compound degradation (3.3%) were significantly higher (p<0.05) in 

control metagenome (C1) than the polluted metagenome (P1) (Figure 2a) whereas in season 2, 

genes involved in 4-Hydroxyphenylacetic acid catabolic pathway (13.7%), Phenylacetyl-CoA 

catabolic pathway (7.9%), Aromatic Amin Catabolism (5.8%) and Hydroxyaromatic 

decarboxylase family (1.6%) were in elevated levels in control metagenome (C2) than polluted 

metagenome (P2) (Figure 2b).  

3.2.2 Stress responses 

Anthropogenic conditions often induce stress in the inherent microbial community which was 

quite evident in the Stress responses functional category annotated by SEED subsystems (Figure 

3). Increased levels of genes involved in regulation of oxidative stress response were observed in 

the metagenomes specifically in C1 (16%), P1 (12.9%) (Figure 3a) and C2 (6.47%) while quite 

low level of 1.3% in P2. However, P2 metagenome was enriched with genes related to Protection 

from Reactive oxygen species (8.5%), Redox dependent regulation of nucleus processes (8.3%), 

Rubrerythrin (6.4%), Bacterial hemoglobins (5.4%) and Acid resistance mechanisms (2.9%) 

(Figure 3b). 
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3.2.3 Virulence, Disease and Defense 

Majority of the sequenced reads from all the metagenomes were annotated in the Virulence, 

Disease and Defense category of SEED (Figure 4). Cobalt-zinc-cadmium resistance (10-25%), 

Copper Homeostasis (7-8%), Arsenic resistance (3-7%), Mercury resistance operon (0.5-2.5%), 

mercuric reductase (0.4-2%) and beta lactamases (0.5-3%) were prevalent abundantly in polluted 

metagenome P1 and P2. The control metagenome, C1 and C2, showed the abundance of genes 

pertaining to multidrug resistance efflux pumps (15-18%), resistance to fluroquinolones (13%), 

MLST (12%), bacterial cyanide production and tolerance mechanisms (3-9%). 

 

3.2.4 Corelating the metagenomes by functional categories of SEED 

The Level 3 classification of SEED subsystems was used to co-relate the functional genes 

between the samples based on their R2 values generated in the scatter plots in STAMP. As 

evident in Figure 5, there was a higher correlation (R2=0.836) between P1 and C1 (Figure 5a) 

and least correlation (R2=0.332) between P2 and C2 (Figure 5b). Comparing the similar profiles, 

more correlation (R2=0.735) was obtained between C1 and C2 (Figure 5c) rather than P1 and P2 

(Figure 5d) having a weaker correlation of R2=0.419. 

3.2.5 KEGG pathway analysis 

A detailed analysis of KEGG pathways was carried out based on the KEGG orthology (KO) of 

all the four metagenomes. Since we were essentially paying attention to the metabolism 

pathways of xenobiotics biodegradation, it was found that enzymes involved in this category 

were relatively abundant (835 hits) in the bacterial metagenomes. Among them, the genes 

encoding enzymes involved in the pathway of benzoate degradation were more abundant (21-

24%) than in any other pathways (Figure S7), with a complete elucidation of catechol breakdown 
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to acetyl-CoA in the benzoate degradation via hydroxylation pathway (Figure S8). Similarly, 

majority of the enzymes were mapped for aminobenzoate (Figure S9) and toluene and xylene 

degradation (Figure S10) in both the polluted and control metagenomes. Almost 40 different 

enzymes were mapped from the metagenome reads catabolizing in these three degradation 

pathways and their abundance in each metagenome are tabulated in Table 1. 

Carboxymethylenebutenolidase, 4-hydroxy 2-oxovalerate aldolase, 4-carboxymuconolactone 

decarboxylase, 4-oxalmesaconate hydratase, 4-oxalocrotonate tautomerase, 2-hydroxy-4-

carboxymuconate semialdehyde hemiacetal dehydrogenase, 3-oxoadipate CoA-transferase, alpha 

subunit, nitrile hydratase subunit alpha, phenol 2-monooxygenase, p-hydroxybenzoate 3-

monooxygenase, catechol 2,3-dioxygenase were some of the abundant enzymes found in the 

metagenome P1, C1 and P2 whilst C2 metagenome showed lower hits corresponding to these 

enzymes. The predicted ORF's from the metagenome were analyzed in GhostKOALA to assign 

their taxonomic affiliation to the functions associated with KEGG pathways. The enzymes that 

were mapped in the degradation of xenobiotics were further scrutinized to identify their 

phylogenetic affiliation. The genera to the respective enzyme was identified based on their 

GhostX score in GhostKOALA web server and are tabulated in Supplementary Table S4. 

 
 
 
4.0 Discussion 

The present study provides the first report on the microbial diversity of the long term 

contaminated Amlakhadi canal, Ankleshwar using metagenomic approaches. Amlakhadi Canal, 

a tributary of Narmada river, stands out in being one of the five most polluted river stretches in 

India (CPCB 2010) which is impinged with all the toxic industrial wastes that is released into 

this tributary by the surrounding Ankleshwar industrial estate (Gujarat, India).  
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The taxonomic profile reveals that Proteobacteria phyla are widely distributed in all the four 

metagenomes comprising of nearly 85-98% of the total obtained reads. Proteobacteria has been 

the abundant phyla in many of the studies including petroleum contaminated Arctic soils (Bell et 

al. 2011), polluted Permafrost soils in China (Yang et al. 2012), long term diesel contaminated 

soil from Poland (Sutton et al. 2013), soil contaminated by heavy metals (Gołębiewski et al. 

2014) and polluted sediments from Sea (Korlević et al. 2015). This group of bacteria is highly 

versatile; however, studies have proved that upon hydrocarbon contamination, there is a shift in 

the microbial community towards enrichment of Proteobacteria (Labbe et al. 2007; Bell et al. 

2011; Zhang et al. 2012; Adetutu et al. 2013).  

 The genus Serratia has been reported in the removal of hexavalent chromium (Joutey et al. 

2014), phenol and ammonium (Lu et al. 2014) and treatment of paper mill effluent (Haq et al. 

2016). The fact that the three metagenomes (P1, C1, C2) showing the dominance of Serratia 

affirms that there is not much taxonomic difference between these sites suggesting that the 

pristine sites are contaminated due to the industrial pollution prevalent in that area for the last 

four decades now. Thiobacillus was the abundant genera in P2 sample, they are a major group of 

organisms belonging to potent sulphate oxidizers and encompass binding sites for dissolved 

metal that further serve as nucleation surfaces (Fortin et al. 1996; Torrentó et al. 2010). 

Pseudomonas, Yersinia, Bordetella, Xanthomonas, Acidovorax, Burkholderia were the few other 

genera present in the polluted sample of Summer (P1) whilst in Monsoon (P2) there was a 

community shift towards Thauera, Acidovorax, Nitrosomonas, Sulfuricurvum, 

Novosphingobium, Hyphomonas, Geobacter, Sphingobium, Alicycliphilus, Legionella, 

Pseudomonas, Oligotropha and Desulfovibrio. Various reports draw attention towards the 

catabolic potential of Pseudomonas to degrade polyaromatic hydrocarbons (Isaac et al. 2015), 
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dye and dye effluents (Chougale et al. 2014; Garg et al. 2015). Iron oxidizers like Acidovorax 

genus contribute in PAHs degradation (Singleton et al. 2009; Patel et al. 2014). Altering the 

membrane fluidity upon the binding of hydrocarbon to the cell membrane to tolerate toxicity is 

reported in genera such as Novosphingomonas and Sphingobium (Baraniecki et al. 2002; 

Aylward et al. 2013). Geobacter is an important metal ion-reducing bacterium (Badalamenti et 

al. 2015) that can reduce Fe(III) (Zhou et al. 2014), Pd(II) (Pat-Espadas et al. 2013) and uranium 

(VI) (Prakash et al. 2010). Desulfovibrio genera can treat metal-containing wastewater 

(Karnachuk et al. 2015) with applications such as Hg methylation (Goni-Urriza et al. 2015) and 

uranium reduction (Payne et al. 2002). These findings indicate that there was a community shift 

in the polluted samples from one season to other which moved towards more tolerant genera and 

this shift might be due to the diverse range of effluents flowing into the canal from time to time.  

The community overlaps depicted in the Venn diagram (Figure S3) demonstrated a higher 

prevalence of some rare genera in P1(104 genus), P2 (58 genus), C1 (48 genus) whereas only 11 

genera in C2. Analyzing the rare species in any ecology studies is noteworthy (Preston 1962; 

May 1975; Tokeshi 1993) since they have significant role in the functioning of any ecosystem 

and its stability that can be altered due to environmental fluctuations (MacDougall et al., 2013). 

Nevertheless, considering the higher abundance of common species they excessively affect the 

ecosystem function (Smith and Knapp 2003; Gaston 2010) but, rare genera being in relatively 

lower abundance cannot be ignored as such rare species can have extraordinary features or 

synergism with other species that sway the functioning of any niche (Lyons et al. 2005; Hooper 

et al. 2005; Mouillot et al. 2013). The Principal Component Analysis (PCA) represents that P2 

stands out of all the metagenomes falling into distinct co-ordinate describing its unique microbial 

composition whereas P1 and C2 cluster together and even C1 is nearer to them which indicates 
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that P1, C2 and C1 have somewhat similar taxonomic profiles. Diversity indices reveal higher 

diversity in P1, P2 and C1 metagenome as indicated from Simpson, Shannon, Chao, 

Fisher_alpha indices while the C2 metagenome had lower diversity comparatively and a higher 

dominance D level which can be due to the high abundance of only one genus (Serratia ~ 73%). 

