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 Summary 

The MIBIREM project aims to develop new, sustainable bioremediation approaches for soils and groundwater 
contaminated with three priority pollutant groups: cyanides (CYA), hexachlorocyclohexane (HCH) isomers, and 
petroleum hydrocarbons (PHCs). A crucial first step in this process is to identify which microorganisms are present in 
contaminated environments, and to understand their potential roles in pollutant degradation. This deliverable provides 
such a foundation by compiling a comprehensive list of bacterial isolates and linking them to the functional genes that 
may lie at the base of their ability to transform or tolerate pollutants. 

To generate this dataset, microbial isolates were obtained from contaminated soils and groundwater using a range of 
cultivation strategies, including enrichment cultures, bactraps, and selective isolation on contaminant-supplemented 
media. This allowed us to capture both bacteria with direct degradation potential (able to grow on the pollutant as sole 
carbon source) and bacteria that display tolerance (able to survive in the presence of pollutants, and potentially 
contribute to community function through helper roles). Each isolate was identified and characterized using a 
combination of MALDI-TOF mass spectrometry and whole-genome sequencing. Genomes were then systematically 
screened for functional genes involved in pollutant degradation. For petroleum hydrocarbons, searches were 
performed against curated databases such as HADEG, which compile well-established degradation genes. For HCH and 
cyanide, where such curated databases are not available, we constructed reference gene sets from the literature. This 
approach provided a robust way of linking isolates to their putative degradation functions. 

The results are presented as an integrated dataset showing the taxonomic diversity of isolates alongside the presence 
or absence of key degradation genes. To facilitate interpretation, results are visualized in the form of heatmaps, 
highlighting the distribution of degradation potential across different isolates. Importantly, the analysis also 
underscores the current knowledge gaps: the absence of known genes in an isolate does not necessarily mean that it 
lacks degradation capacity, as many degradation pathways remain only partially understood, and novel enzymes may 
still await discovery. Similarly, the detection of homologous genes should be interpreted with care, as some enzymes 
can share conserved domains while acting on different substrates. Stronger indications arise when multiple genes from 
the same degradation pathway (e.g. multi-component dioxygenase systems for aromatic degradation) are found 
together. 

This deliverable plays a central role in the MIBIREM project. By systematically cataloguing isolates and their genetic 
potential, it provides the evidence base for selecting promising strains and microbial consortia. These consortia will be 
further tested in laboratory and pilot-scale trials, ultimately supporting the development of safe and effective site-
specific bioremediation applications. The dataset not only benefits MIBIREM but also represents a valuable resource for 
the wider scientific and remediation communities, as it combines culture-based isolation with genome-informed 
functional analysis in a unique and integrative way. 
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 Introduction  

The MIBIREM project aims to develop microbiome-based strategies for the bioremediation of soils and groundwater 
contaminated with persistent pollutants. By exploiting the natural metabolic potential of microorganisms, the project 
aims to establish cost-effective and sustainable alternatives to traditional remediation methods. Three contaminant 
groups were selected as use-cases due to their environmental relevance and remediation challenges: 

- cyanides (CYA), linked to mining and industrial processes and known for their acute toxicity 
- petroleum hydrocarbons (PHC), a chemically diverse group of contaminants from spills and fuel handling 

activities 
- hexachlorocyclohexane (HCH), a banned pesticide that remains in soils because of its persistence and toxicity 

¢ƘŜ ǇǊƻƧŜŎǘΩǎ ŀǇǇǊƻŀŎƘ ƳƻǾŜǎ ǎǘŜǇǿƛǎŜ ŦǊƻƳ ǘƘŜ collection of soil and groundwater samples from sites with 
documented contamination by one or more of these pollutants, to enrichment and isolation of pollutant-degrading or 
pollutant-tolerant bacteria. A representative subset of those bacteria is selected for genome sequencing and functional 
characterization. In subsequent steps, promising strains will be combined into artificial microbiomes, which can be 
further optimized through laboratory evolution. Ultimately, these microbiomes, together with predictive computational 
tools, will contribute to site-specific and scalable bioremediation strategies. 

MIBIREM focuses on aerobic bacteria because they can be readily cultivated and scaled to the large volumes required 
for bioremediation, and because field applications typically involve injecting nutrient solutions and microbial 
suspensions into contaminated sites. As oxygenation is often applied to accelerate degradation, aerobic bacteria are 
the most effective and technically feasible group of microorganisms for these remediation strategies. By focusing on 
indigenous aerobic bacteria, MIBIREM maximizes the likelihood that the strains and microbial consortia developed 
during the project can be successfully applied at contaminated sites using established remediation infrastructures. 

Deliverable 2.4 provides a list of bacterial isolates obtained from enrichment cultures, microcosms, and bacterial 
trapping devices (bactraps) across the three use cases. The isolates are taxonomically identified and, where available, 
linked to functional genes involved in degradation. This collection forms a foundation for subsequent characterization, 
risk assessment, and the development of robust microbial consortia with future application in field-scale 
bioremediation. 

 

 Sampling and enrichment 

Soil and groundwater samples were collected from sites with documented contamination by cyanides (CYA), petroleum 
hydrocarbons (PHC), or hexachlorocyclohexane (HCH). Sampling was carried out in accordance with the guidelines and 
ǇǊƻǘƻŎƻƭǎ ŘŜǎŎǊƛōŜŘ ƛƴ 5ŜƭƛǾŜǊŀōƭŜ мΦс άLƴƛǘƛŀƭ ƘŀƴŘōƻƻƪ ŦƻǊ ǎǘŀƴŘŀǊŘƛǎŜŘ ǎŀƳǇƭƛƴƎέ (Reichenauer 2023), which ensures 
consistency, comparability, and traceability across all project partners. These guidelines cover aspects such as site 
selection, sampling depth and volume, aseptic handling, transport, and storage, all aimed at preserving the integrity of 
microbial communities and minimizing external contamination. The samples thus represent the indigenous microbial 
populations adapted to the pollutant conditions at each site. 

To enrich for bacteria with the capacity to tolerate or degrade the contaminants of interest, three complementary 
enrichment strategies were applied: 

- Enrichment cultures (EC): polluted samples were inoculated into low-nutrient media, to which the target 
contaminant was added. Through serial feeding cycles with the contaminant, selective pressure was 
maintained, favouring the growth of microorganisms capable of using or resisting the contaminant. This 
approach allows recovery of pollutant-adapted bacteria in a controlled, laboratory setting. 

- Bacterial Trapping Devices (Bactraps, BT): Bactraps consist of porous carriers, in some cases containing defined 
nutrients or contaminants, which are incubated directly in contaminated groundwater or soil environments. 
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By providing a substrate for microbial colonization under in situ conditions, bactraps selectively recruit 
indigenous bacteria with the metabolic potential to interact with the contaminants. 

- Microcosms: microcosms were established using contaminated soil collected from the target sites and were 
further supplemented with the relevant contaminant, NPK solution or oxygen over a period of several weeks. 
The goal is to maintain selective pressure and favour the proliferation of indigenous bacteria with the capacity 
to tolerate or degrade the pollutant.  

Together, these enrichment techniques ensure a broad and complementary recovery of relevant bacterial isolates τ 
from fast-growing laboratory-adapted strains to slow-growing organisms that are best maintained under site-like 
conditions. The enrichment cultures, bactraps, and microcosms generated across the consortium were evaluated by the 
respective partners for their degradation capacities against the target contaminants. This screening allowed each 
partner to identify the most promising communities, i.e. those showing robust growth and evidence of contaminant 
transformation. From the best-performing enrichments (Table 1), individual bacterial strains were isolated and analysed 
via matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). This ensured that the 
isolates selected for further work originated from microbial communities with demonstrated potential for pollutant 
degradation. 

 

Table 1: Overview of microbial consortia used for isolation of bacteria. Sample type refers to the original biological sample obtained from the site 
and used for generating enrichment cultures. Partner indicates which partner generated the enrichment culture. CYA, cyanides; PHC, petroleum 

hydrocarbons; HCH, hexachlorocyclohexane; NA, not available; EC, enrichment culture; BT, bactrap. 

