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1 Summary

The MIBIREM project aims to develogew, sustainable bioremediation approachefor soils and groundwater
contaminated with three priority pollutant groupscyanides (CYA), hexachlorocyclohexane (HCH) isomers, and
petroleum hydrocarbons (PHCsA 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 comprehensisedf bacterial isolates and linking them to the functional genes that
maylie at the basef 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 contassingoiémented

media. This allowed us 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 Hger roles). Each isolate was identified and characterized using a
combination of MALBTOF mass spectrometry and whglenome sequencing. Genomes were then systematically
screened for functional genes involved in pollutant degradatiofror petroleum hydrocarbons, searches were
performed against curated databases such as HADEG, which compitstaélished degradation genes. For HCH and
cyanide, wheresuchcurated databases aneot available we constructed reference gene sets from the literaturhis
approach provided a robust way of linking isolates to their putative degradation functions.

The results are presented as mtegrated datasetshowing 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 differesblates. 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 degradatiomyalys 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. Strortjeations arise when multiple genes from

the same degradation pathway (e.g. mdbmponent 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 testedin laboratory and pilotscale 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 remedien communities, as it combines cultubased isolation with genomimformed
functional analysis in a unique and integrative way.
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2 Introduction

The MIBIREM projectims todevelop microbiomébased 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 costffective and sustainable alteatives to traditional remediation methoddhree contaminant
groups were selected as usases 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

¢CKS LINP2SOGQa& I LILINE I OKcollecto® 6f asoil and ytadndvéatdr saimgBsYfromi §it& with
documented contamination by one or more of these pollutaritsenrichment and isolation of pollutastegrading or
pollutant-tolerant bacteria. A representative subset of those bacteria is selected for genome sequencing and functional
characterizationIn subsequent steps, promising strains will be combined into artificial microbiomes, which can be
further optimized through laboratory evolution. Ultimely, these microbiomes, together with predictive computational
tools, will contribute to sitespecific 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 contaminadesites. As oxygenation is often applied to accelerate degradation, aerobic bacteria are
the most effective and technically feasible group of microorganisms for these remediation stra®gifecusing 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, microcosmisaaadal
trapping deviceshactrapg 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 wsb microbial consortia with future application in fiekdale
bioremediation.

2.1 Samping and enrichment

Soil and groundwater samples were collected from sites with documented contamination by cy@@gpetroleum
hydrocarbongPHC)or hexachlorocyclohexane (HCH). Sampling was carried out in accordance with the guidelines and
LINE(i202ta RSAONAOSR Ay 5SftAPSNI of S (Raichenauer2§23yihith-ehsurésl y R o6 2
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:

- Enrichmentcultures (EC): polluted samples were inoculated into-lawtrient media, to which the target
contaminant was added. Through serial feeding cycléh the contaminani selective pressure was
maintained favouring the growth of microorganisms capable of using or resisting the contaminant. This
approach allows recovery of pollutaatiapted bacteria in a controlled, laboratory setting.

- Bacterial Trapping Devices (BactraBy: Bactraps consist of porous carrigirs some casesontaining 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: ritcrocosms were established using contaminated soil collected from the targetasitbwere
further supplemented with the relevant contamingrifiPK solution or oxygeaver a period of several weeks
The goal is to maintain selective pressure &éndurthe proliferation of indigenous bacteria with the capacity
to tolerate or degrade the pollutant.

Together, these enrichment techniques ensure a braad complementaryecovery of relevant bacterial isolates

from fastgrowing laboratoryadapted strains to slowgrowing organisms that are best maintained under -$ike
conditions.The enrichment cultures, bactraps, and microcosms generated across the consortium were evaluated by the
respective partners for their degradation capacities against the target contaminants. This screening allowed each
partner to identify the most promisingommunities, i.e. those showing robust growth and evidence of contaminant
transformation.From thebestperforming enrichmentg¢Tablel), individual bacterial strains were isolated aadalysed
viamatrix-assisted laser desorption/ionization tina-flight mass spectrometryALDITOF M$ This ensured that the
isolates selected for further work originated from microbial communities with demonstrated potential for pollutant
degradation.

Tablel: Overview of microbial consortia used for isolation of bacteSample type refers to the original biological sample obtained from the site
and used for generating enrichment cultures. Partner indicates which partner generated the enrichment @i¥tArecyanides; PHC, petroleum
hydrocarbons; HCH, hexachlorocyclohexau&; not availableEC, enrichment culture; BT, bactrap.

Contaminant  Country Site name Sample type iZTﬁgjent 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_ATB
PHC Germany Kiel Groundwater EC ENSA DE_KIE_03_GW
PHC Germany Kiel Groundwater EC SENSA  DE_KIE_06_GW
PHC The Netherlands Griftpark Soil EC UHAS NL_UTR_SC@)_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.
HCH Germany Bitterfeld Soil EC UNIPI DE_BIT_10_A_S_EC002_T02.
HCH Germany Bitterfeld Soll 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 Sabifianigo 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 Rintelr Groundwater EC SENSA  DE_RIN_09_GW
CYA Germany Former Gaswork Rintelr  Soil EC SENSA  DE_RIN_03_D_S
CYA Germany Former Gaswork Rintelr Groundwater BT SENSA DE_RIN_03_GVBT
CYA Austria Gaswerk Simmering Groundwater BT AIT AT_SIM_04_BT
CYA Austria Siebenhirten Groundwater BT AIT AT_SIE_O01A 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 selectedHCHdegrading enrichment udtures and allselected PHGdegrading enrichment cultures (except from
Lumco and Griftpark sites) were transferred gartner UGENTfor singlestrain isolation.Upon receipt, all microbial
consortia were either processed immediately or were storeeB8C until further processing. Isolationsafiglestrains
from the Lumco and Griftpark sites was performed gartner UHAS. Isolation of cyanide degrading bacteria was
performed by the partner that generated the enrichment cultufeartner SENSA for Stockach and Rinteln sjastner

AIT for Simmering and Siebenhirteites). Theisolates obtainedvere preserved and transferred to UENTfor MALDI
TOF MS analysimid subsequent wholgenome sequencing

MALDITOF MS was employed for identification and dereplication of bacterial isotetesuse it provides rapid,
reproducible, andingerprintlike protein profilesthat 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 PH@egradingmicrobial consortia
2.1.1.1 Ploufragan (France)

Ten soil samples were collected in Ploufragan, France, in April 2¢28ther CNRSHalf 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 (hamed B). Firstly, the level of PHC
contamination was evaluated to identify the most promising samples with adeld@ted microbial communyt where
PHGdegrading bacteria are more likely to be presemiR. PLO_04_A_ S an®FPLO_05_A_S were the twoilsamples

with the highest level of PHC contamination (88I) mg/kg of C1€C40).Secondly soil microcosms were performed

on eight soil samplesarboringsignificant 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 saltilrogen, phosphorus and potassium)

to achieve a C:N:P:K ratio of 100:3:1:1) and were incubated/a 4 three months. In addition to monitoring microbial

activity (mineralizationand C@ production), the total petroleum hydrocarbon (TPH) camitevas trackedover time.

Soil sampleFR_ PLO_05_A_S exhibited the highest PHC degradation efficiency, reaching nearly 408graBation
over three months.

This soil sample was then selected for two bacterial enrichrsgrategies in liquid culture (EC) aruhcterial trapping

using BactoTrapS (BT), the tool newly developed by the CNRS as part of the MIBIREM\fzoieap and Cébron

2025) EC was performed using Bushithas (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 successivitusintg every weeks in fresh

media. The bacterial growth was monitored and the enrichmentoted 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 safRRLO_05_ ATfor four weeks BactoTragare small
nylon bags containing vermiculite, whichese contaminated artificially with diesel to attract bacteria capable of
degrading PHE At the end of the incubation vermiculiteasrecovered, and bacteria detached by vortexing vermiculite
mixed with a saline buffer.

Both sample$R PLO_05 A E7ahdFR PLO_05 AT were selected for bacterial isolatioraplel).
2.1.1.2 Kiel (Germany)

Severswallowing wellsn Kiel, Germanyere sampled bypartner SENSA& October 2023From 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 aroun@® ai7d different

oxygen levels. With the exceptiaf DE_KIE_01_GW with an éncentration 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 DKIE_05_GW andE KIE_06_GW showed both highest B{lietzene, toluene, ethylbenzene and xylene)
concentration of 228 and 1158 ug/l, and highpstyaromatic hydrocarbonrRAH concentration of 600 and 1270 ugl/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 numB2&0 ml ofgroundwater was centrifugednd reduced to 5 miThe

final 5 ml were transferred into sterile bottles and 45mheral salt mediumNISM) was added. To prevent growth of
flagellates,cycloheximidewas added. Initially, a mixture of 9 P#&khaphthalene, acenaphthalene, acenaphtene,
fluorene, phenanirene, anthracene, fluoranthene, pyrene, metimdphthalene) solved in diesel was used as carbon
source and was shifted with each batch to a mixture of these %SPBAtkolved in pristane.