Culturable microbial diversity indicates the pre-dominance of Bacillus (77-80%) in both the 

samples whereas in the metagenomic analysis their dominance was fairly low. This difference 

can be attributed to the limitations of culture dependent techniques that represent only ~ 0.1% of 

the entire niche (Handelsman 2004). Although the other genera were present but due to their 

relatively low abundance (> 2%), we cannot forecast the actual scenario of any ecosystem. 

Henceforth, relying only on culture dependent approaches often mislead us to the actual 

representation of the community structure which can be accomplished by comprehensive 

metagenomic studies.  

Long term perturbation of any environmental niche not only affects the taxonomic composition 

but also alters its functional diversity. Clustering based subsystem were the most abundant 

category in SEED subsystems found in the polluted metagenomes (P1 and P2) and is previously 

reported in metagenomic studies (Delmont et al. 2012; Lavery et al. 2012). This can be attributed 

to the presence of many genes with unknown function due to the coupling of functional genes 

causing co-localization of conserved patterns in numerous genomes (Gerdes et al. 2011). 

However, this also proves that our understanding on the composition and function of soil 

microbiota is still indefinite as highlighted before in many studies (Buckley and Schmidt 2003).  

Upon scrutinizing the functional profile of the metagenomes for their catabolic potential, 

metabolism of aromatic compound with a preponderance of peripheral pathways for catabolism 

of aromatic compounds was observed. The genes belonging to n-phenyl alkanoic acid 
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degradation were significantly higher and the genera Pseudomonas are the major group 

responsible for this catabolism (Olivera et al. 2001). A rise in the transcripts involved in the 

metabolism of aromatic compounds was observed when the soil samples were amended with 

phenanthrene by Menezes et al. (2012). Enrichment of genes encoding for enzymes involved in 

aromatic compound metabolism, stress tolerance and multidrug resistance (MDR) were 

distinguished with increase in salinity levels and hexachlorocyclohexane (HCH) contamination 

(Sangwan et al. 2012). 

Ecological pressures such as thermal stress, UV radiation and pollution often cause oxidative 

stress, a major component of stress responses in microorganisms (Lesser 2006). As observed in 

this functional category of stress responses, P1, C1 and C2 were enriched with genes encoded for 

regulation in response to oxidative stress whilst protection from reactive oxygen species (ROS) 

was abundant in P2 metagenome. The enrichment of genes responsible for glutathione: non 

redox reactions, glutathione: redox cycle and glutaredoxins in the pristine samples signify that 

glutathione have significant function in ROS scavenging and act as a redox buffer to maintain 

the cellular balance (Jozefczak et al. 2012). Occurrence of ruberythrin encoding functional genes 

in P2 metagenome can be endorsed as an oxidative stress response system that includes nonheme 

iron proteins like rubrerythrin (Rbr) and rubredoxin oxidoreductase (Rbo) usually found in 

microaerophiles and anaerobes (Lumppio et al. 2000). Both the polluted metagenome depicted 

resistance to heavy metals (e.g. copper, zinc, cadmium, mercury and arsenic) whilst the two 

samples from the pristine environment showed presence of genes conferring resistance to 

antibiotics (e.g. fluoroquinolones and multi-drug efflux pumps). The simultaneous enrichment of 

oxidative stress response genes and heavy metal resistance suggests a strong correlation between 

responses to these two types of stresses.  
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Heavy metals such as lead, cadmium, mercury induce the production of ROS by reducing the 

other antioxidants in the cell (Ercal et al. 2001). Higher abundance of cobalt-zinc-resistance 

genes were observed in the polluted metagenomes which was also reported by Gillan et al. 

(2015) where they deciphered the adaptation of microbial community to metals. Contaminated 

mangrove sediment metagenomes from Brazil revealed the presence of cobalt-zinc-cadmium 

resistance genes (Cabral et al. 2016). A higher representation of copper homeostasis genes upon 

prolonged exposure to metals was highlighted in the Arctic mat study (Varin et al. 2011). These 

findings depict that bacteria use diverse mechanisms to adapt to anthropogenic stress and the 

community structures are often modulated by such selective pressures.  

Antibiotic resistance genes (ARGs) are generally prevalent in the environment but along with the 

increasing pollution, microbes resistant to antibiotics are continuously evolving (Martinez 2009). 

Fluoroquinolones enter the environment through its extensive use in human medicine and for 

treatment of animals (Sukul and Spiteller 2007). Efflux pump related genes are usually over-

expressed by bacteria as a mechanism to deal with antibiotic resistance to extrude out the toxic 

substrates (Webber and Piddock 2003; Alekshun and Levy 2007). Amos et al. (2014) studied the 

diversity of ARGs across the downstream of a river receiving the wastewater treatment plant 

effluents and concluded that water bodies are the most potential way of propagation of ARGs in 

the environment. The abundance of antibiotic resistance genes and multidrug efflux pumps in the 

metagenomes not only reveal the contamination through human or animal feces (Czekalski et al. 

2012), but also can be due to the pharmaceutical waste discharges into the Amlakhadi canal.  

The functional co-relation using SEED subsystem indicates that P1 and C1 sample were highly 

similar in their function reflecting the similar conditions in both the sites. However, P2 and C2 

had the lowest correlation which further suggests that both the conditions differ from each other. 
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C1 and C2 also revealed some level of correlation amongst their functions. These data reveal that 

polluted samples are somehow closely related to control C1, possibly due to extensive long term 

contamination prevalent in the Amlakhadi canal that has wide spread in the nearby area from 

where the pristine samples were sampled within 1km range. The contaminated site being an open 

stream and experience the strong interference of water currents induced by the industrial effluent 

discharges, which brings in heavily toxic compounds that can spread across the area and imply 

great contamination risks for groundwaters as well (Romic and Romic 2003).  

The KEGG analysis revealed nearly 40 enzymes participating in the benzoate, aminobenzoate 

and toluene and xylene degradation pathway that were mapped from the annotated reads of all 

the metagenomes. However, higher occurrence was obtained in the P1, P2 and C1 metagenome 

and very low mapping was observed in C2 metagenome. Many of the complex xenobiotic 

aromatic compounds breakdown into benzoate through various degradation pathways which then 

confers itself as an intermediate in the metabolism of aromatic compounds (Xu et al. 2015). As 

observed in Supplementary Table S4, it is expected that distinct microbes catabolize different 

xenobiotics or one may convert them into a lesser complex form which will be further degraded 

by the other microbe. This synergism allows the survival of many microorganisms that do not 

contribute in any degradation pathway but they maintain syntrophic associations with other 

microorganisms (Shah et al. 2013). 

Over the past decade, it has been quite evident that enzyme sequence diversity is gaining much 

attention with the advances in metagenomic sequencing and earlier this functional diversity 

could not be captured by conventional techniques (Ufarte et al. 2015). The enzymes mapped in 

our study through metagenome datasets reflects the catabolic potential of the inherent microbial 

community residing in the polluted stream of Amlakhadi Canal (Table 1). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 20, 2023. ; https://doi.org/10.1101/2023.02.20.529212doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.20.529212
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 

 

Carboxymethylenebutenolidase being the most abundant enzyme in all the metagenomes, 

catalyzes the degradation of benzoate, hexachlorocyclohexane and 1,4-

dichlorobenzene degradation (Ntougias et al. 2014) and has been reported to be found in the 

intracellular and cell wall fractions of Burkholderia vietnamiensis analyzed through proteomics 

(Wickramasekara et al. 2011). Other enzymes listed contribute in the cleavage of the intradiol 

ring of aromatic compounds such as catechol 1,2-dioxygenase, hydroxyquinol 1,2-dioxygenase, 

protocatechuate 3,4-dioxygenase (α- and β-subunit), extradiol ring-cleavage enzymes such as 

catechol 2,3-dioxygenase, protocatechuate 4,5-dioxygenase and monooxygenases such as 

pentachlorophenol monooxygenase, p-hydroxybenzoate 3-monooxygenase and phenol 2-

monooxygenase. Many catabolic enzymes are exploited recently for their application in the field 

of bioremediation (Singh et al. 2010; Nagayama et al. 2015; Santos et al. 2015; Duarte et al. 

2017) and such studies further enable us to understand the role of enzymes and link their 

function to the ecosystem. 

 
 
5.0 Conclusion 

In conclusion, we scrutinized the microbial taxonomic and functional diversity of a long term 

industrially contaminated river tributary with respect to time. Prominent genera shifts were 

observed in the polluted samples as compared to the pristine samples upon analyzing the 

seasonal diversity. Functional profiles revealed the metabolic potential of the niche reflecting the 

catabolic resilience of the inherent microbiota. However, this study provides the information on 

the taxonomic identification and their functions in the polluted niche, comprehensive 

understanding based on the metatranscriptome and metaproteome profile will ensnare the 

remaining unknown functions towards environmental stress across space and time. 
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Legends to figure  
 
Figure 1. Heatmap representing the phylum level composition in P1, C1, P2 and C2 
metagenome annotated against M5NR database in MGRAST server with 60% identity and e-
value of 10-5. 
 