Contaminant Country Site name Sample type 
Enrichment 
method 

Partner MIBIREM sample code 

PHC Germany NA Bioremediation consortium NA Sensatec PHC_Other_SENSA 

PHC France Ploufragan Soil EC CNRS FR_PLO_05_A_E7.2 

PHC France Ploufragan Soil BT CNRS FR_PLO_05_A_BT 

PHC Germany Kiel Groundwater EC SENSA DE_KIE_03_GW 

PHC Germany Kiel Groundwater EC SENSA DE_KIE_06_GW 

PHC The Netherlands Griftpark Soil EC UHAS NL_UTR_SC(1-6)_S_EC30(3/4) 

PHC The Netherlands Griftpark Groundwater NA UHAS NL_UTR_INF_W 

PHC Belgium Lumco Soil EC UHAS BE_GEN_1(0/1)_S_EC30(1/5) 

HCH Germany Bitterfeld Soil EC UNIPI DE_BIT_08_A_S_EC002_T02_PL 

HCH Germany Bitterfeld Soil EC UNIPI DE_BIT_10_A_S_EC002_T02_PL 

HCH Germany Bitterfeld Soil BT CNRS DE_BIT_08_A_S_BTmh 

HCH Italy Colleferro Soil EC UNIPI IT_COL_03_C_S_EC002_T02 

HCH Italy Colleferro Soil EC UNIPI IT_COL_04_B_S_EC002_T02 

HCH Spain Sabiñánigo Soil EC UNIPI SP_BA_05_SL_EC002_LE001 

CYA Germany Gaswerk Stockach Groundwater EC SENSA DE_STO_02_GW 

CYA Germany Gaswerk Stockach Groundwater EC SENSA DE_STO_04_GW 

CYA Germany Former Gaswork Rinteln Groundwater EC SENSA DE_RIN_09_GW 

CYA Germany Former Gaswork Rinteln Soil EC SENSA DE_RIN_03_D_S 

CYA Germany Former Gaswork Rinteln Groundwater BT SENSA DE_RIN_03_GW_BT 

CYA Austria Gaswerk Simmering Groundwater BT AIT AT_SIM_04_BT 

CYA Austria Siebenhirten Groundwater BT AIT AT_SIE_01A_BT 

CYA Austria Siebenhirten Groundwater BT AIT AT_SIE_01B_BT 

CYA Austria Siebenhirten Groundwater BT AIT AT_SIE_02A_BT 
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All selected HCH-degrading enrichment cultures and all selected PHC-degrading enrichment cultures (except from 
Lumco and Griftpark sites) were transferred to partner UGENT for single-strain isolation. Upon receipt, all microbial 
consortia were either processed immediately or were stored at -80°C until further processing. Isolation of single-strains 
from the Lumco and Griftpark sites was performed by partner UHAS. Isolation of cyanide degrading bacteria was 
performed by the partner that generated the enrichment cultures (partner SENSA for Stockach and Rinteln sites, partner 
AIT for Simmering and Siebenhirten sites). The isolates obtained were preserved and transferred to UGENT for MALDI-
TOF MS analysis and subsequent whole-genome sequencing. 

MALDI-TOF MS was employed for identification and dereplication of bacterial isolates because it provides rapid, 
reproducible, and fingerprint-like protein profiles that can be compared to reference databases for identification. By 
clustering mass spectra based on their similarity, groups of highly similar isolates can be identified and redundant 
characterization efforts avoided. 

2.1.1 Generation of PHC-degrading microbial consortia 

2.1.1.1 Ploufragan (France) 

Ten soil samples were collected in Ploufragan, France, in April 2023 by partner CNRS. Half of the samples were collected 
from a depth of 0 to 2 m (named A), and the other half from a depth of 2 to 4 m (named B). Firstly, the level of PHC 
contamination was evaluated to identify the most promising samples with a PHC-adapted microbial community, where 
PHC-degrading bacteria are more likely to be present. FR_PLO_04_A_S and FR_PLO_05_A_S were the two soil samples 
with the highest level of PHC contamination (>60,000 mg/kg of C10ςC40). Secondly, soil microcosms were performed 
on eight soil samples harboring significant PHC contamination. The microcosms were conducted in 1 L flasks containing 
250 g of soil in two conditions (with and without the addition of an NPK solution (nitrogen, phosphorus and potassium) 

to achieve a C:N:P:K ratio of 100:3:1:1) and were incubated at 24ÁC for three months. In addition to monitoring microbial 

activity (mineralization and COȼ production), the total petroleum hydrocarbon (TPH) content was tracked over time. 

Soil sample FR_PLO_05_A_S exhibited the highest PHC degradation efficiency, reaching nearly 40% TPH degradation 
over three months.  

This soil sample was then selected for two bacterial enrichment strategies: in liquid culture (EC) and bacterial trapping 
using BactoTrapS (BT), the tool newly developed by the CNRS as part of the MIBIREM project (Vauloup and Cébron 
2025). EC was performed using Bushnell Haas (BH) medium supplemented with 1% diesel and pH was adjusted to 7.2 
(natural BH medium pH) or to 8.5 (soil sample pH). EC were obtained by 4 successive sub-culturing every weeks in fresh 
media. The bacterial growth was monitored and the enrichment obtained from the culture at a pH of 7.2 was growing 
the fastest. Bacterial diversity was determined through 16S rDNA sequencing, showing a broader diversity for the EC at 
pH 7.2.  

Meanwhile, a BactoTrapS device was incubated in soil sample FR_PLO_05_A_BT for four weeks. BactoTrapS are small 
nylon bags containing vermiculite, which were contaminated artificially with diesel to attract bacteria capable of 
degrading PHCs. At the end of the incubation vermiculite was recovered, and bacteria detached by vortexing vermiculite 
mixed with a saline buffer. 

Both samples FR_PLO_05_A_E7.2 and FR_PLO_05_A_BT were selected for bacterial isolation (Table 1). 

2.1.1.2 Kiel (Germany) 

Seven swallowing wells in Kiel, Germany were sampled by partner SENSA in October 2023. From each sampling point, 
groundwater samples were taken and sent to AGROLAB for chemical analysis, and to the SENSA lab in Overath to 
generate enrichment cultures. In situ measurement during the sampling revealed a pH around 7,7-7,8 and different 
oxygen levels. With the exception of DE_KIE_01_GW with an O2 concentration of 8,3 mg/L, oxygen concentrations in 
other samples were < 2 mg/L. Chemical analysis revealed in some samples low cyanide and hydrocarbon concentrations.  
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Samples DE_KIE_05_GW and DE_KIE_06_GW showed both highest BTEX (benzene, toluene, ethylbenzene and xylene) 
concentration of 228 and 1158 µg/l, and highest polyaromatic hydrocarbon (PAH) concentration of 600 and 1270 µg/l, 
respectively. The groundwater samples were examined under the microscope and only a very few bacteria could be 
observed. Therefore, in order to increase cell number, 250 ml of groundwater was centrifuged and reduced to 5 ml. The 
final 5 ml were transferred into sterile bottles and 45 ml mineral salt medium (MSM) was added. To prevent growth of 
flagellates, cycloheximide was added. Initially, a mixture of 9 PAHs (naphthalene, acenaphthalene, acenaphtene, 
fluorene, phenanthrene, anthracene, fluoranthene, pyrene, methyl-naphthalene) solved in diesel was used as carbon 
source and was shifted with each batch to a mixture of these 9 PAHs but solved in pristane. 

In order to select two consortia for single-strain isolation, a community analysis was conducted (by partner AIT) and 
both a test for the production of biosurfactants and degradation tests with five PAHs were performed (by partner CNRS). 
The highest degradation capacity was detected for DE_KIE_06_GW and DE_KIE_07_GW. For DE_KIE_06_GW, also a 
medium biosurfactant production was detected, and DE_KIE_03_GW revealed highest biosurfactant production. As 
biosurfactants are positive for bioremediation as surfactants improve the bioavailability of oily contaminants, 
DE_KIE_03_GW and DE_KIE_06_GW were chosen for the single-strain isolation. 

2.1.1.3 Lumco (Belgium) 

Two samples were taken from a reactive mat, which functions as a barrier to prevent the leaching of the contamination 
from a source zone into a neighbouring stream. This mat is filled with naturally absorbent materials like tree bark, peat 
and biochar. From this mat at two points (point 10 and 11), samples were taken for further enrichments. Sample 10 was 
less contaminated (around 10-20 ppm BTEX) than sample 11 (around 150-350 ppm BTEX). These samples were taken at 
specific points where biodegradation should occur in the natural conditions, since the mat was made from highly 
absorbent materials so these samples could be seen as a bactrap.  

From these samples, multiple enrichment cultures were set up using different PAHs including benzene or pollution from 
the site as carbon sources. This was done with the aim of isolating a diverse collection of bacteria. The enrichment 
cultures were setup in 100 ml flasks containing 50 ml BH medium supplemented with 350 µg/l benzene. These cultures 
were supplemented with the redox indicator 2,6-Dichlorophenolindophenol (DCPIP). This compound serves changes 
colour from blue to colourless when reduced, thereby signalling microbial activity and biodegradation of the 
contaminants. Other enrichments were setup in 100 ml flasks containing 50 ml BH medium supplemented with indole 
(117,5 mg/l). The indole as a substrate was added to assess dioxygenase activity, since the transformation of indole can 
be used as an indicator of oxygenase-mediated biodegradation pathways. Enrichment cultures were obtained by two 
successive sub-culturing every week in fresh media. Enrichments showing a colour change of the DCPIP indicator from 
blue to colourless, indicating biodegradation of the contaminant, were chosen for single-strain isolation. 

2.1.1.4 Griftpark (The Netherlands) 

One large soil core sample from the Griftpark site was subdivided into six subsamples, which were used for making 
enrichment cultures. From each subsample, two enrichment cultures were set up in 100 ml flasks containing 50 ml BH 
medium with soil extract, which was an extract of contamination present in the samples (with and without the addition 
of an NPK solution to achieve a C:N:P:K ratio of 100:3:1:1). This was done to mimic the site contamination with the aim 
of enriching bacteria able to degrade these compounds. In total there were 24 cultures (six samples, two conditions and 
two replicates per condition). The enrichment cultures were obtained by successive sub-culturing every week in fresh 
media (four times), where the concentration of the soil extract was gradually increased over time.  