In order to selectwo consortia forsinglestrain isolation, a community analysis was conducted [flaytner AIT) and
both a test for the production of biosurfactants and degradation tests fiithPArswere performed (byartnerCNRS).
The hghest degradation capacity was detected foE KIE_06_GW anBE KIE_07_GW. F@E KIE_06_GWalso a
medium biosurfactant production was detected, abdE KIE_03_GW revealed highest biosurfactant production. As
biosurfactants are positive for bioremediation as surfatsaimprove the bioavailability of oily contaminants,
DE KIE_03_GW andE KIE_06_GW were chosen for thiaglestrainisolation.

2.1.1.3 Lumco (Belgium)

Twosamples were taken from a reactive mat, which functions as a barrier to prevent the leaching of the contamination
from a source zone into meighbouringstream. This mat is filled with naturally absorbent materials like tree bark, peat
and biochar. From this mat at two poingsoint 10 and 1}, samples were taken for further enrichmen&mple 10 was

less contaminated (around 120 ppm BTEX) than sample 11 (around-350 ppm BTEX). These samples were taken at
specific points where biodegradation shdubccur in the natural conditions, since the mat was made from highly
absorbent materials so these samples could be seemnlmstrap.

From these samples, multiple enrichment cultures wereugetising differenPAHsNncludingbenzene or pollution from

the site as carbon sourcedhis 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@™ithg/l lenzene These cultures

were supplemented witithe redox indicator2,6-Dichlorophenolindophenol (DCPIRhis compound serves changes
colour from blue to colourless when reduced, therelsygnalling microbial activity and biodegradation of the
contaminants. Other enrichments were setup in 100 ml flasks containing 50 ml BH medium supplementiedaléh
(1175 mg/l). The indole aa substrate was added to assess dioxygenase activity, since the transformation of indole can
be used as an indicator of oxygenasediated biodegradation pathway&nrichment cultures were obtained o
successive subulturing every week in fresh medignrichments showing eolourchange of the DCPIP indicafoom

blue to colourless, indicating biodegradation of the contaminant, were chosen for strgia isolation.

2.1.1.4 Griftpark (The Netherlands)

One largesoil coresamplefrom the Griftpark sitewas subdivided intesix subsamplesywhich were used for making
enrichment cultures. From each subsampleo enrichment cultures were satp 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 sitenadiaia with the aim

of enriching bacteria able to degrade thesmmpounds. In total there were 24 culturesiXsamples, two conditions and

two replicates per condition). The enrichment cultures were obtained by successivaubing every week in fresh
media(four times) wherethe 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 vinich enrichment methods yielded the greatest diversity. From a limited analysis, this seemed to be the
O2yRAGAZ2Y 6KSNB y2 FTRRAGAZ2YLFE FSNIAEATIFIGAZ2Y 61F& | RRSRC
strains likePseudomonasvhich 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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Asecond sampling was done at the water treatment at the Griftpark site. Here contaminated groundwater is pumped
up from thecontaminatedsite and purified in a series of reactors like a conventional water treatn@ampleswere
takenfrom 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 favgek period using increasing concentrations of soil extract.

Singlestrains were isolated andientified to exploreaerobic 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 bacteriidn degradation potentiain 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, targetézblation efforts were carried out on this sample.

2.1.2 Generation of HCHiegrading microbial consortia
2.1.2.1 Bitterfeld (Germany)

Ten soil samples from Bitterfeld, Germany were sampled by partner DND in JulsrgD@Bocessed 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 gerile 20 ml headspace vials per sample, containing 5 ml of MSM medium with 0.1% glucose and
supplemented with 100 ppm HCH. Cultures werairated at 25°C on an orbital shaker to ensure aeration. The HCH
degradationof the cultureswas monitored over time via solvent extraction of HCH followed by gas chromatography.
Samples DE_BIT_08 A S EC002_T02_PLand DE_BIT_10 A S ECO002_T02_PL showed the highest HCH degradation
were selected for singlstrain isolation.

ONRrerformedBactoTrapS incubation of vermiculite bags incubated in two soils fronrBitgDE_BIT_04_A_S and
DE_BIT_08_A_S). Vermiculite was contaminated either with a mixtuteZof li y RHCH (mh with and without
addition of glucose as supplementary carbgmowth substrate. ContrdBactoTrapS only with glucose or with only with
vermiculite wereperformed atthe same time. Bacterial activity was monitored (mineralizationz @@duction)and
total bacterial diversity in the BactoTrapS was determined through 16S rDNA metabardodidditiongPCR targeting
linA andlinB genes waperformed

A difference in mineralization activity was observed between the HCH+glucose BactoTrapS and the control containing
only glucose, which may suggest mineralisation of H@}vewer, 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, = Sphingomonadaegca Xanthomonadacea and Xantlobactaaceae  This  sample
DE_BIT_08_A_S_ BTmh was then selefctiedacterial isolatior{Tablel).

2.1.2.2 Colleferro (Italy)

A total of 11soil samples fronColleferrq Italy wassampled by partnelNIPIlin October2023. 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 ifmaulate
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 sobnt extraction of HCH followed by gas chromatography. Samples

IT_ COL_03_C_S EC002_T02 and IT_COL_04_B_S ECOH@gvddthe highest HCH degradation and were selected

for singlestrain isolation
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2.1.2.3 Sabifianigo (Italy)

A total of 11soil samples fronBabifianigpSpainwere sampled by partneFAUWand processed by partner UNIPI
Investigation of the Sabifianigo 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 feterile 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 solxéaceon of HCH followed by gas
chromatography. SampeP_BA 05 SL_EC002_LEbdoived the highest HCH degradation arabaelected for single

strain isolation

2.1.3 Generation of cyanidedegradingmicrobial 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 enrichmen cultures. InAitu measurements revealed pH around 7,2-7,4. The highest cyanide
concentration in Stockach was detected in samplE STO_01_GW with 1,9 mg/Lhe 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 withithtke first
batches to prevent growth of flagellates. As the visual cell number was still low even after centrifugation, in the first
batch NPK waadded to stimulate growth. Cultures were transferred evrge weeks.

For allfive groundwater samples from Stockach it was possible to establish stable enrichment consortia. All consortia
were tested at the AIT for their degradation capacity and basethose resultsDE STO_02_GW arldE STO_04_GW
were lected forsinglestrainisolation.

2.1.3.2 Rinteln (Germany)

Soil samplesasoil 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 89 m. Soil sampk were sent to AGROLAB for chemical anadysldo 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 ddg/soil. Upon arrival, soil froeight 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 flagellatesgycloheximid€2,5 mg/L) was added for the first 3 batches. Cultures were transferred dwery

weeks.

Groundwater samplesa the former Gaswork site RintelthtO groundwater samples were takgzoveiing both hotspot

areas as well as one sample from the inflow to the contaminated Hite.groundwater samples were sent to AGROLAB
for chemical analysis and to the SENSA office in Overath for enrichment cultiiés. measurements revealed gH

be around 6,%,9. The groundwater samples in Rinteln revealed cyanide concentrations up to 11 mg/L
(DE RIN_09_GW/)rhe groundwater samples were examined under the microscope and only a very few bacteria could
be observed. Therefore, in order to increase cell numbé@, 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 ftfsiee batches to prevent growth of flagellates. As the visual cell number
was still low even after centrifugation, in the first batch NP wdded 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 téstgpartner AIT as this consortium showed good growth and was
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isolated from the groundwater sample with highest cyanide contamination. This sample was subsequently selected for
singlestrainisolation

Bactrapsused in groundwater wells consést of a perforated tube filled with sterile sand.total of five bactraps were
installed in the aquifer for six week8fter transport into the SENSA lab in Overaihd enrichment cultures were
generated by adding0 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 thelfiest batches cycloheximide was added.
Cultures were transferred evetyo to three weeks.Forall five bactrap samples from Rintelstable consortia were
established. The AIT performed degradation testdtore consortia and based on these results and additional growth
experimentssample DERIN_03_Bwas selected fosinglestrainisolation.