Figure 2. Statistically significant differences in the functional subsystem Metabolism of 
Aromatic compounds of SEED classification using STAMP statistical software in the 
comparison of (a) P1 and C1 and (b) P2 and C2. The graphic shows only the subsystems with 
statistical differences between the proportions of sequences in each metagenome with a 
confidence interval of 95%.  
 
Figure 3. Statistically significant differences in the functional subsystem Stress Responses of 
SEED classification using STAMP statistical software in the comparison of (a) P1 and C1 and 
(b) P2 and C2. The graphic shows only the subsystems with statistical differences between the 
proportions of sequences in each metagenome with a confidence interval of 95%. 
 
Figure 4. Statistically significant differences in the functional subsystem Virulence, Disease and 
Defense of SEED classification using STAMP statistical software in the comparison of (a) P1 
and C1 and (b) P2 and C2. The graphic shows only the subsystems with statistical differences 
between the proportions of sequences in each metagenome with a confidence interval of 95%. 
 
Figure 5. Scatter plots of functional gene annotations using SEED subsystem level III of (a) P1 
and C1 (b) P2 and C2 (c) C1 and C2 (d) P1 and P2. Each dot represents a unique functional 
classification gene. 
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Table 1. List of enzymes involved in the benzoate, aminobenzoate, toluene and xylene 
degradation pathways using KEGG database in KEGG orthology and their corresponding 
number of hits identified in each metagenome. 

Enzymes 
Metagenome 

P1 C1 P2 C2 

carboxymethylenebutenolidase [EC:3.1.1.45] 24 69 129 19 

catechol 2,3-dioxygenase [EC:1.13.11.2] 5 4 19 7 

4-oxalmesaconate hydratase [EC:4.2.1.83] 7 24 50 7 

3-oxoadipate CoA-transferase, alpha subunit [EC:2.8.3.6] 4 3 27 6 

muconate cycloisomerase [EC:5.5.1.1] 5 3 8 5 

nitrile hydratase subunit alpha [EC:4.2.1.84] 5 16 25 4 

protocatechuate 3,4-dioxygenase, alpha subunit [EC:1.13.11.3] 4 5 10 4 

catechol 1,2-dioxygenase [EC:1.13.11.1] 2 8 15 3 

4-hydroxy 2-oxovalerate aldolase [EC:4.1.3.39] 18 13 71 3 

benzoylformate decarboxylase [EC:4.1.1.7] 0 11 12 3 

acetyl-CoA acyltransferase 2 [EC:2.3.1.16] 0 2 3 3 

dihydroxycyclohexadiene carboxylate dehydrogenase [EC:1.3.1.25 1.3.1.-] 1 0 5 3 

benzoate/toluate 1,2-dioxygenase subunit beta [EC:1.14.12.10 1.14.12.-] 4 3 1 3 

pentachlorophenol monooxygenase [EC:1.14.13.50] 0 2 3 2 

aryl-alcohol dehydrogenase [EC:1.1.1.90] 2 4 12 2 

p-hydroxybenzoate 3-monooxygenase [EC:1.14.13.2] 9 24 20 2 

4-carboxymuconolactone decarboxylase [EC:4.1.1.44] 13 25 64 2 

mandelate racemase [EC:5.1.2.2] 0 1 1 1 

phenol 2-monooxygenase [EC:1.14.13.7] 5 6 24 1 

4-oxalocrotonate tautomerase [EC:5.3.2.6] 1 4 40 1 

3-oxoadipate enol-lactonase [EC:3.1.1.24] 5 5 9 1 

5-carboxymethyl-2-hydroxymuconate isomerase [EC:5.3.3.10] 0 4 23 1 

4-hydroxy-4-methyl-2-oxoglutarate aldolase [EC:4.1.3.17] 0 1 12 1 

2,4-dichlorophenol 6-monooxygenase [EC:1.14.13.20] 0 2 8 0 

chloromuconate cycloisomerase [EC:5.5.1.7] 0 0 1 0 

maleylacetate reductase [EC:1.3.1.32] 0 1 10 0 

hydroxyquinol 1,2-dioxygenase [EC:1.13.11.37] 0 3 15 0 

2-hydroxymuconate-semialdehyde hydrolase [EC:3.7.1.9] 1 0 0 0 

2-keto-4-pentenoate hydratase [EC:4.2.1.80] 0 4 8 0 

benzaldehyde dehydrogenase (NAD) [EC:1.2.1.28] 0 0 6 0 

2-oxo-3-hexenedioate decarboxylase [EC:4.1.1.77] 1 0 14 0 
aminomuconate-semialdehyde/2-hydroxymuconate-6-semialdehyde dehydrogenase 
[EC:1.2.1.32 1.2.1.85] 2 0 7 0 

4-cresol dehydrogenase (hydroxylating) flavoprotein subunit [EC:1.17.99.1] 0 4 0 0 

anthranilate 1,2-dioxygenase (deaminating, decarboxylating) large subunit [EC:1.14.12.1] 0 0 1 0 

3-oxoadipyl-CoA thiolase [EC:2.3.1.174] 2 3 14 0 
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muconolactone D-isomerase [EC:5.3.3.4] 3 0 4 0 

protocatechuate 4,5-dioxygenase, alpha chain [EC:1.13.11.8] 3 1 11 0 

2-pyrone-4,6-dicarboxylate lactonase [EC:3.1.1.57] 1 3 19 0 

2-hydroxy-4-carboxymuconate semialdehyde hemiacetal dehydrogenase [EC:1.1.1.312] 8 0 28 0 

3-carboxy-cis,cis-muconate cycloisomerase [EC:5.5.1.2] 4 13 5 0 
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Figure 1. Heatmap representing the ………. 
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Figure 2. Statistically significant differences ………. 
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Figure 3. Statistically significant differences ………. 
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Figure 4. Statistically significant differences …… 
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Figure 5. Scatter plots of …….. 
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Supplementrary Data 
 
 
 
2.0 Materials and method 
 
2.6 Studying the culturable fraction of bacterial community from polluted and pristine soil 
samples 
 
Soil samples (1 gm) from polluted and pristine environment were serially diluted (to obtain the 

colonies in the range between 30 and 300) and appropriate quantity was spreaded on different 

high and low nutrient media and were incubated at different temperatures (20, 37, 40 ºC) for 1 to 

7 days. Distinct isolated bacterial colonies with discrete morphology were screened to purity, 

genomic DNA was isolated and 16S rRNA gene was amplified using universal primers and 

sequenced as described in Desai et al. (2009).  
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Supplementary Figures 

Figure S1. Comparative taxonomic profile of P1 (blue) and C1 (yellow) metagenomes 
statistically (p<0.05) analysed in STAMP at genus level. 
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Figure S2. Comparative taxonomic profile of P2 (blue) and C2 (yellow) metagenomes 
statistically (p<0.05) analysed in STAMP at genus level. 
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Figure S3. Venn diagram showing the comparison of the bacterial genera from P1, P2, C1 and 
C2 metagenome. All numbers in the spheres indicate the genera shared as well as unique 
amongst the microbial community with respect to space and time. 
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Figure S4. Bacterial community composition of polluted and control samples identified using 
culture dependent technique 
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Figure S5. Principal component analysis (PCA) plot of the relative abundance of taxonomic 
composition of the metagenome analysed in PAST3 software using Bray-Curtis distance.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 20, 2023. ; https://doi.org/10.1101/2023.02.20.529212doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.20.529212
http://creativecommons.org/licenses/by-nc-nd/4.0/


43 

 

 

 

 

Figure S6. Relative abundance of functional gene categories from SEED subsystem hierarchy at 
Level 1 obtained for P1, P2, C1 and C2 metagenome.   
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Figure S7. Relative abundance of pathways involved in Xenobiotics biodegradation and 
metabolism pathways analysed in KEGG pathway by KEGG orthology. 
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Figure S8. Schematic representation from KEGG pathways showing enzymes mapped for 
benzoate degradation via hydroxylation pathway. Mapped enzymes in each metagenome are 
highlighted using different colour code. 
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Figure S9. Schematic representation from KEGG pathways showing enzymes mapped for 
aminobenzoate degradation (1,4 Dichlorobenzene degradation). Mapped enzymes in each 
metagenome are highlighted using different colour code.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 20, 2023. ; https://doi.org/10.1101/2023.02.20.529212doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.20.529212
http://creativecommons.org/licenses/by-nc-nd/4.0/


47 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 20, 2023. ; https://doi.org/10.1101/2023.02.20.529212doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.20.529212
http://creativecommons.org/licenses/by-nc-nd/4.0/


48 

 

Figure S10. Schematic representation from KEGG pathways showing enzymes mapped for 
toluene and xylene degradation. Mapped enzymes in each metagenome are highlighted using 
different colour code. 