Here an approach was taken with the aim of isolating a great diversity of isolates. We used as many different samples 
as possible, to cover isolates which could be found in multiple layers of the soil core. Using this method, we also gained 
insights into which enrichment methods yielded the greatest diversity. From a limited analysis, this seemed to be the 
ŎƻƴŘƛǘƛƻƴ ǿƘŜǊŜ ƴƻ ŀŘŘƛǘƛƻƴŀƭ ŦŜǊǘƛƭƛȊŀǘƛƻƴ ǿŀǎ ŀŘŘŜŘΦ Lǘ ƛǎ ƭƛƪŜƭȅ ŘǳŜ ǘƻ ŀ ǎƭƻǿŜǊ ƎǊƻǿǘƘ ƻŦ Ψƭŀō ŎƻƴŘƛǘƛƻƴΩ ŀŘŀǇǘŜŘ 
strains like Pseudomonas which in turn dominate the community, that a larger diversity is maintained when no 
additional growth promoting supplements are added to the medium. 
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A second sampling was done at the water treatment at the Griftpark site. Here contaminated groundwater is pumped 
up from the contaminated site and purified in a series of reactors like a conventional water treatment. Samples were 
taken from the influent of the water treatment which can be seen as a mix of groundwater from multiple wells that is 
mixed. This sample was further enriched over a four-week period using increasing concentrations of soil extract.  

Single-strains were isolated and identified to explore aerobic bacteria present in the contaminated groundwater. This 
information is particularly relevant to the Griftpark wetland pilot site, where the groundwater represents the initial 
input before entering the wetland system. By identifying bacteria with degradation potential in this sample, we can gain 
insight into which microbial taxa may play an important role once the aerobic groundwater is introduced into aerobic 
conditions. For this reason, targeted isolation efforts were carried out on this sample. 

2.1.2 Generation of HCH-degrading microbial consortia 

2.1.2.1 Bitterfeld (Germany) 

Ten soil samples from Bitterfeld, Germany were sampled by partner DND in July 2023 and processed by partner UNIPI. 
For each sample, two grams of soil was sieved to ensure homogeneity and suspended in 30 ml physiological saline. The 
resulting soil slurry was sonicated and vortexed to detach microorganisms from soil particles. The supernatant was used 
to inoculate four sterile 20 ml headspace vials per sample, containing 5 ml of MSM medium with 0.1% glucose and 
supplemented with 100 ppm HCH. Cultures were incubated at 25°C on an orbital shaker to ensure aeration. The HCH 
degradation of the cultures was monitored over time via solvent extraction of HCH followed by gas chromatography. 
Samples DE_BIT_08_A_S_EC002_T02_PL and DE_BIT_10_A_S_EC002_T02_PL showed the highest HCH degradation and 
were selected for single-strain isolation. 

CNRS performed BactoTrapS incubation of vermiculite bags incubated in two soils from Bitterfeld (DE_BIT_04_A_S and 
DE_BIT_08_A_S). Vermiculite was contaminated either with a mixture of -hΣ ʲ- ŀƴŘ ʵ-HCH (mh) with and without 
addition of glucose as supplementary carbon-growth substrate. Control BactoTrapS only with glucose or with only with 
vermiculite were performed at the same time. Bacterial activity was monitored (mineralization, CO2 production) and 
total bacterial diversity in the BactoTrapS was determined through 16S rDNA metabarcoding. In addition, qPCR targeting 
linA and linB genes was performed.  

A difference in mineralization activity was observed between the HCH+glucose BactoTrapS and the control containing 
only glucose, which may suggest mineralisation of HCH. However, a significant difference in bacterial diversity could 
only be observed between sample DE_BIT_08_A_S_BTmh and its associated control, with a selection of 
Nocardioidaceae, Sphingomonadaceae, Xanthomonadaceae and Xanthobacteraceae. This sample 
DE_BIT_08_A_S_BTmh was then selected for bacterial isolation (Table 1). 

2.1.2.2 Colleferro (Italy) 

A total of 11 soil samples from Colleferro, Italy was sampled by partner UNIPI in October 2023. For each sample, two 
grams of soil was sieved to ensure homogeneity and suspended in 30 ml physiological saline. The resulting soil slurry 
was sonicated and vortexed to detach microorganisms from soil particles. The supernatant was used to inoculate four 
sterile 20 ml headspace vials per sample, containing 5 ml of MSM medium with 0.1% glucose and supplemented with 
100 ppm HCH. Cultures were incubated at 25°C on an orbital shaker to ensure aeration. The HCH degradation was 
monitored over time via solvent extraction of HCH followed by gas chromatography. Samples 
IT_COL_03_C_S_EC002_T02 and IT_COL_04_B_S_EC002_T02 showed the highest HCH degradation and were selected 
for single-strain isolation. 
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2.1.2.3 Sabiñánigo (Italy) 

A total of 11 soil samples from Sabiñánigo, Spain were sampled by partner TAUW and processed by partner UNIPI. 
Investigation of the Sabiñánigo site was established in collaboration with partners from the BIOSYSMO project 
(https://www.biosysmo.eu/). For each sample, two grams of soil was sieved to ensure homogeneity and suspended in 
30 ml physiological saline. The resulting soil slurry was sonicated and vortexed to detach microorganisms from soil 
particles. The supernatant was used to inoculate four sterile 20 ml headspace vials per sample, containing 5 ml of MSM 
medium with 0.1% glucose and supplemented with 100 ppm HCH. Cultures were incubated at 25°C on an orbital shaker 
to ensure aeration. The HCH degradation was monitored over time via solvent extraction of HCH followed by gas 
chromatography. Sample SP_BA_05_SL_EC002_LE001 showed the highest HCH degradation and was selected for single-
strain isolation 

2.1.3 Generation of cyanide-degrading microbial consortia 

2.1.3.1 Stockach (Germany) 

At the former gaswork site in Stockach, five groundwater samples were taken. All five sampling points were located in 
the contaminated area. The groundwater samples were sent to AGROLAB for chemical analysis and to the SENSA office 
in Overath for enrichment cultures. InȤsitu measurements revealed a pH around 7,2-7,4. The highest cyanide 
concentration in Stockach was detected in sample DE_STO_01_GW with 1,9 mg/L. The groundwater samples were 
examined under the microscope and only a very few bacteria could be observed. Therefore, in order to increase cell 
number, 500 ml of groundwater was centrifuged and reduced to 5 ml. The final 5 ml were transferred into sterile opaque 
bottles and 45 ml MSM as well as glucose and KCN were added. Again, cycloheximide was added within the first three 
batches to prevent growth of flagellates. As the visual cell number was still low even after centrifugation, in the first 
batch NPK was added to stimulate growth. Cultures were transferred every three weeks. 

For all five groundwater samples from Stockach it was possible to establish stable enrichment consortia. All consortia 
were tested at the AIT for their degradation capacity and based on those results, DE_STO_02_GW and DE_STO_04_GW 
were selected for single-strain isolation. 

2.1.3.2 Rinteln (Germany) 

Soil samples: a soil sampling campaign was conducted at the former gaswork site in Rinteln. Soil samples were taken at 
3 different locations on the site covering both hotspot areas. Sampling was performed into the aquifer, which is located 
at a depth of 5-9 m. Soil samples were sent to AGROLAB for chemical analysis and to the SENSA office in Overath for the 
development of enrichment cultures. Cyanide concentration showed significant differences between the sampling spots 
with a range of 27 up to 7200 mg CN/kg soil. Upon arrival, soil from eight samples was sieved (< 2 mm) and 2 g per 
sample was inoculated in 50 ml MSM with glucose (1 g/L) as a carbon and KCN (20 mg/L) as a nitrogen source. To prevent 
growth of flagellates, cycloheximide (2,5 mg/L) was added for the first 3 batches. Cultures were transferred every three 
weeks. 

Groundwater samples: at the former Gaswork site Rinteln, 10 groundwater samples were taken, covering both hotspot 
areas as well as one sample from the inflow to the contaminated site. The groundwater samples were sent to AGROLAB 
for chemical analysis and to the SENSA office in Overath for enrichment cultures. InȤsitu measurements revealed pH to 
be around 6,5-6,9. The groundwater samples in Rinteln revealed cyanide concentrations up to 11 mg/L 
(DE_RIN_09_GW). The groundwater samples were examined under the microscope and only a very few bacteria could 
be observed. Therefore, in order to increase cell number, 500 ml of groundwater was centrifuged and reduced to 5 ml. 
The final 5 ml were transferred into sterile opaque bottles and 45 ml MSM as well as glucose and KCN were added. 
Again, cycloheximide was added within the first three batches to prevent growth of flagellates. As the visual cell number 
was still low even after centrifugation, in the first batch NPK was added to stimulate growth. Cultures were transferred 
every three weeks. For each of the 10 groundwater samples, a stable enrichment culture was established. Sample 
DE_RIN_09_GW was chosen for degradation tests by partner AIT as this consortium showed good growth and was 

https://www.biosysmo.eu/
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isolated from the groundwater sample with highest cyanide contamination. This sample was subsequently selected for 
single-strain isolation. 