2.1.3.3 Siebenhirten (Austria)

At the former chemical production and gas work st Siebenhirtengroundwater was sampled frorfive 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. Bachpswere put into each groundwater well and were exposed for 8 weeks to the local environment. After
this period the bacterial traps were removeahd the contained sand was transferred to 100 mL brown sterile glass
bottles. Samples were transported at 4°C to the laborat@myd approximately 10 g of the material was weighed into

100 mL sterile, foivrapped Schott bottlesTo each bottle50 mL of MSM (the sam@mpositionas usedby partner

SENSA for Stockach and Rintites was added together with glucose, KCN and cycloheximide in final concentrations

of 1 g/L, 20 mg/L and 250 pg/L, respectively. In the first culture, 60 pL of a garden NPKrferdlizelded 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 subsequentcsithres were transferred after three weeks.
Glycerolstocks 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 sougée dlucose was added to the microcosm. Microcosm
tests were done in 120ml glass bottles with crimp top to avoid free cyanidesiaegadp the gas phase. Samples were
takenat regular intervals with a syringe via a septum and were aedlyy lon Chromatography (Metrohm). Based on
these tests the culture AT_SIE_01A BT, AT_SIE_01B_ BT &It 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 sitén Simmeringgroundwater was sampled from 5 sampling points and bactraps (as described
abovefor Siebenhirtey 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 asqul for 8 weeks to the local environment. The
establishment of enrichment cultures was done in the same way as Hedcfor the samples from Siebenhirten
(2.1.3.3.

Based on the microcosm tests described ab(®:&.3.3, the culture AT_SIM_04_ BT was selected as best performing
and thus for isolation of single stains.

Funded by the European Union. Views and opinions expressed are i

however those of the author(s) only and do not necessarily reflect those 4 .

of the European Union or [EUROPEAN RESEARCH EXECUTIVE AGENCY (REA)]. *orx

Neither the European Union nor the granting authority can be held responsible for the g, 4ed by the
European Union

11



@ MIBIREMProject

D2.4 List of pollutantdegrading bacteria and their functional genes

2.2 Isolation and identification of bacteria

2.2.1 Isolation of PH&legrading and PH@lerant Isolates

Ploufragan, Kiel andENSATorecover bacteria capable 6fHCsBHmedium and MSMnediumwere supplemented

with 0.1% or 1%liesel 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 groaddition, to recover tolerant
isolates that may play important supporting roles within microbial consonieS | & 2 y S RZ®amedium 6
supplemented with diesel oil was used as a third isolation medium. R2A israutoent medium that supports slow
growing bacteria by providing small amoumiidiverse carbon sources, thereby allowing growth of fdi€rant but
non-degrading isolatesThis isolation approach was applied to the Sensatec microbial consortium and to consortia
obtained from the Ploufragan and Kiel sitdslel).

Lumca From the enrichment culturessinglestrain 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 ug/L)

- BH medium with indole (352 ug/L)

- BH medium with benzene, naphthalene, and phenanthrene (10 mg/L each).

Colonies were pickegurified and identifiedvia 16SrRNA genesequencing before being sent fmartner UGENTor
DNA extraction and wholgenome sequencing

Griftpark: From enrichment culturegenerated from Griftpark soil corgsinglestrainisolation 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 pg/L indole was used. The imgibn of indole serves as a functional selection step, allowing the detection of bacteria
with dioxygenase activity. Finally a 866h medium was used to ensure the recovery of a diverse mixture of degrading
bacteria. Samples were also taken from ih8luent of the water treatmentplant at Griftpark. These samplearche

seen as a mix of groundwater from multiple wells that is mixed. This influent was used directly without enriébment
singlestrain isolation, onsolid media 896 rich medium and BH soil extract. Soil extract was used to mimic the
contamination on the site to ensure the isolationtmcteriacapableof degrading he specific pollution present at the

site. Colonies were picked, purified and identified via 16S rRNA gene sequencing before beingpaegnetotUGENT

for DNA extraction and wholgenome sequencing.

2.2.2 lsolation of HCHiegrading and HCH#tblerant Isolates

The same rational¢éhat was used for the PHC use casas applied to the HCH use case. To select for poterad
RSAINIRSNESX .1 |yR a{a YSRAI ¢SNB adzZLJLX S YHH flitiahe] @ @K H n N
LILI)Y S| @KZi 2 I Fy@H).To isolate tolerant organisms, R2A medium was supplemented with the same HCH
mixture.

2.2.3 Isolation ofcyanide-degrading andcyanidetolerant Isolates

Isolation from cyanidelegrading enrichment cultures was performed by the partners who established theMSS

and AIT)While many microorganisms can use cyanides as a nitrogen source, very few organisms can alsoause it 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 casefates were obtained from enrichment cultures that had undergone cyanide
selection pressuréor extensive periods of time

As KCNwhichwas used as #ource forenrichment and cultivationisunstable and will decompose to highly toxic and
volatile HCN at temperatures > 25 °C, it is unsuitable for the use in agar la¢eapproach of plating a KCN film on
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top of the agar wasonsidered, butlismissed 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 salaciiherefore, it was decided to carry out the isolation without

cyanide, but with NHCI asnitrogensource.

For isolaton of singlestrainsfrom the Stockach and Rinteln enrichmerm#SM medium was supplemented with 1 mM

NHICI as nitrogen source and either 1 gfigiDcose or 1 g/L sodium acetate as carbon source. R2A was included as a

third medium.For isolaipn of singlestrains from the Simmering and Siebenhirten enrichme®2A medium and 1/10
diluted tryptone soya agar (1/10 TSA) were used.

2.2.4 Generalisolationprocedure

Across all use cases, the isolation workflow followed the same steps. Enrichment cultures were serially diluted in sterile
physiological saline and plated &wo or threeisolation media to maximize recovery of both degrading and tolerant
organismsPlateswere incubated aerobically at either 20 °C or 28 °C. Approximately 200 colonies per consortium were
picked and restreaked 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 MALDITOF MS analysisind preserved at80°C Using the same culture conditions for all isolates before
performing MALBITOF MS reduces cultivatioalated variations in the mass spectra and facilitates comparison and
dereplication of mass spectra.

2.2.5 MALDITOF MSdentification anddereplication

Protein extraction, sample preparation, and data acquisitiaMALDITOF MS were performed as descrilpedviously
(Dumolin et al. 2019)Identification was carried out using MBT Compass Explorer software, comparing spectra against
the commercial Bruker databasRO, MSR2438 and the inhouseMSPdatabaseat UGENTBruker log scores were
interpreted as follows: 2.300;3.000: reliable specidgvel identification 1.700;2.299: reliable genukevel
identification, <1.699: no reliable identificatiorBpectra were further processed in BioNumeriasrgion7.6.3, using

t SI N& 2 y Q-inomédN.BoRalativii coefficient and UPGMA clusteringoldtes were dereplicated using a
combination of visual inspection of dendrograms and fingerprints, identification scores, and the SPeDE aigginighm
default settinggDumolin et al. 2019)

From each MALBIOF MS clustemultiple reference isolates were selected based on unique spectral feagtahester
similarityand isolation mediumThese isolates were grown for two generations on R2A medium and preserd8i @t

in Microbank tubesFor isolates that could not be reliably identified by MALDIF MS, 16S rRNA gene sequencing was
applied toone reference isolate per clustes determine the taxonomic affiliation.

2.2.6 Selection ofreferenceisolates forwhole-genomesequencing

A representative subset of reference isolates was choseDfok extraction and subsequemnhole-genome sequencing

(WGS) The selection aimed to maximize diversignsuringthat at least one strain per MALDIOF MS cluster was
sequenced, while alstonsideringhe isolation medium. Cultures isolated from a growth medium with the contaminant

Fda GKS a2tS OFINb2y &2d2NOS 6SNB O2yaARSNBR WRSINIRAY3IQ:
Ff2y3 6AGK 20GKSNJ OF Nb2y & ZhizNTaBgy allovedBe ifdlasior of ot gBsBmptivé 2 £ S N
degraders and tolerant isolates in the genomic dataset.
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2.3 Whole-genome sequencing of bacteria

For this project we selected lang-read only sequencing strategysing Oxford Nanopore Technologi@NT) The

quality of longread 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 shortead 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 M&wekhutomated nucleic acid purification system

in combination with the Maxwe®16 Tissue DNA purification kit (Promega). DNA concentrations were determined with
the QuantiFluor ONE doubitranded DNA quantification system (Promega). To verify culture identity prior to
sequencing, fullength 16S rRNA gene sequences were obtainedeasribed previouslyPeeters et al. 2013nd
compared against the EzBioCloud datab@3ealita et al. 2024pr taxonomic identification.