Supplementary Tables: 

Table S1. Physico-chemical characteristics of soil samples collected from Amlakhadi Canal 

 

Sample : Amlakhadi-Control Amlakhadi-SI Amlakhadi-SII Amlakhadi-SIII 

      Variables                                                Physical Characteristics 

pH 7.953 8.173 8.405 7.877 

EC (ms) 10.11 48.1 16.6 37.3 

Salinity (ppt) 0 0 0 0 

Moisture (%) 4.540 10.690 4.989 14.955 

WHC (%) 50.00 29.00 55.00 41.00 

BD (g/cm3) 1.369 1.333 1.190 1.538 

SG 1.779 3.063 1.931 1.668 

Chemical Characteristics 

TOC (%) 0.66 1.35 0.88 1.09 

Na  (g/kg) 11.57 15.55 11.025 11.65 

K  (g/kg) 0.00025 0.0005 0.03 0.05 

Ca  (g/kg) 9.25 0.375 20.65 2.19 

P  (g/kg) 0.002 0.001 0.004 0.003 

S   (g/kg ) 0.013 0.015 0.011 0.010 

Cl  (g/kg) 0.031 0.067 0.063 0.071 

Heavy metals 

Cr  (g/kg) 0.821 0.939 0.896 0.825 

Co  (g/kg) 0.589 0.568 0.566 0.569 

Fe  (g/kg) 0.027 0.092 0.832 0.627 

Cu  (g/kg) 0.63 2.096 0.625 1.127 

Mn  (g/kg) 2.212 1.365 2.512 1.495 

Zn   (g/kg) 0.343 1.421 0.39 0.678 

Cd   (g/kg) BDL BDL BDL BDL 

SI - Site 1 EC = Electrical Conductivity SG = Specific gravity 

SII - Site 2 WHC = Water Holding Capacity TOC = Total Organic Carbon 

SIII - Site 3 BD = Bulk Density BDL = Below Detectable Level 
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Table S2. List of unique genera in the polluted and control metagenomes of both the seasons 

 

 

 

 

 

 

MG 
No. of 
unique 
genera Unique genera  

C1 48 

Acidithiomicrobium, Acidothermus, Actinoallomurus, Azospirillum, Brevibacillus, Bulleidia, 
Caldanaerobius, Caldibacillus, Candidatus Odyssella, Candidatus Sulcia,Candidatus Zinderia, 
Cellulomonas, Chitinophaga, Conexibacter, Curtobacterium, Deinococcus, Flexistipes, Gemmata, 
Gloeothece, Kineococcus, Kitasatospora, Lechevalieria, Megasphaera, Melittangium, Methylocapsa, 
Methylophilus, Myroides, Nannocystis, Orientia, Ornithobacterium, Oxalobacter, Parascardovia, 
Paucimonas, Phocoenobacter, Planobispora, Propionigenium, Pseudoruegeria, Renibacterium, 
Rubritalea, Rubrobacter, Saccharopolyspora, Scytonema, Subtercola, Tannerella, Tetragenococcus, 
Thermus, Tsukamurella, Vitreoscilla 

C2 11 
Aerococcus, Azorhizobium, Brevibacterium, Cardiobacterium, Chromohalobacter, Cohnella, 
Coprococcus, Cryptobacterium, Dialister, Eremococcus, Lyngbya 

P1 104 

Acetomicrobium, Acidimicrobium, Actinomadura, Advenella, Albidiferax, Allochromatium, 
Alteromonas, Aphanothece, Aquabacterium, Aquimonas, Aromatoleum, Asticcacaulis, Aurantimonas, 
Avibacterium, Beijerinckia, Bibersteinia, Brenneria, Caldicellulosiruptor, Caloramator, Candidatus 
Accumulibacter, Candidatus Nicolleia, Castellaniella, Catonella, Chelativorans, Citreicella, 
Citromicrobium, Clavibacter, Collimonas, Colwellia, Curvibacter, Dehalogenimonas, Desulfotignum, 
Desulfurispirillum, Dolichospermum, Dorea, Endoriftia, Erythrobacter, Ewingella, Finegoldia, 
Flexibacter, Francisella, Gallionella, Gemella, Glaciibacter, Granulibacter, Halochromatium, 
Halothiobacillus, Herbaspirillum, Herminiimonas, Hoeflea, Idiomarina, Janibacter, 
Ketogulonicigenium, Kingella, Labrenzia, Lautropia, Leifsonia, Limnobacter, Maritimibacter, 
Mastigocladus, Methylococcus, Methylocystis, Methylotenera, Microchaete, Moraxella, Nitrosococcus, 
Oceanibulbus, Oceanicola, Octadecabacter, Pedomicrobium, Pelagibaca, Phaeobacter, 
Pseudaminobacter, Pseudoalteromonas, Psychromonas, Raphidiopsis, Rhodobium, Rhodospirillum, 
Riemerella, Rikenella, Roseobacter, Roseomonas, Roseovarius, Ruminococcus, Sagittula, Sideroxydans, 
Sorangium, Sphingobacterium, Spiroplasma, Spirulina, Starkeya, Succinatimonas, Sulfitobacter, 
Sulfurovum, Synechocystis, Terrabacter, Thermoanaerobacterium, Thermochromatium, Thermotoga, 
Trichodesmium, Trichormus, Virgibacillus, Weissella, Wigglesworthia 

P2 58 

Acetobacter, Acetonema, Aeromicrobium, Afifella, Alicyclobacillus, Arenibacter, Bacteriovorax, 
Brachymonas, Brochothrix, Candidatus Glomeribacter, Candidatus Protochlamydia, Candidatus 
Thiobios, Dehalobacter, Desulfobacca, Desulfobacterium, Desulfofrigus, Desulfonema, Desulfopila, 
Desulfosalsimonas, Desulfuromusa, Erythromicrobium, Geothermobacter, Halorhodospira, 
Hymenobacter, Kistimonas, Lysobacter, Marinilabilia, Marinobacterium, Marinoscillum, 
Methylacidiphilum, Methylomicrobium, Methylomonas, Micavibrio, Microbulbifer, Mycoplana, 
Myxococcus, Oleomonas, Paraprevotella, Pelomonas, Phyllobacterium, Planctomyces, Pseudanabaena, 
Rathayibacter, Rhodobaca, Rhodocyclus, Rhodothalassium, Roseateles, Salinisphaera, Shinella, 
Solitalea, Telmatospirillum, Thermovibrio, Thiobacter, Thiomicrospira, Thiorhodococcus, Tissierella, 
Tolypothrix, Zoogloea 
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Table S3. 

Diversity indices of all the metagenomes determined by PAST3 software 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Diversity Indices 
Metagenome 

P1 C1 P2 C2 

Dominance_D 0.06608 0.1684 0.05801 0.5417 

Simpson_1-D 0.9339 0.8316 0.942 0.4583 

Shannon_H 4.038 2.792 3.381 1.352 

Fisher_alpha 43.74 29.05 31.01 13.72 

Chao-1 428.6 286.7 336.3 135.1 
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Table S4. List of genera associated with the enzymes mapped for degradation of benzoate, 
aminobenzoate, toluene and xylene obtained from GHOSTKOALA related to KEGG pathway 
analysis 

Enzyme  P1 C1 P2 C2 

carboxymethyleneb
utenolidase 
[EC:3.1.1.45] 

Achromobacter, Alicycliphilus, 
Belliella, Blastomonas, Caldilinea, 
Candidatus Accumulibacter, 
Candidatus Koribacter, Candidatus 
Methylopumilus, Candidatus 
Nitrosotalea, Chania, Chondromyces, 
Chroococcidiopsis, Cupriavidus, 
Draconibacterium, Fibrella, 
Fimbriimonas, Gibbsiella, 
Gluconacetobacter, Glutamicibacter, 
Hoyosella, Hydrogenophaga, 
Kocuria, Labilithrix, Limnochorda, 
Maricaulis, Meiothermus, 
Methanosarcina, Methylovorus, 
Microcoleus, Neoasaia, Nostoc, 
Paracoccus, Paraglaciecola, 
Parvibaculum, Pectobacterium, 
Phaeobacter, Phenylobacterium, 
Pirellula, Plantactinospora, 
Polaromonas, Rhodococcus, 
Roseomonas, Saccharopolyspora, 
Serratia, Sphingopyxis, Terriglobus 

Achromobacter, Acidimicrobium, 
Acidobacterium, Acidothermus, 
Acinetobacter, Actinobacteria 
bacterium IMCC26256, Advenella, 
Archangium, Arsenicicoccus, 
Arthrobacter, Azospira, 
Azospirillum, Bordetella, 
Bradyrhizobium, Brevundimonas, 
Burkholderiales bacterium GJ-E10, 
Candidatus Koribacter, Candidatus 
Nitrosocosmicus, Candidatus 
Pelagibacter, Candidatus Solibacter, 
Candidatus Tenderia, Catenulispora, 
Caulobacter, Caulobacteraceae 
bacterium OTSz_A_272, Chania, 
Chelativorans, 
Chloracidobacterium, 
Chondromyces, Chroococcidiopsis, 
Chthonomonas, 
Confluentimicrobium, 
Corallococcus, Croceicoccus, 
Cryobacterium, 
Cyanobium,Dactylococcopsis, 
Delftia, Desulfosporosinus, 
Diaphorobacter, Dokdonella, 
Emticicia, Ensifer, 
Fimbriimonas,Frankia, Gemmata, 
Gemmatimonas, Gemmatirosa, 
Gloeobacter, Gordonia, Halotalea, 
Herpetosiphon, Hirschia, 
Ilumatobacter, Kibdelosporangium, 
Kribbella, Kutzneria, Labilithrix, 
Labrenzia, Lacunisphaera, 
Leptothrix, Luteitalea, 
Magnetospira, Marivirga, 
Martelella, Mesorhizobium, 
Methylocella, Methylosinus, 
Methyloversatilis, Microbacterium, 
Microcoleus, Microlunatus, 
Microvirga, Minicystis, 
Mycobacterium, Neorhizobium, 
Nitrospirillum, Nocardia, 