Bactraps used in groundwater wells consisted of a perforated tube filled with sterile sand. A total of five bactraps were 
installed in the aquifer for six weeks. After transport into the SENSA lab in Overath, and enrichment cultures were 
generated by adding 10 g of sand to 50 ml MSM with glucose as carbon and KCN as nitrogen source. To initially enhance 
cell growth, NPK fertilizers was added in the first batch. In addition, in the first three batches cycloheximide was added. 
Cultures were transferred every two to three weeks. For all five bactrap samples from Rinteln, stable consortia were 
established. The AIT performed degradation tests on three consortia and based on these results and additional growth 
experiments, sample DE_RIN_03_BT was selected for single-strain isolation. 

2.1.3.3 Siebenhirten (Austria) 

At the former chemical production and gas work site of Siebenhirten, groundwater was sampled from five sampling 
points and bactraps (as described above) were exposed to the groundwater on 23rd May 2023. Groundwater samples 
were sent to AGROLAB for chemical analysis. The range of total cyanide detected in the samples was between 0,29 and 
1,93mg/L. Bactraps were put into each groundwater well and were exposed for 8 weeks to the local environment. After 
this period the bacterial traps were removed and the contained sand was transferred to 100 mL brown sterile glass 
bottles. Samples were transported at 4°C to the laboratory and approximately 10 g of the material was weighed into 
100 mL sterile, foil-wrapped Schott bottles. To each bottle, 50 mL of MSM (the same composition as used by partner 
SENSA for Stockach and Rinteln sites) was added together with glucose, KCN and cycloheximide in final concentrations 
of 1 g/L, 20 mg/L and 250 µg/L, respectively. In the first culture, 60 µL of a garden NPK fertilizer was added as an extra 
nitrogen source. This culture was transferred to a subculture with KCN as only nitrogen source after 2 days. This first 
subculture was transferred again after 1 week and subsequent sub-cultures were transferred after three weeks. 
Glycerol-stocks were produced from cultures at all transfer steps. 

Microcosm tests were performed with all enrichment cultures to test biodegradation of cyanides by adding KCN 
(20mg/L) as sole source of nitrogen in MSM. As carbon source 1 g/L glucose was added to the microcosm. Microcosm 
tests were done in 120ml glass bottles with crimp top to avoid free cyanides escaping via the gas phase. Samples were 
taken at regular intervals with a syringe via a septum and were analyzed by Ion Chromatography (Metrohm). Based on 
these tests the culture AT_SIE_01A_BT, AT_SIE_01B_BT and AT_SIE_02A_BT were selected as best performing and thus 
for isolation of single stains. 

2.1.3.4 Simmering (Austria) 

At the former gas work site in Simmering, groundwater was sampled from 5 sampling points and bactraps (as described 
above for Siebenhirten) were exposed to the groundwater in September 2023. Groundwater samples were sent to 
AGROLAB for chemical analysis. The range of total cyanide detected in the samples was between 0,12 and 0,88mg/L. 
Bactraps were put into each groundwater well and were exposed for 8 weeks to the local environment. The 
establishment of enrichment cultures was done in the same way as described for the samples from Siebenhirten 
(2.1.3.3).  

Based on the microcosm tests described above (2.1.3.3), the culture AT_SIM_04_BT was selected as best performing 
and thus for isolation of single stains. 
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 Isolation and identification of bacteria 

2.2.1 Isolation of PHC-degrading and PHC-tolerant Isolates 

Ploufragan, Kiel and SENSA: To recover bacteria capable of PHCs, BH medium and MSM medium were supplemented 
with 0.1% or 1% diesel oil as the sole carbon source. Both BH and MSM are minimal salt media without added carbon, 
ensuring that only organisms able to metabolize components of diesel could grow. In addition, to recover tolerant 
isolates that may play important supporting roles within microbial consortia, wŜŀǎƻƴŜǊΩǎ н! όR2A) medium 
supplemented with diesel oil was used as a third isolation medium. R2A is a low-nutrient medium that supports slow-
growing bacteria by providing small amounts of diverse carbon sources, thereby allowing growth of PHC-tolerant but 
non-degrading isolates. This isolation approach was applied to the Sensatec microbial consortium and to consortia 
obtained from the Ploufragan and Kiel sites (Table 1). 

Lumco: From the enrichment cultures, single-strain isolation was performed on solid media, using four different 
formulations with the aim of obtaining a diverse mix of species:  

- BH medium with contaminated site water (60 mL per 1 L of medium) 
- BH medium with benzene (350 µg/L) 
- BH medium with indole (352 µg/L) 
- BH medium with benzene, naphthalene, and phenanthrene (10 mg/L each).  

Colonies were picked, purified and identified via 16S rRNA gene sequencing before being sent to partner UGENT for 
DNA extraction and whole-genome sequencing. 

Griftpark: From enrichment cultures generated from Griftpark soil cores, single-strain isolation was performed on solid 
media, using three different media formulations. Since phenanthrene was the major pollutant at the site, a BH medium 
supplemented with 10 mg/L phenanthrene was used as the first medium. As a second medium, BH supplemented with 
352 µg/L indole was used. The inclusion of indole serves as a functional selection step, allowing the detection of bacteria 
with dioxygenase activity. Finally a 869 rich medium was used to ensure the recovery of a diverse mixture of degrading 
bacteria. Samples were also taken from the influent of the water treatment plant at Griftpark. These samples can be 
seen as a mix of groundwater from multiple wells that is mixed. This influent was used directly without enrichment for 
single-strain isolation, on solid media: 896 rich medium and BH + soil extract. Soil extract was used to mimic the 
contamination on the site to ensure the isolation of bacteria capable of degrading the specific pollution present at the 
site. Colonies were picked, purified and identified via 16S rRNA gene sequencing before being sent to partner UGENT 
for DNA extraction and whole-genome sequencing. 

2.2.2 Isolation of HCH-degrading and HCH-tolerant Isolates 

The same rationale that was used for the PHC use case, was applied to the HCH use case. To select for potential HCH 
ŘŜƎǊŀŘŜǊǎΣ .I ŀƴŘ a{a ƳŜŘƛŀ ǿŜǊŜ ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ нлл ǇǇƳ I/I όŎƻƴǎƛǎǘƛƴƎ ƻŦ мпл ǇǇƳ ʴ-HCH [lindane] and 20 
ǇǇƳ ŜŀŎƘ ƻŦ ʰ-Σ ʲ-Σ ŀƴŘ ʵ-HCH). To isolate tolerant organisms, R2A medium was supplemented with the same HCH 
mixture.  

2.2.3 Isolation of cyanide-degrading and cyanide-tolerant Isolates 

Isolation from cyanide-degrading enrichment cultures was performed by the partners who established them (SENSA 
and AIT). While many microorganisms can use cyanides as a nitrogen source, very few organisms can also use it as a 
sole carbon source. Therefore, a different approach for the selection of isolation media was required for cyanides, 
compared to the PHC and HCH use cases. Isolates were obtained from enrichment cultures that had undergone cyanide 
selection pressure for extensive periods of time.  

As KCN, which was used as N-source for enrichment and cultivation, is unstable and will decompose to highly toxic and 
volatile HCN at temperatures > 25 °C, it is unsuitable for the use in agar plates. The approach of plating a KCN film on 



 MIBIREM Project 
D2.4 List of pollutant-degrading bacteria and their functional genes 

 

 
Funded by the European Union. Views and opinions expressed are  
however those of the author(s) only and do not necessarily reflect those  
of the European Union or [EUROPEAN RESEARCH EXECUTIVE AGENCY (REA)].  
Neither the European Union nor the granting authority can be held responsible for them. 

13 
 

top of the agar was considered, but dismissed due to instability. Alternatively, the use of a complex cyanide compound 
was considered. However, as only a few bacteria capable of utilizing complex cyanides are described in the literature, 
this approach would have resulted in excessive selection. Therefore, it was decided to carry out the isolation without 

cyanide, but with NHȾCl as nitrogen source. 

For isolation of single-strains from the Stockach and Rinteln enrichments, MSM medium was supplemented with 1 mM 

NHȾCl as nitrogen source and either 1 g/L D-glucose or 1 g/L sodium acetate as carbon source. R2A was included as a 

third medium. For isolation of single-strains from the Simmering and Siebenhirten enrichments, R2A medium and 1/10 
diluted tryptone soya agar (1/10 TSA) were used. 

2.2.4 General isolation procedure 

Across all use cases, the isolation workflow followed the same steps. Enrichment cultures were serially diluted in sterile 
physiological saline and plated on two or three isolation media to maximize recovery of both degrading and tolerant 
organisms. Plates were incubated aerobically at either 20 °C or 28 °C. Approximately 200 colonies per consortium were 
picked and re-streaked onto the same isolation medium to obtain pure cultures. 

Each purified isolate was subsequently subcultured for two generations on R2A agar to standardize growth conditions 
prior to MALDI-TOF MS analysis, and preserved at -80°C. Using the same culture conditions for all isolates before 
performing MALDI-TOF MS reduces cultivation-related variations in the mass spectra and facilitates comparison and 
dereplication of mass spectra.  

2.2.5 MALDI-TOF MS identification and dereplication 

Protein extraction, sample preparation, and data acquisition via MALDI-TOF MS were performed as described previously 
(Dumolin et al. 2019) . Identification was carried out using MBT Compass Explorer software, comparing spectra against 
the commercial Bruker database (RUO, MSP-12438) and the in-house MSP database at UGENT. Bruker log scores were 
interpreted as follows: 2.300ς3.000: reliable species-level identification, 1.700ς2.299: reliable genus-level 
identification, <1.699: no reliable identification. Spectra were further processed in BioNumerics (version 7.6.3), using 
tŜŀǊǎƻƴΩǎ ǇǊƻŘǳŎǘ-moment correlation coefficient and UPGMA clustering. Isolates were dereplicated using a 
combination of visual inspection of dendrograms and fingerprints, identification scores, and the SPeDE algorithm using 
default settings (Dumolin et al. 2019).  