2.3.2 Longreadsequencingand assembly

For wholegenome sequencing, lorgad libraries were prepared using the ONT Native Barcoding kNBBDRK 14 and
sequenced on an ONT MinlQ#k1B instrument equipped with a FL-@IN114 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 v0.1@Sieinig and Coin 2022ktaining only sequences1000 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 modeetit I11) Assembly quality was assessed with QUAST &8i@vich et al.
2013)and CheckM v1.2.4 using the lineage_wf workf{@arks 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
(TYGSMeier-Kolthoff et al. 2022)vith classifications obtained via the Genome Taxonomy Database Toolkit{TXTDB
v2.4.1) using GTDB releaseR822&f the referencedatabase(Chaumeil et al. 2022fpeciedevel identifications are

typically supported by dDDH valuealuesx 70% and ANI values95-96% (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 Prokkal14.5(Seemann 2014and eggNO@napper v2.1.13 with the
eggNOG 5.0.2 databag€antalapiedra et al. 2021providing both gene predictions and functional annotations to
support the identification of pollutantiegrading genes.

It is important to interpret theresults from searches for pollutawtegrading genewith 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 dhe 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 fational 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 hydrocarbattegradation 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 experinted validation.
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2.3.4 Detection of PHC degradation genes

To identify genes associated wiHC degradatigmgenome assemblies of selected isolates were screened against the
Hydrocarbon Degradation Genes (HADEG) datal{RegasVargas 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 compouByscomparing 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 egjddlowing a reliable link to

be made between geomic potential and observed biodegradation phenotypes.

Searches were performed using Proteinortho v6.@<&mm et al. 2023ith the parameters recommended in the
HADEG publication, ensuring robust identification of homologous sequembestesults were converted into gene
presence/absence matrices using R v4.4.2 and visualized using the ComplexHeatmap (Bick2@@2) subdivided

into alkane degradation genes, monoaromatics degradation genes and polyaromatics degradationHgatesp
visualization enabled straightforward comparison of the functional potential across isolates, highlighting both shared
and unigue degradation capacities within the collection.

Alkane degradationin bacteria is primarily initiated by alkane monooxygenases, enzymesé#alysethe first and

often rate-limiting step of hydroxylating alkanes into alcohols, enabling their subsequent metabolism. Among these,
several gene families are particularly importg§8hao and Wang 2013)lkB andilkM encode integral membrane nen
heme iron alkane hydroxylases, commonly associated with the degradation of methiaim alkanes. LadA amtmA

are flavindependent monooxygenases capable of oxidizingdcmagjn alkanes, expanding the range of substrates that
bacteria can utilize. Additionally, certain cytochrome P450 enzymes (CYP450) have been sbatatyseterminal
hydroxylation of alkanes, contributing to both shodnd longchain 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 thedegradation of monoaromatic hydrocarbong.g. benzene, toluene, phenol), the initial hydroxylation step is
generally considered the key and often rdieiting step. This step is typicallyatalysedby ringhydroxylating
monooxygenases or dioxygenases, such as toluene monooxygenase or benzene/toluene dioxyders@senzymes
introduce hydroxyl groups into the aromatic ring, enabling subsequentadiegvage reactionf_adineOrjuela et al.
2016)

For polyaromatic hydrocarbonge.g. naphthalene, phenanthrene), degradation usually begins with aromatie ring
hydroxylating dioxygenases, such as naphthalene dioxygenase, which add two hydroxyl groups tedidmnydimsiols
(Mohapatra and Phale 2021I)his 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 abanatic degradation potential

2.3.5 Detection of HCH degradation genes

The hexachlorocyclohexane (HCH) degradation pathway has been extensively charactSgdgdobiunstrains, in
particular the model organismSphingobium indicurB90A andSphingobium indicurdT26S (synonyn8phingobium
japonicun) (Lal et al. 2010; Kumari et al. 2002; Endo et al. 200&@se strains served as the source for the reference
gene set used in this study.

Protein sequences for all known lin pathway genes (linA, linAl, linA2, linBS linB, linE, linEb, linF, linG, linH, linl,
linK, linL, linM, and linN) were retrieved from UniPfséction6.2, Table2). For each gene, the canonical protein entry
was collected together with its annotated sequence. To idergigynes similar to these degradation genesthe
genomes of our isolates, the curated reference set was used as inppeffmrming protein blast searches using blastp
v2.16.0. The results were filtered to retain only matches w{6% amino acid identity ang70% query and subject
coverage. In case of multiple matches, only theHdegradation 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 visualizéiteusing
ComplexHeatmap packag&u 2022) subdivided intodUpstream lin pathwag (linA, linAl, linA2 linB, linC/X) and
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oDownstream lin pathway (linD, line, linEb, linF, linG, linH, linl, lind, link, linL, linM and.llé&atmap 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 éndlinB are particularly important, as they catalyze the initial
aiSLlAd 27F | /1 RS3NI RHCHEehydrochiprinase respoyisib forShe first in§ dechlorination, while

linB is a haloalkane dehalogenase that mediates hydrolytic dehalogenation of chlorinated interme@i@iether,

these upstream enzymes enable the conversion of HCH isomers into less chlorinated compounds that can subsequently
enter the downstream catabolic pathway. Besauthey 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
HCHdegradhtion potential.

2.3.6 Detection of cyanide degradation genes

Even though multiple pathways for bacterial cyanide degradation have been des¢Ebed 2004)experimentally
confirmed genes for cyanide degradation are limited to a few model organisms, inclEclimgseudomonas oleovorans
CECDB344(formerly Pseudomonas pseudoalcaligepé®acillus pumilu€1 andStutzerimonastutzeriAK61(formerly
Pseudomonas stutzgrfWatanabe et al. 1998; Jandhyala et al. 2003; Lu&jngagro et al. 2008; Estepa et al. 2012)
These strains served as th®minsource for the reference gene set used in this study.

Proposedcandidate genewere groupednto different categories:

- Oxidative pathway

- Hydrolytic pathways
- Transfer reactions

- Cyanide resistance

The oxidative pathway was describedEnoleovoran€ECT 5344, where the cyanase gene yo8nsidered the key
enzyme catalyzing the conversion of cyanide into cyanate, followed by a conversion to ammoniaahdqD®
Almagro et al. 2008 Hydrolytic pathways use water, rather than oxygen to convert cyanide to ammonia and an acid.
The nitlC nitrilase frorg. oleovoran€ECT 5344 is the key enzyme ingdbgimilation ana@onversion ofree and organic
cyanides(Estepa et al. 2012)The cyanidase dihydratase cygBnes fromS. stutzerAK61 andB. pumilusC1 are key
enzymes to convert cyanide directly to formate and ammddandhyala et al. 2003; Watanabe et al. 1998)

Some lacteria can also performyanide detoxificationvia transfer or substitution reaction®seudomonas aeruginosa
PAO1 rhodanese rdhA is a thiosulfate:cyargd#urtransferase catalyzing the conversion of cyanide into thiocyanate,
which is generally less toxiCipollone et al. 2008E. oleovoran€ECT 5344 has a nitrilase nit4 that assimileyeside

into 3-cyanoalaninéPérez et al. 2021Yolerance to cyanide can be conferred throughdianideresistant cytochrome

bd oxidase (cioA and cioB geneshjichallows normal respiration to continue even in the presence of cyattidtepa

et al. 2012)

Protein sequences fothese key enzymewvere retrieved from UniProtsection 6.3, Table3). For each gene, the
canonical protein entry was collected together with its annotated sequence. To ideggifgs similar to these
degradation genef the genomes of our isolates, the curated reference set was used as inpuerforming protein

blast searches using blastp v2.16.0. The results were filtered to retain only matcheg3kkh amino acid identity and

X 70% query and subject coverage. In case of multiple matches, only the cyanide degradation gene with the highest
percent amino acid identity was retainedhe results were converted into gene presence/absence matrices using R
v4.4.2 and visualized ing) the ComplexHeatmap packa@éu 2022)subdivided intahe 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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2.4 Evaluation of degradation potentiabf single strains

2.4.1 Use of ganidesas nitrogen source

Isolated strains were tested for their capacity to degrade free cyanide (KCN) and bound cyanide (hexacyanoferrate(ll))
as well as cyanate (KCNO). As positive control growth on ammaiNthcCl) 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 delvgsodétermined by
measuring optical density and by visual obyvsion (turbidity).
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3 Usecase 1: PHC

3.1 Isolation and identification ofPHCdegradingbacteria

Each sample was subjected to singtein isolation and MALBIOF MS as described in secti®2. Isolates were
O2yAARSNBR WRSANIRAYIQ ¢KSy thedisklloiliasS e sbiblBaNonlsourseNdRdovieré Y S F
O2yAARSNBR Wi2f SNXYyiQ 6KSy Aazfl i 8dhg witN&ERercarbonSolkeasinst Y SR A
could support growth.