Achromobacter, 
Acidobacterium, Acidovorax, 
Actinobacteria bacterium 
IMCC26256, Actinopolyspora, 
Alloactinosynnema, 
Altererythrobacter, Azospira, 
Blastomonas, Bordetella, Bosea, 
Bradyrhizobium, 
Brevundimonas, Candidatus 
Wolfebacteria bacterium 
GW2011_GWB1_47_1, 
Chelativorans,, 
Chloracidobacterium, 
Chondromyces, 
Confluentimicrobium, 
Cystobacter, Dechloromonas, 
Desulfomonile, 
Desulfosporosinus, Dokdonella, 
Fibrella, Fimbriimonas, 
Gemmata, Gemmatimonas, 
Gemmatirosa, Glaciecola, 
Halotalea, Hydrogenophaga, 
Hyphomicrobium, 
Ilumatobacter, 
Kibdelosporangium, Kozakia, 
Kutzneria, Massilia, 
Methylobacterium, 
Methylocella, Methylovorus, 
Microbacterium, Micrococcus, 
Microvirga, Minicystis, 
Muricauda, Neorhizobium, 
Niabella, Nitrososphaera, 
Nitrospirillum, Octadecabacter, 
Orrella, Oscillatoria, 
Paenarthrobacter, Pantoea, 
Paraburkholderia, 
Phenylobacterium, 
Polaromonas, Polyangium 
brachysporum, 
Prochlorococcus, 
Pseudanabaena, 
Pseudorhodoplanes, 

Advenella, Amycolatopsis, 
Asticcacaulis, Azoarcus, 
Candidatus Solibacter, Fibrella,
Gloeobacter, Granulicella, 
Luteitalea, Magnetospira, 
Meiothermus, Micrococcus, 
Microvirga, Nitrososphaera, 
Pandoraea, Plantactinospora, 
Polynucleobacter, Rhodoplanes,
Runella, Serratia, 
Stenotrophomonas, Terriglobus,
Verrucosispora 
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Nonomuraea, Orrella, 
Pannonibacter, Paraburkholderia, 
Paracoccus, Pectobacterium, 
Pedobacter, Planctopirus, 
Porphyrobacter, Prauserella, 
Pseudonocardia, 
Pseudorhodoplanes, Ralstonia, 
Ramlibacter, Rhizobacter, 
Rhizobiales bacterium NRL2, 
Rhizobium, Rhizorhabdus, 
Rhodococcus, Rhodopirellula, 
Rhodoplanes, Rhodopseudomonas, 
Rhodospirillum, Rhodothermus, 
Rivularia, Roseiflexus, Rubrivivax, 
Rugosibacter, Ruminiclostridium, 
Runella, Saccharopolyspora, 
Serratia, Shigella, Sinorhizobium, 
Sorangium, Sphaerobacter, 
Sphingobium, Stackebrandtia, 
Starkeya, Stenotrophomonas, 
Stigmatella, Streptomyces, 
Sulfuritalea, Terriglobus, 
Thalassospira, Thiobacimonas, 
Tolumonas, Treponema, Trichormus, 
Truepera, Woeseia, Yersinia 

Psychroflexus, Ramlibacter, 
Rhizobium, Rhodopirellula, 
Rhodoplanes, Rufibacter, 
Sinorhizobium, Solitalea, 
Sphingobacterium, 
Sphingobium, Sphingomonas, 
Sphingopyxis, Starkeya, 
Stigmatella, Streptomyces, 
Thermocrinis, Treponema, 
Variovorax, Verrucosispora, 
Xanthomonas 

4-hydroxy 2-
oxovalerate aldolase 
[EC:4.1.3.39] 

Agrobacterium, Fibrobacter, 
Gordonia, Kurthia, Limnochorda, 
Magnetospira, Marichromatium, 
Martelella, Methanocorpusculum, 
Paludibacter, Rhodococcus, 
Ruminococcus, Serratia, Solibacillus, 
Sphingobium, Sporosarcina, 
Thermogutta, Tistrella 

Alicyclobacillus, Alteromonas, 
Butyrivibrio, Cellulosilyticum, 
Chloroflexus, Erythrobacter, 
Halobacterium, Lentibacillus, 
Lentzea, Limnochorda, Maribacter, 
Marichromatium, methanogenic 
archaeon ISO4-H5, Methylocella, 
Methylovulum, Nocardioides, 
Nocardiopsis, Nonlabens, 
Polaromonas, Rhizobacter, 
Rhodococcus, Roseiflexus, 
Ruminiclostridium, 
Sediminispirochaeta, Shimwellia, 
Sulfitobacter, Thermaerobacter, 
Thermomicrobium, 
Thermomonospora, Thermus 

Actinopolyspora, Agromyces, 
Arcobacter, Candidatus 
Melainabacteria bacterium 
MEL.A1, Caulobacteraceae 
bacterium OTSz_A_272, 
Eubacterium, Fibrobacter, 
Geobacter, Halobacterium, 
Kiritimatiella, Kutzneria, 
Lachnoclostridium, Legionella, 
Leptospira, Magnetospira, 
Marichromatium, Marinobacter, 
Methanocorpusculum, 
Nocardiopsis, Paenibacillus, 
Paludibacter, Paraburkholderia, 
Pectobacterium, 
Ruminiclostridium, 
Sphingopyxis, Sulfurospirillum, 
Synechococcus, 
Thermaerobacter, 
Thermobacillus, Thermogutta, 
Thiocystis, Verrucosispora 

Kutzneria, Moorella 

4-
carboxymuconolact
one decarboxylase 
[EC:4.1.1.44] 

Achromobacter, Arcobacter, 
Asticcacaulis, Azoarcus, 
Azorhizobium, Bradyrhizobium, 
Geobacter, Luteitalea, 
Microbacterium, Moraxella, 
Pannonibacter, Polyangium 
brachysporum, Rhizobium, 
Rhodobacter, Rhodococcus, Serratia, 
Thioclava, Yangia 

Achromobacter, Acinetobacter, 
Advenella, Agrobacterium, 
Azoarcus, Bradyrhizobium, 
Caldivirga, Candidatus Solibacter, 
Chelatococcus, Cupriavidus, 
Devosia, Dietzia, Fictibacillus, 
Frateuria, Gluconobacter, 
Granulicella, Herbaspirillum, 
Hyphomonas, Lactococcus, Lentzea, 
Massilia, Methanolacinia, 
Methanoregula, Methanosarcina, 
Microvirga, Minicystis, 
Neorhizobium, Nitrospirillum, 
Parabacteroides, Paraburkholderia, 
Pelagibacterium, Phaeobacter, 
Pimelobacter, Planococcus, 
Polynucleobacter, 
Pseudogulbenkiania, 
Pseudorhodoplanes, Ralstonia, 
Ramlibacter, Raoultella, 
Rhodomicrobium, Rhodoplanes, 
Roseateles, Rubrivivax, 
Rubrobacter, Ruminiclostridium, 
Shewanella, Stackebrandtia, 

Acidithiobacillus, Advenella, 
Arcobacter, Bordetella, 
Bradyrhizobium, Burkholderia, 
Campylobacter, Castellaniella, 
Chelatococcus, Cloacibacillus, 
Colwellia, Comamonas, 
Desulfomonile, 
Enterobacteriaceae bacterium 
strain FGI 57, Frankia, 
Gordonia, Labrenzia, 
Limnohabitans, Massilia, 
Meiothermus, Methanococcus, 
Methanosarcina, Methanothrix, 
Nitrosomonas, Nitrospirillum, 
Pandoraea, Parabacteroides, 
Parachlamydia, Phaeobacter, 
Pirellula, Rhizobium, 
Rhodoferax, Simiduia, 
Sphingorhabdus, Steroidobacter, 
Syntrophus, Terribacillus 

beta proteobacterium CB, 
Bradyrhizobium, Rhodoplanes, 
Stackebrandtia, Tatumella 
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Streptomyces, Thioalkalivibrio 

4-oxalmesaconate 
hydratase 
[EC:4.2.1.83] 

Azoarcus, Brevundimonas, 
Comamonadaceae bacterium B1, 
Magnetospirillum, Polaromonas, 
Pseudogulbenkiania, Sphingobium, 
Sulfuritalea 

Acidiphilium, Amycolatopsis, 
Bradyrhizobium, Brevundimonas, 
Candidatus Puniceispirillum, 
Croceicoccus, Cupriavidus, 
Gynuella, Hirschia, 
Kibdelosporangium, Marinobacter, 
Massilia, Mycobacterium, 
Novosphingobium, Pandoraea, 
Paraburkholderia, Paracoccus, 
Pseudogulbenkiania, Rhizobium, 
Rhizorhabdus, Roseomonas, 
Sphingorhabdus, Stenotrophomonas, 
Xanthomonas 

Acidovorax, Altererythrobacter, 
Arthrobacter, Azoarcus, 
Bradyrhizobium, Burkholderia, 
Celeribacter, Leptothrix, 
Magnetospirillum, 
Modestobacter, 
Novosphingobium, Paracoccus, 
Polaromonas, 
Pseudogulbenkiania, 
Ramlibacter, Rhizorhabdus, 
Sphingomonas, Sulfuritalea, 
Variovorax, Vitreoscilla 

Azoarcus, Paraburkholderia, 
Rhodoplanes, Streptomyces, 
Vibrio 

4-oxalocrotonate 
tautomerase 
[EC:5.3.2.6] 