From each MALDI-TOF MS cluster, multiple reference isolates were selected based on unique spectral features, cluster 
similarity and isolation medium. These isolates were grown for two generations on R2A medium and preserved at -80°C 
in Microbank tubes. For isolates that could not be reliably identified by MALDI-TOF MS, 16S rRNA gene sequencing was 
applied to one reference isolate per cluster to determine the taxonomic affiliation. 

2.2.6 Selection of reference isolates for whole-genome sequencing 

A representative subset of reference isolates was chosen for DNA extraction and subsequent whole-genome sequencing 
(WGS). The selection aimed to maximize diversity, ensuring that at least one strain per MALDI-TOF MS cluster was 
sequenced, while also considering the isolation medium. Cultures isolated from a growth medium with the contaminant 
ŀǎ ǘƘŜ ǎƻƭŜ ŎŀǊōƻƴ ǎƻǳǊŎŜ ǿŜǊŜ ŎƻƴǎƛŘŜǊŜŘ ΨŘŜƎǊŀŘƛƴƎΩΣ ǿƘŜǊŜŀǎ ŎǳƭǘǳǊŜǎ ŦǊƻƳ ŀ ƎǊƻǿǘƘ ƳŜŘƛǳƳ ǿƛǘƘ ǘƘŜ ŎƻƴǘŀƳƛƴŀƴǘ 
ŀƭƻƴƎ ǿƛǘƘ ƻǘƘŜǊ ŎŀǊōƻƴ ǎƻǳǊŎŜǎ ǿŜǊŜ ŎƻƴǎƛŘŜǊŜŘ ΨǘƻƭŜǊŀƴǘΩΦ This strategy allowed the inclusion of both presumptive 
degraders and tolerant isolates in the genomic dataset. 
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 Whole-genome sequencing of bacteria 

For this project we selected a long-read only sequencing strategy using Oxford Nanopore Technologies (ONT). The 
quality of long-read sequencing has improved substantially in recent years due to advances in pore chemistry and 
basecalling algorithms, enabling the generation of highly accurate genome assemblies without the need for 
complementary short-read data. This allows reconstruction of complete bacterial chromosomes and plasmids, which is 
particularly important for reliably identifying metabolic gene clusters and operons involved in pollutant degradation. 

2.3.1 DNA extraction and quality control 

Genomic DNA was extracted from selected isolates using the Maxwell® 16 automated nucleic acid purification system 
in combination with the Maxwell® 16 Tissue DNA purification kit (Promega). DNA concentrations were determined with 
the QuantiFluor ONE double-stranded DNA quantification system (Promega). To verify culture identity prior to 
sequencing, full-length 16S rRNA gene sequences were obtained as described previously (Peeters et al. 2013) and 
compared against the EzBioCloud database (Chalita et al. 2024) for taxonomic identification. 

2.3.2 Long-read sequencing and assembly 

For whole-genome sequencing, long-read libraries were prepared using the ONT Native Barcoding kit SQK-NBD114 and 
sequenced on an ONT MinION Mk1B instrument equipped with a FLO-MIN114 flow cell. Base calling was performed 
with dorado v0.9.1 using the dna_r10.4.1_e8.2_400bps_sup@v5.0.0 model for both simplex and duplex reads. 

Raw reads were filtered with nanoq v0.10.0 (Steinig and Coin 2022), retaining only sequences ×1000 bp with a minimum 

quality score of 10. Genome assemblies were generated using dragonflye v1.2.1, including one round of medaka 
polishing with the same basecalling model (Petit III). Assembly quality was assessed with QUAST v5.3.0 (Gurevich et al. 
2013) and CheckM v1.2.4 using the lineage_wf workflow (Parks et al. 2015). 

2.3.3 Taxonomic identification and genome annotation 

Taxonomic assignment of sequenced isolates was carried out by combining results from the Type Strain Genome Server 
(TYGS) (Meier-Kolthoff et al. 2022) with classifications obtained via the Genome Taxonomy Database Toolkit (GTDB-Tk 
v2.4.1) using GTDB release 10-RS226 of the reference database (Chaumeil et al. 2022). Species-level identifications are 

typically supported by dDDH values values ×70% and ANI values ×95-96% (Riesco and Trujillo 2024; Parks et al. 2022, 

202). If these thresholds were not met, isolates were considered potentially novel species. 

Genome annotation was performed using Prokka v1.14.5 (Seemann 2014) and eggNOG-mapper v2.1.13 with the 
eggNOG 5.0.2 database (Cantalapiedra et al. 2021), providing both gene predictions and functional annotations to 
support the identification of pollutant-degrading genes.  

It is important to interpret the results from searches for pollutant-degrading genes with caution. The absence of a gene 
in the output does not necessarily imply that an organism is incapable of a specific degradation function. Limitations 
arise from both the scope of the current reference databases and the inherent novelty of many isolates. As a result, 
degradation genes may remain undetected if they are highly divergent or not yet described in the literature. Conversely, 
when genes are detected, their functional annotation should also be considered with care. Enzymes often share 
conserved catalytic domains, and homologous sequences may carry out related but distinct reactions, sometimes acting 
on substrates different from those listed in the database.  

Nonetheless, the confidence in functional predictions increases when multiple components of a known degradation 
system are found together in a genome. For example, the detection of several subunits of a dioxygenase complex 
involved in aromatic hydrocarbon degradation provides stronger evidence that the organism may indeed be capable of 
carrying out the reaction. In this way, the genomic data provide valuable hypotheses about the degradation potential 
of the isolates, while highlighting the need for experimental validation. 
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2.3.4 Detection of PHC degradation genes 

To identify genes associated with PHC degradation, genome assemblies of selected isolates were screened against the 
Hydrocarbon Degradation Genes (HADEG) database (Rojas-Vargas et al. 2023). This curated database compiles 
experimentally validated genes and pathways involved in the aerobic degradation of a wide range of hydrocarbons, 
including alkanes, monoaromatic and polyaromatic compounds. By comparing predicted coding sequences to HADEG 
entries, it is possible to pinpoint candidate genes and operons that are likely to confer PHC degradation capacity. This 
approach ensures that gene annotations are grounded in experimentally supported evidence, allowing a reliable link to 
be made between genomic potential and observed biodegradation phenotypes. 

Searches were performed using Proteinortho v6.3.6 (Klemm et al. 2023) with the parameters recommended in the 
HADEG publication, ensuring robust identification of homologous sequences. The results were converted into gene 
presence/absence matrices using R v4.4.2 and visualized using the ComplexHeatmap package (Gu 2022), subdivided 
into alkane degradation genes, monoaromatics degradation genes and polyaromatics degradation genes. Heatmap 
visualization enabled straightforward comparison of the functional potential across isolates, highlighting both shared 
and unique degradation capacities within the collection. 

Alkane degradation in bacteria is primarily initiated by alkane monooxygenases, enzymes that catalyse the first and 
often rate-limiting step of hydroxylating alkanes into alcohols, enabling their subsequent metabolism. Among these, 
several gene families are particularly important (Shao and Wang 2013). AlkB and alkM encode integral membrane non-
heme iron alkane hydroxylases, commonly associated with the degradation of medium-chain alkanes. LadA and almA 
are flavin-dependent monooxygenases capable of oxidizing long-chain alkanes, expanding the range of substrates that 
bacteria can utilize. Additionally, certain cytochrome P450 enzymes (CYP450) have been shown to catalyse terminal 
hydroxylation of alkanes, contributing to both short- and long-chain alkane degradation. These genes represent key 
targets when evaluating the alkane degradation potential of bacterial isolates and will be referenced throughout the 
corresponding figures and analyses. 

For the degradation of monoaromatic hydrocarbons (e.g. benzene, toluene, phenol), the initial hydroxylation step is 
generally considered the key and often rate-limiting step. This step is typically catalysed by ring-hydroxylating 
monooxygenases or dioxygenases, such as toluene monooxygenase or benzene/toluene dioxygenase. These enzymes 
introduce hydroxyl groups into the aromatic ring, enabling subsequent ring-cleavage reactions (Ladino-Orjuela et al. 
2016).  

For polyaromatic hydrocarbons (e.g. naphthalene, phenanthrene), degradation usually begins with aromatic ring-
hydroxylating dioxygenases, such as naphthalene dioxygenase, which add two hydroxyl groups to form cis-dihydrodiols 
(Mohapatra and Phale 2021). This activation step is essential, as it makes the otherwise highly stable polyaromatic ring 
structures accessible for further catabolic processing. The presence of these initial dioxygenases in a genome is 
therefore often taken as a strong indicator of aromatic degradation potential. 

2.3.5 Detection of HCH degradation genes 

The hexachlorocyclohexane (HCH) degradation pathway has been extensively characterized in Sphingobium strains, in 
particular the model organisms Sphingobium indicum B90A and Sphingobium indicum UT26S (synonym: Sphingobium 
japonicum) (Lal et al. 2010; Kumari et al. 2002; Endo et al. 2005). These strains served as the source for the reference 
gene set used in this study. 