Results were visualised using R 4.4.2 using the ggplot2 package. In the representation of the resultableML&|

TOF MS cluster is listed along with its preliminary identifica#dthough some MALBIOF MS clusters ménavethe

same identification, differences observed between the mass spectra indicate they likely represent distinct species or
even different strainsWhen no reliable specidsvel identification could be obtained, the most closely related species

is listed between parenthesgsvhere possible) Isolates that likely represent novel spec{eften based on available

16S rRNA gene sequence or WGS datt)l A Y RAOI 6SR A 0GK Wy2@StQ 0SG6SSy LI N

3.1.1 SENSAGermany)

A microbial consortium with proven PHiEgradation capability from partneEBISAvas used for singlstrain isolation
(Tablel). This consortium did not originate from a specific,dite wasdevelopedby Sensatec and has been sessfully
usedfor a long time ér PHGohioremediation.

A total of 201 isolates from culture PHC_Other_Semsi@ subjected MALBIOF MS and mass spectra cluster analysis
(Figurel). A possiblenovel species dPseudomonas/ias most abundant in this cultur&everal low abundant MALDI
TOF MS clusters were observedimgof which were only recovered on growth mediantaining other carbon sources
alongside diesel bi
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SENSA bioremediation consortium:
dereplication and identification via MALDI-TOF MS

PHC_Other_SENSA

Acinetobacter pittii (PHC_SENSA_023) 4
Citrobacter amalonaticus (PHC_SENSA_010) 4
Citrobacter freundii (PHC_SENSA_008) 1
Citrobacter freundii (PHC_SENSA_009) 4

Delftia acidovorans (PHC_SENSA_021) 4

Delftia acidovorans (PHC_SENSA_022) 4
Enterobacter ludwigii (PHC_SENSA_019) 4
Moraxella sp. (PHC_SENSA_007) 4
Pseudomonas aeruginosa (PHC_SENSA_012) 4
Pseudomonas pseudonitroreducens (PHC_SENSA_015) 4
Pseudomonas sp. (novel) (PHC_SENSA_013) 4

Pseudomonas sp. (novel) (PHC_SENSA_014)

- (
Pseudomonas sp. (novel) (PHC_SENSA_017)
Pseudomonas sp. (novel) (PHC_SENSA_018) 4
Pseudomonas sp. (PHC_SENSA_016) 4

Raoultella terrigena (PHC_SENSA_011) 1
Sphingobacterium multivorum (PHC_SENSA_020) 4
Stenotrophomonas acidaminiphila (PHC_SENSA_005) 4
Stenotrophomeonas sp. (PHC_SENSA_004) 4
Stenotrophomeonas sp. (PHC_SENSA_006) 4
Unidentified sp. (PHC_SENSA_001) 4

Unidentified sp. (PHC_SENSA_002) 1

Unidentified sp. (PHC_SENSA_003) 4

20 40 60
Number of isolates

o

degrading . tolerant

Figurel. Diversity obtained after MALEIIOF MS of isolates froBensatec bioremediation culture PHC_Other_SENSA.

3.1.2 Ploufragan(France)

Two microbial consortiaobtained from a single soil sample from the Ploufragan site were selected for -singjle
isolation(Tablel). SampleFR_PLO_05_A ET7s2aclassical enrichment culture ariR_PLO_05_ATB aBactoTrapS
culture. A total of 403 isolates, combined across both samples, were subjected NIAEIMS and mass spectra cluster
analysis.

MALDITOF MS data was obtained 02 isolates fromenrichment cultureFR_PLO_05 A E&aRd Dlisolates from
BactoTrapSulture FR_PLO_05_ATHFigure 2). In the BactoTrapSculture, MALDITOF MS clusters identified as
Stenotrophomonas lactitupDelftia acidovoransPseudomonas farriand Stutzerimonas chloritidismutangere most
abundant. In the enrichmentulture, Pseudomonas putideDelftia acidovoransand alikely novel species within
Acinetobactemwere most abundant. ThBactoTrapSample showed a higher diversity compared to the enrichment
sample, as demonstrated by the higher number of MALOF MS clusters.
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Ploufragan enrichment cultures:
dereplication and identification via MALDI-TOF MS

FR_PLO_05 A BT FR_PLO 05 A E7.2

Achromobacter kerstersii (PHC_PLO_080) A
Achromobacter kerstersii (PHC_PLO_096) -
Achromobacter sp. (novel) (PHC_PLO_093)4
Acinetobacter sp. (novel) (PHC_PLO_007)4
Acinetobacter sp. (novel) (PHC_PLO_046)
Agrobacterium burrii (PHC_PLO_077)+
(PHC_PLO 052)-

Delftia acidovorans (PHC_PLO_003) 4

Georgenia muralis (PHC_PLO_017) 4

Kocuria marina (PHC_PLO_084) 4

Microbacterium sp. (novel) (PHC_PLO_011) 1
Micrococcus luteus (PHC_PLO_047) 4

Neorhizobium petrolearium (PHC_PLO_078) 4
Priestia megaterium (PHC_PLO_043)+
Pseudomonas atacamensis (PHC_PLO_064)4
Pseudomonas farris (PHC_PLO_061) A
Pseudomonas farris (PHC_PLO_090) 4
Pseudomonas fjordensis (PHC_PLO_005) 4
Pseudomonas fluorescens complex (PHC_PLO_088) 4
Pseudomonas marginalis (PHC_PLO_083) 4
Pseudomonas proteolytica (PHC_PLO_063) 4
Pseudomonas putida (PHC_PLO_004)
Pseudomonas serbica (PHC_PLO_062) 4
Pseudomonas sp. (PHC_PLO_058) 4

Pseudomonas sp. (PHC_PLO_060) A

Pseudomonas sp. (PHC_PLO_065)4

Pseudomonas sp. (PHC_PLO _072)

Pseudomonas sp. (PHC_PLO_088) 4

Pseudomonas sp. (PHC_PLO_091)

Pseudomonas sp. (PHC_PLO_092) 4
Pseudoxanthomonas sp. (PHC_PLO_048) 4
Rhodococcus gingshengii (PHC_PLO_050) 4
Sphingopyxis chilensis (PHC_PLO_071)

PHC_PLO _070)A

Bacillus sp.

|
| |
|
|
Sphingopyxis sp. (novel) (
Staphylococcus aureus (PHC_PLO_053) o ]
Stenotrophomonas lactitubi (PHC_PLO_008)4 -
Stenotrophomonas lactitubi (PHC_PLO_009)4 r
Stenotrophomonas lactitubi (PHC_PLO_010) 1
Stutzerimonas chloritidismutans (PHC_PLO_073) 4
Stutzerimonas chloritidismutans (PHC_PLO_074) 4
(

Stutzerimonas chloritidismutans (PHC_PLO_075) 4

1""|'| k """"'"“""l" I‘" |

o
n
S

40 0 20 40
Number of isolates

. degrading . tolerant

Figure2. Diversity obtained after MALOIOF MS of isolates from Ploufragan enrichment culiiRe PLO_05_A_E&A2dBactoTrapS culture
FR_PLO_05 ATB
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3.1.3 Kiel(Germany)

Two microbial consortiabtained from two groundwater samples at thael sitewere selected for singtstrain isolation
(Tablel). Both sample®E_KIE_03_G@whdDE_KIE_06_GWere classical enrichment sampléstotal of 84 isolates,
combined across both samples, were subjected MALDF MS and mass spectra cluster analysis.