Klebsiella, Methyloversatilis, 
Nitrosospira, Paenalcaligenes, 
Roseateles, Thermovirga, Thiobacillus 

Acidovorax, Bacillus 
selenitireducens, Bacillus, 
Bradyrhizobium, Cronobacter, 
Klebsiella, Leptolyngbya, 
Marinobacter, Microvirga, 
Pectobacterium, Ramlibacter 

Azoarcus, Azospira, 
Calditerrivibrio, Candidatus 
Methylopumilus, Castellaniella, 
Desulfotomaculum, Devosia, 
Gallionella, Halomonas, 
Methanospirillum, 
Methylocystis, Methyloversatilis, 
Nitrosospira, Pandoraea, 
Pelosinus, Pseudorhodoplanes, 
Pseudoxanthomonas, Ralstonia, 
Rhizobium, Rhodopirellula, 
Rubinisphaera, Thiobacillus, 
Xanthomonas 

Chloroflexus, Serratia 

2-hydroxy-4-
carboxymuconate 
semialdehyde 
hemiacetal 
dehydrogenase 
[EC:1.1.1.312] 

Acidovorax, Azoarcus, 
Bradyrhizobium, Comamonas, 
Deinococcus, Leptothrix, 
Magnetospirillum, 
Rhodopseudomonas, Vitreoscilla 

Altererythrobacter, Azospirillum, 
Bradyrhizobium, Chromohalobacter, 
Gynuella, Mesorhizobium 

Blastomonas, Candidatus 
Puniceispirillum, Comamonas, 
Novosphingobium, 
Paraburkholderia, Ramlibacter, 
Sphingomonas, Sulfuritalea 

- 

3-oxoadipate CoA-
transferase, alpha 
subunit [EC:2.8.3.6] 

Alcanivorax, Bordetella, Gordonia, 
Janthinobacterium, Lelliottia, 
Pantoea, Rhodopseudomonas 

Achromobacter, Comamonas, 
Nocardioides, Pantoea, Paracoccus, 
Shewanella, Sphingobium 

Advenella, Alicycliphilus, 
Arsenicicoccus, Collimonas, 
Hydrogenophaga, 
Microbacterium, 
Pseudogulbenkiania, 
Rhodoferax, Sphingobium, 
Sphingopyxis, Variovorax 

Serratia, Sinorhizobium 

nitrile hydratase 
subunit alpha 
[EC:4.2.1.84] 

Aminobacter, Chelatococcus, 
Halotalea, Ralstonia, Shinella 

Amycolatopsis, Bordetella, Bosea, 
Chelatococcus, Dinoroseobacter, 
Gloeocapsa, Kosakonia, 
Neorhizobium, Octadecabacter, 
Pseudonocardia, Ralstonia, 
Roseomonas, Rubrobacter, 
Streptomyces, Tistrella 

Aminobacter, Bradyrhizobium, 
Chelatococcus, Ensifer, 
Halotalea, Methylocella 

Dinoroseobacter 

phenol 2-
monooxygenase 
[EC:1.14.13.7] 

Alcanivorax, Candidatus 
Puniceispirillum, Castellaniella, 
Cellulomonas, Thauera 

Alcanivorax, Blastococcus, Bosea, 
Bradyrhizobium, Brevibacterium, 
Burkholderia, Castellaniella, 
Gynuella, Labrenzia, Marinomonas, 
Nocardia, Paraburkholderia, 
Paracoccus, Pelagibacterium, 
Rhizobium, Rhodoferax, 
Roseomonas, Rubrobacter, 

Agrobacterium, 
Bradyrhizobium, Burkholderia, 
Defluviimonas, Glutamicibacter, 
Gordonia, Isoptericola, 
Labrenzia, Limnohabitans, 
Magnetospirillum, 
Microterricola, Modestobacter, 
Sulfitobacter 

Brachybacterium, Labrenzia 
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Sinomonas 

5-carboxymethyl-2-
hydroxymuconate 
isomerase 
[EC:5.3.3.10] 

Burkholderia, Chania, Comamonas, 
Geobacillus, Pseudogulbenkiania, 
Wenzhouxiangella 

Alicycliphilus, Burkholderia, 
Chania, Chryseobacterium, Cobetia, 
Kocuria, Rhodoferax, 
Tenacibaculum, Thalassospira, 
Zobellella 

Bacterioplanes, Limnohabitans, 
Marinomonas, Polaribacter, 
Staphylococcus, Vibrio 

Cellulophaga 

p-hydroxybenzoate 
3-monooxygenase 
[EC:1.14.13.2] 

Acidiphilium, Brevibacterium, 
Comamonas, Confluentimicrobium, 
Dinoroseobacter, Kibdelosporangium, 
Leisingera, Marinomonas, 
Pandoraea, Rhodoferax, 
Rhodoplanes, Runella, 
Saccharopolyspora, Serratia, 
Thalassospira, Thermus 

Actinoplanes, Azoarcus, 
Blastococcus, Candidatus 
Solibacter, Castellaniella, 
Catenulispora, Chelatococcus, 
Citrobacter, Cupriavidus, Devosia, 
Dinoroseobacter, Granulosicoccus, 
Kutzneria, Limnohabitans, 
Luteitalea, Lysobacter, Massilia, 
Microvirga, Nocardiopsis, 
Polaromonas, Polymorphum, 
Pseudarthrobacter, Pseudomonas, 
Pseudovibrio, Ralstonia, 
Rhodoplanes, Rubrobacter, Runella, 
Serratia, Sinorhizobium, 
Sphaerobacter, Sphingorhabdus, 
Spirosoma, Thermobispora, 
Thermus, Verminephrobacter, 
Xanthobacter 

Acidovorax, Agrobacterium, 
Bacillus, Bradyrhizobium, 
Caulobacter, Chelatococcus, 
Chromohalobacter, 
Cupriavidus, Emticicia, 
Enterobacteriaceae bacterium 
strain FGI 57, Erwinia, 
Jannaschia, Kitasatospora, 
Labrenzia, Lysobacter, 
Microbacterium, 
Novosphingobium, 
Polymorphum, Pseudonocardia, 
Rhodoferax, Sphingorhabdus, 
Thalassospira, 
Verminephrobacter 

Halomonas, Luteitalea, 
Tistrella 

catechol 2,3-
dioxygenase 
[EC:1.13.11.2] 

Acidianus, Agrobacterium, Azoarcus, 
Blastococcus, Halostagnicola, 
Janibacter, Jannaschia, Labrenzia, 
Mesorhizobium, Natrialbaceae 
archaeon JW/NM-HA 15, 
Parageobacillus, Pyrobaculum, 
Sphingobium, Thauera 

Actinoplanes, Alicyclobacillus, 
Alloactinosynnema, Aminobacter, 
Arcobacter, Blastococcus, Bosea, 
Bradyrhizobium, Defluviimonas, 
Deinococcus, Devosia, 
Halostagnicola, Immundisolibacter, 
Lentibacillus, Marinithermus, 
Massilia, Metallosphaera, 
Methylibium, Methylobacterium, 
Phaeobacter, Pseudonocardia, 
Pseudorhodoplanes, Rhodoplanes, 
Rubrobacter, Sinomonas, 
Solibacillus, Sulfitobacter 

Acidianus, Acidovorax, 
Alicycliphilus, 
Alloactinosynnema, 
Croceicoccus, Devosia, Ensifer, 
Geobacillus, Jannaschia, 
Kyrpidia, Microvirga, 
Parageobacillus, Pluralibacter, 
Polymorphum, Rubrobacter, 
Rugosibacter, Runella, 
Solibacillus, Thauera, 
Vitreoscilla 

Bradyrhizobium, Cnuibacter, 
Kutzneria, Nonomuraea 

2-pyrone-4,6-
dicarboxylate 
lactonase 
[EC:3.1.1.57] 

Croceicoccus, Leptothrix, 
Polaromonas 

Castellaniella, Celeribacter Altererythrobacter, 
Castellaniella, 
Novosphingobium, 
Polaromonas, Ramlibacter, 
Rhizorhabdus, 
Rhodopseudomonas, Variovorax 

- 

catechol 1,2-
dioxygenase 
[EC:1.13.11.1] 

Altererythrobacter, Blastomonas, 
Halomonas, Martelella, Nocardia, 
Vibrio, Xanthobacter 

Arthrobacter, Bacillus, 
Bradyrhizobium, Cupriavidus, 
Enterobacteriaceae bacterium strain 
FGI 57, Halomonas, Nocardia, 
Pannonibacter, Phaeobacter, 
Pluralibacter, Polymorphum, 
Pseudonocardia, Rhodococcus, 
Rubrobacter, Sinorhizobium, 
Streptomyces 

Achromobacter, Alcaligenes, 
Azospirillum, Cupriavidus, 
Diaphorobacter, Lutibacter, 
Novosphingobium, 
Polymorphum, Sinorhizobium, 
Sphingobium, Vulgatibacter, 
Xanthobacter 

Serratia 

hydroxyquinol 1,2-
dioxygenase 
[EC:1.13.11.37] 

Cedecea, Hydrogenophaga, 
Polaromonas 

Achromobacter, Actinoplanes, 
Oscillatoria, Polaromonas, 
Pseudarthrobacter, Pseudonocardia, 
Pseudorhodoplanes, Rhodococcus, 
Rhodoferax, Sphingobium, 
Variovorax 