Protein sequences for all known lin pathway genes (linA, linA1, linA2, linB, linC/X linD, linE, linEb, linF, linG, linH, linI, 
linK, linL, linM, and linN) were retrieved from UniProt (section 6.2, Table 2). For each gene, the canonical protein entry 
was collected together with its annotated sequence. To identify genes similar to these degradation genes in the 
genomes of our isolates, the curated reference set was used as input for performing protein blast searches using blastp 
v2.16.0. The results were filtered to retain only matches with җ 35% amino acid identity and җ 70% query and subject 
coverage. In case of multiple matches, only the HCH degradation gene with the highest percent amino acid identity was 
retained. The results were converted into gene presence/absence matrices using R v4.4.2 and visualized using the 
ComplexHeatmap package (Gu 2022), subdivided into άUpstream lin pathwayέ (linA, linA1, linA2 linB, linC/X) and 
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άDownstream lin pathwayέ (linD, line, linEb, linF, linG, linH, linI, linJ, link, linL, linM and linN). Heatmap visualization 
enabled straightforward comparison of the functional potential across isolates, highlighting both shared and unique 
degradation capacities within the collection. 

Among the lin pathway genes, the upstream genes linA and linB are particularly important, as they catalyze the initial 
ǎǘŜǇǎ ƻŦ I/I ŘŜƎǊŀŘŀǘƛƻƴΦ [ƛƴ! ŜƴŎƻŘŜǎ ǘƘŜ ʴ-HCH dehydrochlorinase responsible for the first ring dechlorination, while 
linB is a haloalkane dehalogenase that mediates hydrolytic dehalogenation of chlorinated intermediates. Together, 
these upstream enzymes enable the conversion of HCH isomers into less chlorinated compounds that can subsequently 
enter the downstream catabolic pathway. Because they represent the entry points into HCH degradation and strongly 
influence whether a strain is capable of initiating the process, these genes are considered the key markers for assessing 
HCH degradation potential. 

2.3.6 Detection of cyanide degradation genes 

Even though multiple pathways for bacterial cyanide degradation have been described (Ebbs 2004), experimentally 
confirmed genes for cyanide degradation are limited to a few model organisms, including Ectopseudomonas oleovorans 
CECT 5344 (formerly Pseudomonas pseudoalcaligenes), Bacillus pumilus C1 and Stutzerimonas stutzeri AK61 (formerly 
Pseudomonas stutzeri) (Watanabe et al. 1998; Jandhyala et al. 2003; Luque-Almagro et al. 2008; Estepa et al. 2012). 
These strains served as the main source for the reference gene set used in this study. 

Proposed candidate genes were grouped into different categories: 

- Oxidative pathway 
- Hydrolytic pathways 
- Transfer reactions 
- Cyanide resistance 

The oxidative pathway was described in E. oleovorans CECT 5344, where the cyanase gene cynS is considered the key 
enzyme catalyzing the conversion of cyanide into cyanate, followed by a conversion to ammonia and CO2 (Luque-
Almagro et al. 2008). Hydrolytic pathways use water, rather than oxygen to convert cyanide to ammonia and an acid. 
The nit1C nitrilase from E. oleovorans CECT 5344 is the key enzyme in the assimilation and conversion of free and organic 
cyanides (Estepa et al. 2012). The cyanidase dihydratase cynD genes from S. stutzeri AK61 and B. pumilus C1 are key 
enzymes to convert cyanide directly to formate and ammonia (Jandhyala et al. 2003; Watanabe et al. 1998).  

Some bacteria can also perform cyanide detoxification via transfer or substitution reactions. Pseudomonas aeruginosa 
PAO1 rhodanese rdhA is a thiosulfate:cyanide sulfurtransferase catalyzing the conversion of cyanide into thiocyanate, 
which is generally less toxic (Cipollone et al. 2008). E. oleovorans CECT 5344 has a nitrilase nit4 that assimilates cyanide 
into 3-cyanoalanine (Pérez et al. 2021). Tolerance to cyanide can be conferred through the cyanide-resistant cytochrome 
bd oxidase (cioA and cioB genes), which allows normal respiration to continue even in the presence of cyanide (Estepa 
et al. 2012). 

Protein sequences for these key enzymes were retrieved from UniProt (section 6.3, Table 3). For each gene, the 
canonical protein entry was collected together with its annotated sequence. To identify genes similar to these 
degradation genes in the genomes of our isolates, the curated reference set was used as input for performing protein 
blast searches using blastp v2.16.0. The results were filtered to retain only matches with җ 35% amino acid identity and 
җ 70% query and subject coverage. In case of multiple matches, only the cyanide degradation gene with the highest 
percent amino acid identity was retained. The results were converted into gene presence/absence matrices using R 
v4.4.2 and visualized using the ComplexHeatmap package (Gu 2022), subdivided into the different pathways described 
above. Heatmap visualization enabled straightforward comparison of the functional potential across isolates, 
highlighting both shared and unique degradation capacities within the collection. 
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 Evaluation of degradation potential of single strains 

2.4.1 Use of cyanides as nitrogen source 

Isolated strains were tested for their capacity to degrade free cyanide (KCN) and bound cyanide (hexacyanoferrate(II)) 
as well as cyanate (KCNO). As positive control growth on ammonium (NH4Cl) as only nitrogen source was tested in 
parallel. Tests were performed in MSM in glass test tubes with black rubber stoppers to avoid loss of free cyanide via 
the gas phase. Tubes were incubated on a shaker at 28°C for seven days. After this time cell growth was determined by 
measuring optical density and by visual observation (turbidity). 
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 Use-case 1: PHC 

 Isolation and identification of PHC-degrading bacteria  

Each sample was subjected to single-strain isolation and MALDI-TOF MS as described in section 2.2. Isolates were 
ŎƻƴǎƛŘŜǊŜŘ ΨŘŜƎǊŀŘƛƴƎΩ ǿƘŜƴ ƛǎƻƭŀǘŜŘ ŦǊƻƳ ŀ ƎǊƻǿǘƘ ƳŜŘƛǳƳ ǿƛǘƘ the diesel oil as the sole carbon source and were 
ŎƻƴǎƛŘŜǊŜŘ ΨǘƻƭŜǊŀƴǘΩ ǿƘŜƴ ƛǎƻƭŀǘŜŘ ŦǊƻƳ ŀ ƎǊƻǿǘƘ ƳŜŘƛǳƳ ŎƻƴǘŀƛƴƛƴƎ ŘƛŜǎŜƭ ƻƛƭ along with other carbon sources that 
could support growth.  

Results were visualised using R 4.4.2 using the ggplot2 package. In the representation of the results below, each MALDI-
TOF MS cluster is listed along with its preliminary identification. Although some MALDI-TOF MS clusters may have the 
same identification, differences observed between the mass spectra indicate they likely represent distinct species or 
even different strains. When no reliable species-level identification could be obtained, the most closely related species 
is listed between parentheses (where possible). Isolates that likely represent novel species (often based on available 
16S rRNA gene sequence or WGS data) ŀǊŜ ƛƴŘƛŎŀǘŜŘ ǿƛǘƘ ΨƴƻǾŜƭΩ ōŜǘǿŜŜƴ ǇŀǊŜƴǘƘŜǎŜǎΦ  

3.1.1 SENSA (Germany) 

A microbial consortium with proven PHC-degradation capability from partner SENSA was used for single-strain isolation 
(Table 1). This consortium did not originate from a specific site, but was developed by Sensatec and has been successfully 
used for a long time for PHC bioremediation. 

A total of 201 isolates from culture PHC_Other_Sensa were subjected MALDI-TOF MS and mass spectra cluster analysis 
(Figure 1). A possible novel species of Pseudomonas was most abundant in this culture. Several low abundant MALDI-
TOF MS clusters were observed, many of which were only recovered on growth media containing other carbon sources 
alongside diesel oil. 
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Figure 1. Diversity obtained after MALDI-TOF MS of isolates from Sensatec bioremediation culture PHC_Other_SENSA. 

 

 

3.1.2 Ploufragan (France) 

Two microbial consortia obtained from a single soil sample from the Ploufragan site were selected for single-strain 
isolation (Table 1). Sample FR_PLO_05_A_E7.2 is a classical enrichment culture and FR_PLO_05_A_BT is a BactoTrapS 
culture. A total of 403 isolates, combined across both samples, were subjected MALDI-TOF MS and mass spectra cluster 
analysis. 

MALDI-TOF MS data was obtained for 202 isolates from enrichment culture FR_PLO_05_A_E7.2 and 201 isolates from 
BactoTrapS culture FR_PLO_05_A_BT (Figure 2). In the BactoTrapS culture, MALDI-TOF MS clusters identified as 
Stenotrophomonas lactitubi, Delftia acidovorans, Pseudomonas farris and Stutzerimonas chloritidismutans were most 
abundant. In the enrichment culture, Pseudomonas putida, Delftia acidovorans and a likely novel species within 
Acinetobacter were most abundant. The BactoTrapS sample showed a higher diversity compared to the enrichment 
sample, as demonstrated by the higher number of MALDI-TOF MS clusters. 
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Figure 2. Diversity obtained after MALDI-TOF MS of isolates from Ploufragan enrichment culture FR_PLO_05_A_E7.2 and BactoTrapS culture 
FR_PLO_05_A_BT. 
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3.1.3 Kiel (Germany) 

Two microbial consortia obtained from two groundwater samples at the Kiel site were selected for single-strain isolation 
(Table 1). Both samples DE_KIE_03_GW and DE_KIE_06_GW were classical enrichment samples. A total of 434 isolates, 
combined across both samples, were subjected MALDI-TOF MS and mass spectra cluster analysis. 