MALDITOF MS data was obtained 218 isolates fromenrichment cultureDE_KIE 03 G\Whd 216 isolates from
enrichment cultureDE_KIE_06_G\Figure3). The most abundant groups present in both enrichment cultures were a
possibé novel genus within the familZhitinophagaceaea possible novel species within the gefseudomonaand
Pseudomonas veroniEnrichment cultureDE_KIE_06_G\Iso contained several isolates identified as a likely novel
species withiPAchromobacter

Kiel enrichment cultures:
dereplication and identification via MALDI-TOF MS

DE_KIE_03_GW DE_KIE_06_GW

Achromobacter sp. (novel) (PHCKIE_CL_004)4
PHCKIE_CL_011)4
PHCKIE_CL_005)

(
Aerococcus sp. (novel) (
(
(PHCKIE_CL_017)
(
(
(

Bordetella sp. (novel
Flavobacterium sp. (novel) (PHCKIE_CL_014})+
PHCKIE_CL_015)4

Micrococcus luteus (PHCKIE_CL_013)4
Moraxella sp. (novel) (PHCKIE_CL_006) 4

)
)
)
Chitinophagaceae sp. (novel)
)
)

Labrys sp. {novel

Ochrobactrum sp. (PHCKIE_CL_012) 4
Pandoraea norimbergensis (PHCKIE_CL_010) 4
Paraburkholderia fungorum (PHCKIE_CL_007) 1

Paraburkholderia xenovorans (PHCKIE_CL_008) 4
Pseudomonas sp. (novel) (PHCKIE_CL_001)
Pseudomonas sp. (novel) (PHCKIE_CL_003)

(
Pseudomaonas veronii (PHCKIE_CL_002})4
Rhodanobacter sp. (novel) (PHCKIE_CL_008})+
Staphylococcus pasteuri (PHCKIE_CL_019) 4
Stenotrophomonas rhizophila (PHCKIE_CL_018) 4
Unidentified sp. (PHCKIE_CL_018) 4

o4
- - | I..I - u ‘I

20 4‘0 6‘0 EI) 2‘0 4‘0 6‘0
Number of isolates

degrading . tolerant

Figure3. Diversity obtained after MALBIOF MS of isolates frolielenrichment cultureDE_KIE_03 _GwhdDE_KIE_06_GW

3.1.4 Lumco(Belgium)

Four microbial consortia obtained from two soil samples at the Lumco site were selected forstingiésolation Table

1). The samples were®eek enrichment cultures or a suspmon of the soil directly (initial soil).plroximately150

isolates were takepwhich were dereplicatedhto 50 isolates by comparing the 16S rRNA gene sequé&iocdurther
characterisation and selection of interesting isolates for whole genome sequencing, the isolates were tested using PCR
for the presence of aromatic degradation genéslfene dioxygenasecatechol 2,3dioxygenase anchaphthalene
dioxygenase).

The most abundant genera present in both enrichment cultures WeiaetobacterMicrobacteriumandPseudomonas
(Figure 4 A). Multiple isolates encoding the toluene dioxygenase were foufigute 4 B), including strains of
AcinetobacterPseudomongsanthomonasndAcidovorax The catechol 2;8ioxygenase gene was detected in strains
of Xanthomonasand Pseudomonas umsongensi$he naphthalene dioxygenase was detected in a strain of
Hydrogenophagaa strain ofAcidovoraxand aPseudomonas umsongenstsain.
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A Combined Stacked Bar Chart

Count

BH+'Afval Resanat’

Res 10 Res 11

15

0

BH+ Benzene (350g/1)

Res 10

unknown

BH+ Indole (352pg/)

Isolate name

B Aciovorax facis

- Acidovorax radicis

- Acidovorax temperans
B Acinetobacter 1

B Acinetobacter 2

B Acinetobacter 2

B Acietobacter s

. Acinetobacter haemolyticus
. Bacillus cereus

- Bosea spartocytisi

. Brevundimonas bullata
- Caldimonas meghalayensis
- Caulobacter segnis

. Citrobacter muriiniae

- Enterococcus mundtii

. Hydrogenophaga taenispiralis
B ebsieta pasteuri

- Microbacterium commune

MIBIREMProject
D2.4 List of pollutantdegrading bacteria and their functional genes

. Micrococcus aloeverae

- Mycobacterium CP015596_s
. Novosphingobium hassiacum
- Plantibacter flavus

B Pseucomonas defiuvi

- Pseudomonas nitritireducens
. Pseudomonas petroselini

- Pseudomonas sp.

. Pseudomonas turukhanskensis
- Pseudomonas umsongensis

. Pseudoxanthomonas mexicana
I Rhizobium arsenicireducens
B Rnodococcus qingshengii

B soimonas flava

[ hermomonas brevis

. Thermomonas koreensis

- Variovorax paradoxus

M x

flavus

- Microbacterium oxydans

Res 10 Res 10 Res 11
Initial Soil
B catechol
toluene 2,3- naphthalene
Isolate name dioxygenase dioxygenase dioxygenase
Acinetobacter 2 .

Hydrogenophaga taenispiralis
Pseudomonas petroselini
Caldimonas meghalayensis
Xanthomonas campestris
Xanthomonas campestris
Acidovorax radicis

Acidovorax temperans
Pseudomonas umsongensis
Acinetobacter 4
Pseudoxanthomonas japonensis

Thermomonas koreensis

* Note: Colored symbols represent the presence of each enzyme.

. Xanthomonas campestris

Figured. Diversity obtainedfter 16S rRNA gene sequencofdsolates fronsoil and enrichments frorthe 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 samplel¢hegd.The two
top bar charts display isolates derived from the enrichment cultures, whereas the two bottom bar charts display isoleéesfra®@ri the initial soll
suspension. One bar chart was generated per isolation medium used (B¥@erview of different isolates and information about the presence of
aromatic degradation geness determined via PCR
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3.1.5 Griftpark (Netherlands)

A total of 22consortia were subjected teinglestrain isolation on solid mediaT@blel). Approximately150 isolates

were taken which were dereplicatednto 50 isolates by comparing the 16S rRNA gene sequdrme further
characterisation and selection of interesting isolates for whole genome sequencing, the isolates were tested using PCR
for the presence of aromatic degradation gengslfene dioxygenasesatechol 2,3dioxygenase anchaphthalene
dioxygenase).

The most abundant genera present in both enrichment cultures wBradyrhizobium Brevundimonasand
PseudomonagFigureb. Diversity obtained after 16S rRNA gene sequencing of isolates from enrichments of soil cores
from the Griftpark site(A) Diversity of isolates obtained after isolatiddne bar chart was generated per isolation
medium used (n2). (B) Overview of different isolates and information about the presence of aromatic degradation
genes as determined via PERure5 A). Multiple isolates encoding the toluene dioxygenase were found, including
strains ofAcinetobacter Agromyces, Pseudomonaddicrobacterium and Ciceribactei(Figure5 B). The catechol 253
dioxygenase gene was detected in strainsAgfomycesand PseudomonasThe naphthalene dioxygenase was only
detected in a@Pseudomonasp. strain.

A Enriched on BH+ initial contaminant
wen Cx Wirout CIPX
Isolate Name
. Acinetobacter terrae . Novel species?Aquabacter spirtensis
. Agromyces bauzanensis . Novel species?Pseudoxanthobacter FJS42954_s

’g . Agromyces humi . Parvibaculum FJ375498_s
- . alvandae
. Bradyrhizobium jcamae . Pseudomonas CP006852_s
s . Bradyrhizobium sediminis . Pseudomonas CP010945_s
. - mandel
50 . Brevibacilus formosus . Pseudomonas piscicola
. Brevundimonas abba . Pseudomonas pratensis
i sp. CPO0BBS2
] sp. CPO0BBS2_S
2 . c f
28 . Ciceribacter
. Mesobacilus thioparans . Rahnela aceris
. Mesorhizobium shangriense . Rhodanobacter sok
. Microbacterium oxydans . Rhodococcus ruber
- Neobacilus drentensis . Rhodococcus wratisiaviensis
; — I

count

Neobacilus sok B undivacter mobiis
Nocardioides CP000509_s [l NA

B ot Sampie B et S
catechol
toluene 2,3- naphthalene

Isolate name di dioxyg dioxyg
Acinetobacter terrae .

Agromyces humi . .

Rhodanobacter soli .

Pseudomonas piscicola .

Acinetobacter terrae .

Agromyces bauzanensis .

Microbacterium oxydans .

Microbacterium oxydans .

Pseudomonas alvandae .

Pseudomonas sp. CP006852_s . . o
Pseudomonas CP010945_s .

Ciceribacter selenitireducens .

Ciceribacter selenitireducens .

Ciceribacter selenitireducens .