Achromobacter, Acidovorax, 
Burkholderia, Cupriavidus, 
Glutamicibacter, 
Herbaspirillum, Hoeflea, 
Pelagibacterium, Polaromonas, 
Sphingopyxis, Variovorax, 
Verminephrobacter 

- 

2-oxo-3-
hexenedioate 
decarboxylase 
[EC:4.1.1.77] 

Brevibacillus, Halomonas, 
Marinobacter, Methylobacterium, 
Mycobacterium, Thauera, 
Verminephrobacter 

Bradyrhizobium, Martelella, 
Methylobacterium, Sphingobium, 
Streptomyces, Thiolapillus 

Aerococcus, Agrobacterium, 
Alicycliphilus, Castellaniella, 
Leptothrix, Methylobacterium, 
Pandoraea, Salinispora, 
Sphingobium, Variovorax, 
Verrucosispora 
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3-oxoadipyl-CoA 
thiolase 
[EC:2.3.1.174] 

Novosphingobium, 
Pseudorhodoplanes 

Altererythrobacter, Pseudomonas Bradyrhizobium, Caulobacter, 
Pseudomonas, Rhizorhabdus, 
Rhodopseudomonas, Saprospira 

- 

benzoylformate 
decarboxylase 
[EC:4.1.1.7] 

Altererythrobacter, Brenneria, 
Celeribacter, Chromohalobacter, 
Comamonas, Gordonia, Halotalea, 
Labrenzia, Methylobacterium, 
Micromonospora, Natrialbaceae 
archaeon JW/NM-HA 15, Nostoc, 
Pseudorhodoplanes, Raoultella, 
Streptomyces, Tatlockia, Tatumella, 
Thermoplasma 

Acidithiobacillus, Acidovorax, 
Amycolatopsis, Antarctobacter, 
Asaia, Blastomonas, Bordetella, 
Bradyrhizobium, Chromobacterium, 
Chromohalobacter, Clostridium, 
Collimonas, Comamonas, 
Conexibacter, Cyanothece, 
Halalkalicoccus, Halostagnicola, 
Kibdelosporangium, Natrialba, 
Natronomonas, Pelagibacterium, 
Pirellula, Pseudorhodoplanes, 
Ralstonia, Rhizobium, Rhodoplanes, 
Rhodopseudomonas, Saccharothrix, 
Sphingobium, Streptomyces, 
Xylanimonas 

Acidobacterium, 
Altererythrobacter, 
Antarctobacter, 
Bradyrhizobium, 
Chromobacterium, 
Chroococcidiopsis, Clostridium, 
Desulfovibrio, Kitasatospora, 
Klebsiella, Labrenzia, 
Legionella, Limnochorda, 
Mycobacterium, 
Paraburkholderia, Prauserella, 
Providencia, Rhizobium, 
Rhodoplanes, Sphingomonas 

Acetobacter, 
Chroococcidiopsis, Clostridium,
Rhodoferax 

aryl-alcohol 
dehydrogenase 
[EC:1.1.1.90] 

Catenulispora, Celeribacter, 
Desulfomonile, Desulfotomaculum, 
Granulosicoccus, 
Halodesulfurarchaeum, 
Ilumatobacter, Klebsiella, 
Lactobacillus, Marinomonas, 
Massilia, Methylobacterium, 
Modestobacter, Nitrosospira, 
Pseudoalteromonas, Rubrobacter, 
Rummeliibacillus 

Altererythrobacter, Blastomonas, 
Bradyrhizobium, Catenulispora, 
Chryseobacterium, Comamonas, 
Desulfotomaculum, Haloferax, 
Hyphomonadaceae bacterium 
UKL13-1, Hyphomonas, 
Marinobacter, Nitrosospira, 
Nitrospira, Nocardia, 
Novosphingobium, Parvibaculum, 
Pseudoalteromonas, Rahnella, 
Rhizobacter, Rhizorhabdus, 
Rhodococcus, Rubrobacter, 
Rummeliibacillus, Solibacillus, 
Spongiibacter, Tsukamurella, 
Xenorhabdus 

Actinoplanes, 
Altererythrobacter, 
Azospirillum, Chryseobacterium, 
Cupriavidus, Gordonia, 
Granulosicoccus, Haloferax, 
Lactococcus, Marinobacter, 
Methylocella, Microbacterium, 
Neomicrococcus, Nitrosomonas, 
Novosphingobium, Rubrobacter, 
Solibacillus, Stenotrophomonas 

Halostagnicola, Nocardia, 
Rhizobium 

4-hydroxy-4-
methyl-2-
oxoglutarate 
aldolase 
[EC:4.1.3.17] 

Bradyrhizobium, Desulfomonile, 
Ensifer, Limnochorda, Rhizobacter, 
Rubrobacter, Sphingopyxis, Thermus 

Celeribacter, Ensifer, Erwinia, 
Halomonas, Ketogulonicigenium, 
Modestobacter, Planktomarina, 
Pseudomonas, Pseudorhodoplanes, 
Rhodoferax, Vibrio 

Bordetella, Bosea, 
Herbaspirillum, Marinomonas, 
Paenibacillus, Ralstonia, 
Rhizorhabdus, Sinorhizobium, 
Spirosoma 

Conexibacter 

protocatechuate 4,5-
dioxygenase, alpha 
chain 
[EC:1.13.11.8] 

Comamonadaceae bacterium A1, 
Comamonadaceae bacterium B1, 
Immundisolibacter, Rhodoferax 

Azoarcus, Comamonadaceae 
bacterium B1, Limnohabitans, 
Magnetospira, Sphingobium, 
Sphingomonas, Thauera, 
Verminephrobacter 

Acidovorax, Bradyrhizobium, 
Castellaniella, Delftia, 
Rhodopseudomonas, 
Sphingobium, Thauera 

- 

protocatechuate 3,4-
dioxygenase, alpha 
subunit 
[EC:1.13.11.3] 

Burkholderia, Ensifer, Luteitalea, 
Novosphingobium, Pantoea, 
Pseudarthrobacter, Rhizobacter, 
Sulfitobacter, Thiobacimonas 

Bartonella, Betaproteobacteria 
bacterium GR16-43, 
Bradyrhizobium, Halomonas, 
Herbaspirillum, Klebsiella, Massilia, 
Pantoea, Paracoccus, 
Psychrobacter, Streptosporangium, 
Thermobispora, Tistrella, 
Tsukamurella 

Candidatus Solibacter, 
Caulobacter, Collimonas, 
Defluviimonas, Emticicia, 
Kibdelosporangium, Lentzea, 
Mycobacterium, Pannonibacter, 
Raoultella, Thermomonospora 

Acinetobacter, 
Betaproteobacteria bacterium 
GR16-43, Bradyrhizobium 

maleylacetate 
reductase 
[EC:1.3.1.32] 

Achromobacter, Rhodopseudomonas Burkholderia, Rhodococcus Achromobacter, Rhizobium - 

3-oxoadipate enol-
lactonase 
[EC:3.1.1.24] 

Azotobacter, Bordetella, 
Burkholderia, Cupriavidus, 
Escherichia, Labrenzia, 
Methylobacterium, Moraxella, 
Mycobacterium, Myxococcus, 
Pseudomonas, Roseobacter, 
Saccharomonospora, Sulfuritalea, 
Xanthomonas, Zobellella 

Acidovorax, Actinosynnema, 
Agrobacterium, Amycolatopsis, 
Azorhizobium, Bdellovibrio, 
Bordetella, Bosea, Burkholderia, 
Candidatus Methylomirabilis, 
Devosia, Enterobacter, Gordonia, 
Halocynthiibacter, Herbaspirillum, 
Hoeflea, Hoyosella, 
Kibdelosporangium, Kribbella, 
Laribacter, Marinithermus, 
Marivivens, Martelella, 
Methylobacterium, Microvirga, 
Nocardiopsis, Octadecabacter, 
Paraburkholderia, Paraglaciecola, 
Pelagibaca, Pluralibacter, 
Polynucleobacter, Pseudomonas, 

Azorhizobium, Candidatus 
Methylomirabilis, Dietzia, 
Laribacter, Lentzea, Lysobacter, 
Marinomonas, Marivivens, 
Nocardiopsis, Polynucleobacter, 
Pseudonocardia, Ralstonia, 
Rhodoplanes, Sandaracinus, 
Serratia, Sinorhizobium, 
Sulfitobacter, Symbiobacterium, 
Syntrophobacter, Thioclava 

Bosea, Candidatus 
Methylomirabilis, Martelella 
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Pseudorhodoplanes, Ralstonia, 
Rhodococcus, Rhodoplanes, 
Rubrobacter, Saccharothrix, 
Sphingobium, Streptosporangium, 
Thiobacimonas, Vulgatibacter, 
Xanthomonas 

muconate 
cycloisomerase 
[EC:5.5.1.1] 

Celeribacter, Chelatococcus, 
Cupriavidus, Herbaspirillum, 
Moraxella, Pseudonocardia, 
Sphingobium 

Acidovorax, Actinoalloteichus, 
Agrobacterium, Alicycliphilus, 
Alloactinosynnema, Bordetella, 
Corynebacterium, Delftia, Ensifer, 
Enterobacter, Gemmata, 
Halomonas, Kibdelosporangium, 
Leclercia, Pseudonocardia, 
Pseudorhodoplanes, Rhodoplanes, 
Rhodovulum, Roseomonas, 
Saccharopolyspora, 
Sphingobacterium, Sphingomonas, 
Streptomyces, Variovorax 