MALDI-TOF MS data was obtained for 218 isolates from enrichment culture DE_KIE_03_GW and 216 isolates from 
enrichment culture DE_KIE_06_GW (Figure 3). The most abundant groups present in both enrichment cultures were a 
possible novel genus within the family Chitinophagaceae, a possible novel species within the genus Pseudomonas and 
Pseudomonas veronii. Enrichment culture DE_KIE_06_GW also contained several isolates identified as a likely novel 
species within Achromobacter. 

 

Figure 3. Diversity obtained after MALDI-TOF MS of isolates from Kiel enrichment culture DE_KIE_03_GW and DE_KIE_06_GW. 

 

3.1.4 Lumco (Belgium) 

Four microbial consortia obtained from two soil samples at the Lumco site were selected for single-strain isolation (Table 
1). The samples were 2-week enrichment cultures or a suspension of the soil directly (initial soil). Approximately 150 
isolates were taken, which were dereplicated into 50 isolates by comparing the 16S rRNA gene sequence. For further 
characterisation and selection of interesting isolates for whole genome sequencing, the isolates were tested using PCR 
for the presence of aromatic degradation genes (toluene dioxygenase, catechol 2,3-dioxygenase and naphthalene 
dioxygenase).  

The most abundant genera present in both enrichment cultures were Acinetobacter, Microbacterium and Pseudomonas 
(Figure 4 A). Multiple isolates encoding the toluene dioxygenase were found (Figure 4 B), including strains of 
Acinetobacter, Pseudomonas, Xanthomonas and Acidovorax. The catechol 2,3-dioxygenase gene was detected in strains 
of Xanthomonas and Pseudomonas umsongensis. The naphthalene dioxygenase was detected in a strain of 
Hydrogenophaga, a strain of Acidovorax and a Pseudomonas umsongensis strain. 
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Figure 4. Diversity obtained after 16S rRNA gene sequencing of isolates from soil and enrichments from the Lumco site. (A) Diversity of isolates 
obtained after isolation, with the sample names given below the figure Res 10 and Res 11, indicating from which sample they are derived. The two 

top bar charts display isolates derived from the enrichment cultures, whereas the two bottom bar charts display isolates derived from the initial soil 
suspension. One bar chart was generated per isolation medium used (n=4). (B) Overview of different isolates and information about the presence of 

aromatic degradation genes as determined via PCR. 
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3.1.5 Griftpark (Netherlands) 

A total of 22 consortia were subjected to single-strain isolation on solid media (Table 1). Approximately 150 isolates 
were taken, which were dereplicated into 50 isolates by comparing the 16S rRNA gene sequence. For further 
characterisation and selection of interesting isolates for whole genome sequencing, the isolates were tested using PCR 
for the presence of aromatic degradation genes (toluene dioxygenase, catechol 2,3-dioxygenase and naphthalene 
dioxygenase). 

The most abundant genera present in both enrichment cultures were Bradyrhizobium, Brevundimonas and 
Pseudomonas (Figure 5. Diversity obtained after 16S rRNA gene sequencing of isolates from enrichments of soil cores 
from the Griftpark site. (A) Diversity of isolates obtained after isolation. One bar chart was generated per isolation 
medium used (n=2). (B) Overview of different isolates and information about the presence of aromatic degradation 
genes as determined via PCR.Figure 5 A). Multiple isolates encoding the toluene dioxygenase were found, including 
strains of Acinetobacter, Agromyces, Pseudomonas, Microbacterium, and Ciceribacter (Figure 5 B). The catechol 2,3-
dioxygenase gene was detected in strains of Agromyces and Pseudomonas. The naphthalene dioxygenase was only 
detected in a Pseudomonas sp. strain. 

 

Figure 5. Diversity obtained after 16S rRNA gene sequencing of isolates from enrichments of soil cores from the Griftpark site. (A) Diversity of 
isolates obtained after isolation. One bar chart was generated per isolation medium used (n=2). (B) Overview of different isolates and information 

about the presence of aromatic degradation genes as determined via PCR.  
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 Genome-based detection of PHC degradation genes 

Based on the MALDI-TOF MS clustering, a representative set of isolates was selected for whole-genome sequencing, 
ensuring coverage of a broad taxonomic range as well as different functional potentials. Isolates obtained on media 
with PHCs as the sole carbon source were classified as putative degraders, while those isolated on media containing 
both PHCs and additional carbon sources were classified as tolerant. This approach ensured that the genomic dataset 
included both groups.  

All selected isolates were subjected to long-read sequencing and genome analysis as described section 2.3. Genes linked 
to PHC degradation were identified using the HADEG database (section 2.3.4). Results were visualized at the sample 
level, grouping isolates obtained from the same microbial consortium. Results for alkane degradation genes, 
monoaromatics degradation genes and polyaromatics degradation genes are presented separately. 

3.2.1 SENSA (Germany) 

A microbial consortium with proven PHC-degradation capability from partner Sensatec was used for single-strain 
isolation (Table 1). A total of 10 isolates were subjected to long-read sequencing and genome assembly and PHC 
degradation genes were detected using the HADEG database.  

Genes involved in alkane degradation were detected in nine out of 10 genome-sequenced strains (Figure 6). The ladA 
long-chain alkane monooxygenase was found in five strains, including one Acinetobacter pittii strain and four 
Pseudomonas strains. The alkB and almA alkane monooxygenase genes were both found in three strains of 
Pseudomonas. The cytochrome P450 monooxygenase and the alkMa alkane hydroxylase genes were found in only one 
strain, identified as Acinetobacter pittii.  

The genome-based predicted potential for degradation of monoaromatic and polyaromatic compounds in isolates from 
PHC_Other_SENSA was rather limited (Figure 7 and Figure 8). The Acinetobacter pittii strain and the Pseudomonas 
aeruginosa strain both encoded antA, antB and antC, the three major components of the anthranilate 1,2-dioxygenase. 
The Acinetobacter pittii strain also encoded several components of a phenol 2-monooxygenase (Figure 7). No complete 
dioxygenase systems involved in polyaromatics degradation were detected (Figure 8). 
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Figure 6. Genome-based detection of alkane degradation genes in strains from Sensatec bioremediation culture PHC_Other_SENSA using the 
HADEG database. 
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Figure 7. Genome-based detection of monoaromatics degradation genes in strains from Sensatec bioremediation culture PHC_Other_SENSA using 
the HADEG database. 
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Figure 8. Genome-based detection of polyaromatics degradation genes in strains from Sensatec bioremediation culture PHC_Other_SENSA using 
the HADEG database. 

 

3.2.2 Ploufragan (France) 

Two microbial consortia obtained from a single soil sample from the Ploufragan site were selected for single-strain 
isolation (Table 1). A total of 12 isolates from classical enrichment culture FR_PLO_05_A_E7.2 and 16 isolates from 
BactoTrapS culture FR_PLO_05_A_BT were subjected to long-read sequencing and genome assembly and PHC 
degradation genes were detected using the HADEG database.  
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3.2.2.1 Enrichment culture FR_PLO_05_A_E7.2 

Genes involved in alkane degradation were detected in 11 out of 12 genome-sequenced strains in enrichment culture 
FR_PLO_05_A_E7.2 (Figure 9). The ladA long-chain alkane monooxygenase was found in eight strains, including two 
Acinetobacter sp. strains, one strain of Kocuria marina, one Microbacterium sp. strain, one strain of Micrococcus luteus, 
both strains of Pseudomonas putida and one strain of Rhodococcus qingshengii. Copies of the alkB and almA alkane 
monooxygenase genes were found in both Acinetobacter sp. strains and in the Rhodococcucus qingshengii strain. The 
genome of the latter strain also contained a CYP153 monooxygenase. 

The genome-based predicted potential for degradation of monoaromatic and polyaromatic compounds in isolates from 
enrichment culture FR_PLO_05_A_E7.2 was rather limited (Figure 10 and Figure 11). Both Acinetobacter sp. strains 
encoded antA, antB and antC, the three major components of the anthranilate 1,2-dioxygenase (Figure 10). No complete 
dioxygenase systems involved in polyaromatics degradation were detected (Figure 11). 

 

 

Figure 9. Genome-based detection of alkane degradation genes in strains from Ploufragan enrichment culture FR_PLO_05_A_E7.2 using the HADEG 
database. 
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Figure 10. Genome-based detection of monoaromatics degradation genes in strains from Ploufragan enrichment culture FR_PLO_05_A_E7.2 using 
the HADEG database. 
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Figure 11. Genome-based detection of polyaromatics degradation genes in strains from Ploufragan enrichment culture FR_PLO_05_A_E7.2 using 
the HADEG database. 