Figureb. Diversity obtained after 16S rRNA gene sequencing of isolates from enrichments of soil cores from the GriftgajlOsitersity of
isolates obtained after isolatio®ne bar chart was generated per isolation medium use@)(n®) Overview of different isolates and information
about the presence of aromatic degradation genes as determined via PCR.
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3.2 Genomebased detectionof PHCdegradation genes

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

All selected isolates were subjected to larggad sequencing and genome analysis as descgbetion2.3. Genes linked

to PHCdegradation were identified using the HADEG datahasetion2.3.4). 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 PHi€gradation capability from partner Sensatec was used for sistghén
isolation (Table 1). A total of 10 isolates wesgbjected to longead 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 gesemeenced straind={gure6). The ladA
long-chain alkane monooxygenase was found in five strains, including Amirgetobacter pittiistrain and four
Pseudomonasstrains. The alkB and almA alkane monooxygenase genes batle found in three strains of
Pseudomonasrhe cytochrome P450 monooxygenase and the alkMa alkane hydroxylase genes were found in only one
strain, identified af\cinetobacter pittii

The genomebased predicted potential for degradation of monoaromatic and polyaromatic compounds in isolates from
PHC_Other_SENSA was rather limitedure7 and Figure8). TheAcinetobacter pittiistrain and thePseudomonas
aeruginosastrain both encoded antA, antB and antC, the three major components of the anthranilatéokytjenase.
TheAcinetobacter pittistrain also encoded several components of a phermidhooxygenaseHigure7). No complete
dioxygenase systems involved in polyaromatics degradation were detef€igpar€8).
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PHC_Other_SENSA
Genome-based detection of alkane degradation genes (HADEG)

alkH_ald - Aldehyde dehydrogenase (P12693)

alkd_adh - Alcohol dehydrogenase [acceptor] (multiple)

alkS - HTH-type transcriptional regulator AIkS (multiple)

| |ssuD - Alkanesulfonate monooxygenase (FMNH2-dependent) (multiple)

ahpC - Alkyl hydroperoxide reductase subunit C (Q02UUO0)
ahpF - Alkyl hydroperoxide reductase subunit F (Q916Z2)
| |alkMa - Alkane hydroxylase A (BAB33284.1)
| |alkMb - Alkane hydroxylase B (BAB33287.1)

Auxiliar alkane gene

Finnerty pathway

FadL - Long-chain fatty acid transport protein (P10384)
| |alkL - Outer membrane protein (Q00595)
| |alkN_mcp - Putative methyl-accepting chemotaxis (multiple)
|___|blc - Outer membrane lipoprotein (multiple)

[T T
LICTT ]

Hydrocarbon uptake

[ ]BvmO- Baeyer-Villiger monooxygenase (BVMO) (multiple) Pathway
|| [___|prmA - Propane 2-monooxygenase, hydroxylase component large subunit (multiple) B Auxiliar alkane gene
|| [ |prmB - Propane 2-monooxygenase, reductase component (multiple) Finnerty pathway
prmC - Propane 2-monooxygenase, hydroxylase component small subunit (multiple) Hydrocarbon uptake
prmD - Propane 2-monooxygenase, effector component (multiple) Subterminal oxidation
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: : CHMO - Cyclohexanone 1,2-monooxygenase (P12015) o
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Figure6. Genomebased detection of alkane degradation genes in strains fB@msatec bioremediation culture PHC_Other_SENBW the
HADEG database.

CYP450 - Cytochrome P450 monooxygenase (multiple) [ Degrading
| [_]alkB - Alkane 1-monooxygenase (Alkane hydroxylase-rubredoxin) (multiple) M Tolerant
|| |___|almA - Flavin-binding monooxygenase (multiple) Number of genes
bmoX - Butane monooxygenase hydroxylase alpha subunit (Q8KQF0) 0

bmoY - Butane monooxygenase hydroxylase beta subunit (Q8KQE9) 1

bmoZ - Butane monooxygenase hydroxylasegamma subunit (Q8KQE7) 2

chnA - Cyclohexanol dehydrogenase (QBTMA3)

chnB - Cyclohexanone monooxygenase (QBRXW1)

chnC - Caprolactone hydrolase (QBRXW2)

chnD - 6-hydroxyhexanoate dehydrogenase (QBRXW3)

chnE - 6-oxohexanoate dehydrogenase (QBRXWO0)

ladA - Long-chain alkane monooxygenase (A41U28)

mmoB - Methane monooxygenase regulatory protein B (P27356)

mmoC - Methane monooxygenase component C (Q53563)

mmoX - Methane monooxygenase component A alpha chain (P27353)

mmoY - Methane monooxygenase component A beta chain (P27354)

mmoZ - Methane monooxygenase component A gamma chain (P27355)

pmoA1 - Particulate methane monooxygenase beta subunit A (Q607G3)

rdx - Rubredoxin (multiple)

rdxR - Rubredoxin-NAD(+) reductase (multiple)
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PHC_Other_SENSA

Genome-based detection of monoaromatics degradation genes (HADEG)
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D2.4 List of pollutantdegrading bacteria and their functional genes
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abmG2 - 2-amir oA ligase (Q93FB2]
andAa - Anthranilate 1,2- system eductase component (Q84BZ0)
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bedA - Benzene 1,2-dioxygenase system ferredoxin reductase subun;l (Q07946)

bedB - Benzene 1,2- -dioxygenase system ferredoxin subuml (Q07947,
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Figure7. Genomebased detection of monoaromatics degradation genes in strains 8ensatec bioremediation culture PHC_Other_SHINBW
the HADEG database.
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PHC_Other_SENSA
Genome-based detection of polyaromatics degradation genes (HADEG)

bphA - Biphenyl 2,3-dioxygenase subunit alpha (multiple)

bphA1 - Biphenyl 2,3-dioxygenase subunit alpha (Q52438)

bphA2 - Biphenyl 2,3-dioxygenase subunit beta (Q52439)

bphA3 - Biphenyl 2,3-dioxygenase ferredoxin subunit (Q52440)

bphAa - Biphenyl 2,3-dioxygenase subunit alpha (Q53122)

bphAb - Biphenyl 2,3-dioxygenase subunit beta (Q53123)

bphAc - Biphenyl 2,3-dioxygenase ferredoxin subunit (Q53124)

bphAd - Biphenyl 2,3-dioxygenase, ferredoxin reductase subunit (Q0S032)
bphB - Cis-2,3-dihydrobiphenyl-2,3-diol dehydrogenase (multiple)

bphC - Biphenyl-2,3-diol 1,2-dioxygenase (multiple)

bphD - 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate hydrolase (multiple)
bphE - Biphenyl 2,3-dioxygenase subunit beta (multiple)

bphF - 4-hydroxy-2-oxovalerate aldolase (multiple)

bphG - Biphenyl 2,3-di system i component (P37337)
bphl - 4-hydroxy-2-oxovalerate aldolase 4 (P51015)

bphJ - Acetaldehyde dehydrogenase 4 (Q79AF6)

bphX2 - Acetaldehyde dehydrogenase 2 (Q52039)

bphX3 - 4-hydroxy-2-oxovalerate aldolase 2 (Q52040)

Biphenyl degradation
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carAa - Carbazole 1,9a-dioxygenase, terminal oxygenase component (multiple)
carAc - Carbazole 1,9a-dioxygenase, ferredoxin component (multiple)
carC - 2-hydroxy-6-oxo0-6-(2'-aminophenyl)hexa-2,4-dienoic acid hydrolase (QOAQM4)

[1dbfB - 2,2 3-trihydroxybiphenyl dioxygenase (P47243)
|:|dszC - Dibenzothiophene monooxygenase (Q0ZIH5)
|:|fInB - Fluoren-9-ol dehydrogenase (Q93UV4)
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Dibenzofuran degradation [[][_] |
Dibenzothiophene degradation [ |
Fluorene degradation [y