Actinoalloteichus, Advenella, 
Agrobacterium, Bacillus, 
Blastomonas, Citrobacter, 
Cupriavidus, Dietzia, Gemmata, 
Jannaschia, Leisingera, 
Rhodopirellula, Shinella, 
Sodalis, Sphingobium 

Conexibacter, Gemmata, 
Pseudomonas, Serratia 

2,4-dichlorophenol 
6-monooxygenase 
[EC:1.14.13.20] 

Methylocella, Phaeobacter, 
Rhodococcus, Sphingobium 

Celeribacter, Kibdelosporangium, 
Martelella, Microterricola, 
Novosphingobium, Pseudomonas, 
Sinorhizobium, Thauera 

Amycolatopsis, Burkholderia, 
Dechloromonas, 
Mesorhizobium, Mycobacterium, 
Neomicrococcus, 
Pelagibacterium, Pseudomonas, 
Thauera 

Thauera 

2-keto-4-pentenoate 
hydratase 
[EC:4.2.1.80] 

Bacillus, Frankia, Plantactinospora, 
Sulfobacillus, Treponema 

Bradyrhizobium, Burkholderia, 
Chelatococcus, 
Confluentimicrobium, 
Flavonifractor, Halomonas, 
Hoyosella, Hyphomonadaceae 
bacterium UKL13-1, 
Immundisolibacter, Lysinibacillus, 
Microbacterium, Nonomuraea, 
Pelotomaculum, Plantactinospora, 
Rhizobiales bacterium NRL2, 
Roseiflexus, Tistrella 

Altererythrobacter, 
Chelatococcus, 
Desulfosporosinus, Geobacillus, 
Moorella, Pandoraea, 
Pseudonocardia, Rhizorhabdus, 
Solibacillus, Sulfitobacter, 
Thermosediminibacter, 
Thermus, Treponema 

Aminobacter 

aminomuconate-
semialdehyde/2-
hydroxymuconate-
6-semialdehyde 
dehydrogenase 
[EC:1.2.1.32 
1.2.1.85] 

Achromobacter, Dokdonia, 
Micromonospora, Pandoraea, 
Pusillimonas, Ralstonia, 
Rhodococcus, Verrucosispora 

Agrobacterium, Amycolatopsis, 
Bacillus, Bernardetia, Croceibacter, 
Hymenobacter, Immundisolibacter, 
Marivirga, Martelella, Methylocella, 
Myxococcus, Nocardia, Pandoraea, 
Polaromonas, Pontibacter, 
Rhodococcus, Thermaerobacter 

Achromobacter, Aeribacillus, 
Agrobacterium, Alicyclobacillus, 
Archangium, Azoarcus, 
Azotobacter, Bacteroidetes 
bacterium UKL13-3, Bordetella, 
Fictibacillus, Fluviicola, 
Gordonia, Hymenobacter, 
Kangiella, Lysinibacillus, 
Marinobacter, Owenweeksia, 
Polaribacter, Pontibacter, 
Pseudoxanthomonas, 
Roseiflexus, Rufibacter, 
Sphingopyxis, 
Streptosporangium, 
Sulfobacillus, Thermus, 
Tistrella, Virgibacillus, 
Zobellella 

Sulfobacillus 

benzaldehyde 
dehydrogenase 
(NAD) 
[EC:1.2.1.28] 

Actinosynnema, Comamonadaceae 
bacterium A1, Comamonadaceae 
bacterium B1, Pandoraea, 
Rhizobacter, Variovorax 

Arsenicicoccus, Azospirillum, 
Bordetella, Cnuibacter, 
Kibdelosporangium, 
Plantactinospora, Pseudonocardia, 
Streptomyces, Thauera 

Actinosynnema, Amycolatopsis, 
Aromatoleum, Azospirillum, 
Bordetella, Cupriavidus, 
Gynuella, Hydrogenophaga, 
Mycobacterium, 
Paraburkholderia, Rhizobacter, 
Rhodoferax, Saccharopolyspora, 
Thauera, Thermus 

- 

dihydroxycyclohexa
diene carboxylate 
dehydrogenase 
[EC:1.3.1.25 1.3.1.-

Alcaligenes, Thauera Paraburkholderia, Paracoccus, 
Pseudogulbenkiania, Rhodococcus, 
Zobellella 

Rugosibacter, Sphingobium Alicycliphilus, Serratia 
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] 

3-carboxy-cis,cis-
muconate 
cycloisomerase 
[EC:5.5.1.2] 

Bradyrhizobium, Chelativorans, 
Dietzia, Janthinobacterium, 
Kibdelosporangium, Martelella, 
Methylobacterium, Paenarthrobacter, 
Pantoea, Pluralibacter, 
Polymorphum, Rhodoplanes, 
Streptomyces 

Acidiphilium, Azorhizobium, 
Bacillus, Bordetella, 
Bradyrhizobium, Chania, 
Cupriavidus, Cutibacterium, 
Deinococcus, Dietzia, 
Haliscomenobacter, 
Hydrogenophaga, Kocuria, 
Kushneria, Leptothrix, Luteitalea, 
Lysobacter, Martelella, 
Meiothermus, Nocardia, 
Novosphingobium, Oceanimonas, 
Pantoea, Paucibacter, Pelagibaca, 
Plantactinospora, Raoultella, 
Rhizobacter, Rhodobacter, 
Rhodoplanes, Rhodopseudomonas, 
Rubrobacter, Runella, 
Saccharomonospora, 
Saccharopolyspora, Saccharothrix, 
Stenotrophomonas, 
Streptosporangium, Thalassospira, 
Yersinia 

Actinoplanes, Actinosynnema, 
Agromyces, Amycolatopsis, 
Bordetella, Catenulispora, 
Comamonas, 
Confluentimicrobium, 
Defluviimonas, Emticicia, 
Gordonia, Hydrogenophaga, 
Octadecabacter, Pelagibaca, 
Photobacterium, Pseudomonas, 
Pseudorhodoplanes, 
Roseomonas, Saccharothrix, 
Stackebrandtia, Thiobacimonas, 
Tsukamurella, Verrucosispora 

Antarctobacter, Kushneria 

muconolactone D-
isomerase 
[EC:5.3.3.4] 

Achromobacter, Runella Achromobacter, Actinoalloteichus, 
Lentzeam, Nitrososphaera 

Marinobacterium, 
Pseudonocardia, Variovorax 

Nitrososphaera 

acetyl-CoA 
acyltransferase 2 
[EC:2.3.1.16] 

- Archangium, Chondromyces, 
Cystobacter, Labilithrix, 
Sandaracinus, Vulgatibacter 

Chondromyces Corallococcus, Myxococcus, 
Sandaracinus 

benzoate/toluate 
1,2-dioxygenase 
subunit beta 
[EC:1.14.12.10 
1.14.12.-] 

Mycobacterium, Paraburkholderia Immundisolibacter, Sinomonas, 
Sphingopyxis 

Pseudomonas, 
Saccharopolyspora, Thauera 

Raoultella, Serratia 

mandelate racemase 
[EC:5.1.2.2] 

Halomonas, Ramlibacter, 
Rhodoplanes 

Actinoplanes, Betaproteobacteria 
bacterium GR16-43, 
Bradyrhizobium, Candidatus 
Solibacter, Herbaspirillum, 
Magnetospirillum, Methylocystis, 
Polaromonas, Pseudonocardia, 
Ramlibacter, Rhodoferax, 
Rhodoplanes, Variovorax 

Bradyrhizobium, 
Herbaspirillum, 
Janthinobacterium 

Candidatus Solibacter 

anthranilate 1,2-
dioxygenase[EC:1.1
4.12.1] 

Chania Acinetobacter Thauera - 

2-
hydroxymuconate-
semialdehyde 
hydrolase 
[EC:3.7.1.9] 

Arthrobacter, Dechloromonas, 
Pandoraea, Pseudomonas, 
Thiolapillus, Verminephrobacter 

Alicycliphilus, Burkholderia, 
Caldilinea, Sphingopyxis, 
Vitreoscilla 

Acidovorax, Acinetobacter, 
Burkholderia, Comamonas, 
Cycloclasticus, Gordonia, 
Massilia, Pandoraea, 
Rugosibacter, Thauera, 
Variovorax 

- 

4-cresol 
dehydrogenase 
(hydroxylating) 
flavoprotein subunit 
[EC:1.17.99.1] 

Archangium, Rhodospirillum, 
Rugosibacter, Sphingobium, 
Stigmatella, Thermogutta 

Achromobacter, Altererythrobacter, 
Alteromonas, Aromatoleum, 
Candidatus Solibacter, Cnuibacter, 
Desulfomonile, Magnetospira, 
Marichromatium, Minicystis, 
Nitrosospira, Oceanimonas, 
Pleurocapsa, Pseudomonas, 
Rhodococcus, Sphingobium, 
Streptomyces, Sulfuricurvum, 
Thermogutta 

Altererythrobacter, 
Alteromonas, Aromatoleum, 
Arthrobacter, Campylobacter, 
Candidatus Solibacter, 
Desulfomonile, 
Immundisolibacter, Massilia, 
Minicystis, Nitrospira, 
Pseudomonas, Rhodospirillum, 
Sphingobium, Thioflavicoccus 

- 
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