 

3.2.2.2 BactoTrapS culture FR_PLO_05_A_BT 

Genes involved in alkane degradation were detected in 14 out of 16 genome-sequenced strains in BactoTrapS culture 
FR_PLO_05_A_BT (Figure 12). The ladA long-chain alkane monooxygenase was found in 10 strains, including one strain 
of Achromobacter kerstersii, one strain of Delftia acidovorans, one strain of Neorhizobium petrolearium and all seven 
strains of Pseudomonas. The almA alkane monooxygenase gene was only detected in both strains of Sphingopyxis, 
whereas the alkB alkane monooxygenase gene was found in a strain of Pseudomonas fjordensis and a strain of 
Pseudomonas marginalis. The cytochrome P450 monooxygenase was found in a strain of Neorhizobium petrolearium 
and a Sphingopyxis chilensis strain. 
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The genome-based predicted potential for degradation of monoaromatic and polyaromatic compounds in isolates from 
BactoTrapS culture FR_PLO_05_A_BT was rather limited (Figure 13 and Figure 14). Four out of seven Pseudomonas 
strains encoded antA, antB and antC, the three major components of the anthranilate 1,2-dioxygenase (Figure 13). One 
of the Achromobacter sp. strains contained the amnABCD genes involved in 2-aminophenol degradation. The 
Pseudomonas fjordensis strain contained all four components of a phthalate 4,5-dioxygenase. No complete dioxygenase 
systems involved in polyaromatics degradation were detected (Figure 14).  

 

 

Figure 12. Genome-based detection of alkane degradation genes in strains from Ploufragan BactoTrapS culture FR_PLO_05_A_BT using the HADEG 
database. 
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Figure 13. Genome-based detection of monoaromatics degradation genes in strains from Ploufragan BactoTrapS culture FR_PLO_05_A_BT using the 
HADEG database. 
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Figure 14. Genome-based detection of polyaromatics degradation genes in strains from Ploufragan BactoTrapS culture FR_PLO_05_A_BT using the 
HADEG database. 

 

3.2.3 Kiel (Germany) 

Two microbial consortia obtained from two groundwater samples at the Kiel site were selected for single-strain isolation 
(Table 1). A total of 16 isolates from enrichment culture DE_KIE_03_GW and 15 isolates from enrichment culture 
DE_KIE_06_GW were subjected to long-read sequencing and genome assembly and PHC degradation genes were 
detected using the HADEG database. Genome sequencing of additional strains from these cultures is ongoing. 

3.2.3.1 Enrichment culture DE_KIE_03_GW 

Genes involved in alkane degradation were detected in 14 out of 16 genome-sequenced strains in enrichment culture 
DE_KIE_03_GW (Figure 15). The ladA long-chain alkane monooxygenase was found in nine strains, including a Bordetella 
sp. strain, a Labrys sp. strain, a Moraxella sp. strain, both strains of Pandoraea norimbergensis, both strains of 
Paraburkholderia and both strains of Pseudomonas veronii. The almA alkane monooxygenase gene was found in both 
strains of Pandoraea norimbergensis and both Pseudomonas sp. strains, whereas the alkB alkane monooxygenase gene 
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was only found in both strains of Paraburkholderia and all four strains of Pseudomonas. Neither the cytochrome P153 
and P450 genes, nor the alkM genes were detected in any of the genomes. 

Several strains in enrichment culture DE_KIE_03_GW showed potential for monoaromatics degradation (Figure 16). 
Both Pandoraea norimbergensis strains, as well as the Paraburkholderia fungorum strain encoded a set of four genes 
involved in phthalate degradation. The Paraburkholderia xenovorans strain encoded the andAabcd genes involved in 
anthranilate degradation, whereas both strains of Pseudomonas veronii encoded the antABC genes involved in 
anthranilate degradation. Both strains of Pseudomonas sp. encoded a complete phenol-2-monooxygenase system. 

The genome-based predicted potential for degradation of polyaromatic compounds in isolates from enrichment culture 
DE_KIE_03_GW was limited to a few strains (Figure 17). One of the two Pseudomonas veronii strains encoded all 
essential components of a naphthalene 1,2-dioxygenase system. Multiple components of such a naphthalene 1,2-
dioxygenase system were also found in the genome of the Paraburkholderia fungorum strain.  

 

Figure 15. Genome-based detection of alkane degradation genes in strains from Kiel enrichment culture DE_KIE_03_GW using the HADEG database. 
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Figure 16. Genome-based detection of monoaromatics degradation genes in strains from Kiel enrichment culture DE_KIE_03_GW using the HADEG 
database. 
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Figure 17. Genome-based detection of polyaromatics degradation genes in strains from Kiel enrichment culture DE_KIE_03_GW using the HADEG 
database. 

 

3.2.3.2 Enrichment culture DE_KIE_06_GW 

Genes involved in alkane degradation were detected in 11 out of 15 genome-sequenced strains in enrichment culture 
DE_KIE_06_GW (Figure 18). The ladA long-chain alkane monooxygenase was found in four strains, including both strains 
of Paraburkholderia and both strains of Pseudomonas veronii. The almA alkane monooxygenase gene was found in two 
Pseudomonas sp. strains. The alkB alkane monooxygenase gene was detected in both Paraburkholderia strains and four 
out of five Pseudomonas strains. Neither the cytochrome P153 and P450 genes, nor the alkM genes were detected in 
any of the genomes. 

Several strains in enrichment culture DE_KIE_06_GW showed potential for monoaromatics degradation (Figure 19). 
Both Paraburkholderia strains encoded a set of four genes involved in phthalate degradation. In addition, the 
Paraburkholderia xenovorans strain also encoded the andAabcd genes involved in anthranilate degradation. Both strains 
of Pseudomonas veronii encoded the antABC genes involved in anthranilate degradation. Both strains of Achromobacter 
sp. encoded the amnABCD genes associated with 2-aminophenol degradation. Two of the Pseudomonas sp. strains 
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encoded a complete phenol 2-monooxygenase system, whereas both strains of Rhodanobacter sp. encoded parts of 
both the toluene 2-monooxygenase and the phenol 2-monooxygenase system. Both are multicomponent 
monooxygenase systems with distinct but sometimes overlapping substrate specificities.  

The genome-based predicted potential for degradation of polyaromatic compounds in isolates from enrichment culture 
DE_KIE_06_GW was limited to a few strains (Figure 20). Both Pseudomonas veronii strains encoded all essential 
components of a naphthalene 1,2-dioxygenase system. Multiple components of such a naphthalene 1,2-dioxygenase 
system were also found in the genome of the Paraburkholderia fungorum strain. 

 

Figure 18. Genome-based detection of alkane degradation genes in strains from Kiel enrichment culture DE_KIE_06_GW using the HADEG database. 
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Figure 19. Genome-based detection of monoaromatics degradation genes in strains from Kiel enrichment culture DE_KIE_06_GW using the HADEG 
database. 
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Figure 20. Genome-based detection of polyaromatics degradation genes in strains from Kiel enrichment culture DE_KIE_06_GW using the HADEG 
database. 

 

3.2.4 Griftpark (Netherlands) 

Microbial consortia obtained from six sections of one large soil core sample at the Griftpark site were selected for single-
strain isolation (Table 1). A total of three isolates from enrichment culture NL_UTR_SC2_J_S_EC_303, one isolate from 
enrichment culture NL_UTR_SC3_K_S_EC_303, two isolates from enrichment culture NL_UTR_SC4_L_S_EC_303 and 
two isolates from enrichment culture NL_UTR_SC5_L_S_EC_303 were subjected to long-read sequencing and genome 
assembly and PHC degradation genes were detected using the HADEG database. Genome sequencing of additional 
strains from these cultures is ongoing. 

Genes involved in alkane degradation were detected in eight out of nine genome-sequenced strains in enrichment 
cultures from Griftpark soil cores (Figure 21). The ladA long-chain alkane monooxygenase and the almA alkane 
monooxygenase genes were not found in any of the strains. The alkB alkane monooxygenase gene was detected in two 
Pseudomonas sp. strains and in two Pseudomonas veronii strains. Neither the cytochrome P153 and P450 genes, nor 
the alkM genes were detected in any of the genomes. 
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The genome-based predicted potential for degradation of monoaromatic and polyaromatic compounds in isolates from 
Griftpark soilcores was limited to a few strains (Figure 22 and Figure 23). Two Pseudomonas sp. strains and two 
Pseudomonas veronii strains encoded antA, antB and antC, the three major components of the anthranilate 1,2-
dioxygenase (Figure 22). One Pseudomonas veronii strain contained multiple components of the toluene 2-
monooxygenase (Figure 22) and multiple components of the naphthalene 1,2-dioxygenase (Figure 23). No other 
complete dioxygenase systems involved in polyaromatics degradation were found. 

 

Figure 21. Genome-based detection of alkane degradation genes in strains from Griftpark soil core enrichment cultures NL_UTR_SC2_J_S_EC303, 
NL_UTR_SC3_K_S_EC303, NL_UTR_SC4_L_S_EC303 and NL_UTR_SC5_L_S_EC303 using the HADEG database. 
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Figure 22. Genome-based detection of monoaromatics degradation genes in strains from Griftpark soil core enrichment cultures 
NL_UTR_SC2_J_S_EC303, NL_UTR_SC3_K_S_EC303, NL_UTR_SC4_L_S_EC303 and NL_UTR_SC5_L_S_EC303 using the HADEG database. 

 




























