Methylnaphthalene degradation I

Naphthalene degradation E
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[
[
[

nagAa - Naphthalene 1,2-dioxygenase, ferredoxin reductase component (052378)
nagAb - Naphthalene 1,2-dioxygenase, ferredoxin component (052381)

nagAc - Naphthalene 1,2-dioxygenase system, large oxygenase component (052382)
nagAd - Naphthalene 1,2-dioxygenase system, small oxygenase component (052383)
| |nagB - 1,2-dihydroxy-1,2-dihydronaphthalene dehydrogenase (052384)

doxA - Naphthalene 1,2-dioxygenase system, ferredoxin component (POA186)
doxB - Naphthalene 1,2-dioxygenase system, large oxygenase component (POA111)
doxD - Naphthalene 1,2-dioxygenase system, small oxygenase component (POA113)
doxE - 1,2-dihydroxy-1,2- rthalene deh (POA170)
doxG - 1,2-dihydroxynaphthalene dioxygenase (POA108)
nahB - Cis-1, 2-dihydro-1, 2-dihydroxynaphtalene-1, 2-dehydrogenase (QOR9Y8)
nahC - 1,2-dihydroxynaphthalene dioxygenase (Q7B7H7)
nahD - 2-hyd rromene-2-carboxyl (Q51948)
nahE - Trans-O-hyd b lidenepyruvate Idolase (POA144)
nahF - Salicylaldehyde dehydrogenase (POA391)
ndoA_nahAB - Naphthalene 1,2-dioxygenase system, ferredoxin component (POA185)

ndoR_nahAA - Naphthalene 1,2-di

diox1 - Dioxygenase (BOBK98)
diox2 - Dioxygenase (BOBK99)
| |phdl - 1-hydroxy-2-naphthoate 1,2-dioxygenase (024721)
| |phdJ - Trans-2"-carboxybenzalpyruvate hydratase-aldolase (Q79EM8)
phdK - 2-formylbenzoate dehydrogenase (Q79EM7)
phnB - Cis-3,4-dihydrophenanthrene-3,4-diol dehydrogenase (QOWXG7)

nidA - Pyrene dioxygenase alpha subunit (AOA8F5VS38)
nidB - Pyrene dioxygenase beta subunit (AOA8F5VT75)

pydA - Pyrene dioxygenase alpha subunit (I6VBV2)
pydB - Pyrene dioxygenase beta-subunit (16V2D0)
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ndoB_nahAC - Naphthalene 1,2-dioxygenase system, large oxygenase component (POA110)
ndoC_nahAD - Naphthalene 1,2-dioxygenase system, small oxygenase component (P0A112)
component (Q52126)

Figure8. Genomebased detection opolyaromatics degradation genes in strains from Sensatec bioremediation culture PHC_OtheruSBEYSA

the HADEG database.

3.2.2 Ploufragan (France)

Two microbial consortiaobtained from a single soil sample from the Ploufragan site were selected for -singjile
isolation {Tablel). A total of 12 isolates from classical enrichment culttRe PLO_05 A E7fd 16 isolates from
BactoTrapSculture FR_PLO_05_ATBwere subjected to longead sequencing and genome assembly and PHC

degradation genes were detected using the HADEG database.
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D2.4 List of pollutantdegrading bacteria and their functional genes
3.2.2.1 Enrichment culture FR_PLO_05 A E7.2

Genes involved in alkane degradation were detectefilimut of 12 genomesequenced straing enrichment culture
FR_PLO_05_A_E7{Fgure9). The ladA longhain alkane monooxygenase was founceight strains including two
Acinetobactessp.strains one strain oKocuria marinaoneMicrobacteriumsp.strain, one strain oMicrococcus luteys
both strains ofPseudomonas putidand one strain oRhodococcus gingshendilopies of thealkB and almAalkane
monooxygenase geneagere found in bothAcinetobactersp. strains and in thRhodococcucus gingshengfiiain. The
genome of the latter strain also contained a CYP153 monooxygenase.

The genomebased predicted potential for degradation of monoaromatic and polyaromatic compounds in isolates from
enrichment cultureFR_PLO_05_A_ E7aas rather limited Figure10 and Figure11). Both Acinetobactersp. strains
encoded antA, antB and antC, the three major components of the anthranilaigidxggenasé€Figurel0). No complete
dioxygenase systems involved in polyaromatics degradation were detef€igaré11).

FR_PLO_05_A_E7.2
Genome-based detection of alkane degradation genes (HADEG)

Auxiliar alkane gene IE
Finnerty pathway IE

Hydrocarbon uptake
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u

alkH_ald - Aldehyde dehydrogenase (P12693)

alkd_adh - Alcohol dehydrogenase [acceptor] (multiple)

alkS - HTH-type transcriptional regulator AIkS (multiple)

ssuD - Alkanesulfonate monooxygenase (FMNH2-dependent) (multiple)

ahpC - Alkyl hydroperoxide reductase subunit C (Q02UUO0)
ahpF - Alkyl hydroperoxide reductase subunit F (Q91622)
alkMa - Alkane hydroxylase A (BAB33284.1)

alkMb - Alkane hydroxylase B (BAB33287.1)

S
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FadL - Long-chain fatty acid transport protein (P10384)

alkL - Outer membrane protein (Q00595)

alkN_mcp - Putative methyl-accepting chemotaxis (multiple)
blc - Outer membrane lipoprotein (multiple)

BVMO - Baeyer-Villiger monooxygenase (BVMO) (multiple) Pathway

prmA - Propane 2-monooxygenase, hydroxylase component large subunit (multiple) M Auxiliar alkane gene

prmB - Propane 2-monooxygenase, reductase component (multiple) || E?gggér%%tr:wlj;{ake

prmC - Propane 2-monooxygenase, hydroxylase component small subunit (multiple) Subterminal oxidation

prmD - Propane 2-monooxygenase, effector component (multiple) M Terminal/biterminal oxidation

Subterminal oxidation

CHMO - Cyclohexanone 1,2-monooxygenase (P12015) PHC utilization
CYP153 - Cytochrome P153 monooxygenase (L7QFU8) Degrading
CYP450 - Cytochrome P450 monooxygenase (multiple) M Tolerant

alkB - Alkane 1-monooxygenase (Alkane hydroxylase-rubredoxin) (multiple) Number of genes
almA - Flavin-binding monooxygenase (multiple)

bmoX - Butane monooxygenase hydroxylase alpha subunit (Q8KQF0)
bmoY - Butane monooxygenase hydroxylase beta subunit (Q8KQE9)
bmoZ - Butane monooxygenase hydroxylasegamma subunit (Q8KQE7)
chnA - Cyclohexanol dehydrogenase (QBTMA3)

chnB - Cyclohexanone monooxygenase (QBRXW1)

chnC - Caprolactone hydrolase (QBRXW2)

chnD - 6-hydroxyhexanoate dehydrogenase (QBRXW3)

chnE - 6-oxohexanoate dehydrogenase (QBRXWO0)

ladA - Long-chain alkane monooxygenase (A41U28)

mmoB - Methane monooxygenase regulatory protein B (P27356)

mmoC - Methane monooxygenase component C (Q53563)

mmoX - Methane monooxygenase component A alpha chain (P27353)
mmoY - Methane monooxygenase component A beta chain (P27354)
mmoZ - Methane monooxygenase component A gamma chain (P27355)
pmoA1 - Particulate methane monooxygenase beta subunit A (Q607G3)
rdx - Rubredoxin (multiple)

rdxR - Rubredoxin-NAD(+) reductase (multiple)
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Figure9. Genomebased detection of alkane degradation genes in strains ftonfragarenrichment culture FR_PLO_05_A_E7.2 using the HADEG

database.
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D2.4 List of pollutantdegrading bacteria and their functional genes

FR_PLO_05_A_E7.2
Genome-based detection of monoaromatics degradation genes (HADEG)
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Figurel0. Genomebased detection of monoaromatics degradation genes in strains Rlmuafragarenrichment culture FR_PLO_05_A_E7.2 using
the HADEG database.
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FR_PLO_05_A_E7.2
Genome-based detection of polyaromatics degradation genes (HADEG)

bphA - Biphenyl 2,3-dioxygenase subunit alpha (multiple)

bphA1 - Biphenyl 2,3-dioxygenase subunit alpha (Q52438)

bphA2 - Biphenyl 2,3-dioxygenase subunit beta (252439)

bphA3 - Biphenyl 2,3-dioxygenase ferredoxin subunit (Q52440)

bphAa - Biphenyl 2,3-dioxygenase subunit alpha (Q53122)

bphAb - Biphenyl 2,3-dioxygenase subunit beta (Q53123)

bphAc - Biphenyl 2,3-dioxygenase ferredoxin subunit (Q53124)

bphAd - Biphenyl 2,3-dioxygenase, ferredoxin reductase subunit (Q0S032)
bphB - Cis-2,3-dihydrobiphenyl-2,3-diol dehydrogenase (multiple)

bphC - Biphenyl-2,3-diol 1,2-dioxygenase (multiple)

bphD - 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate hydrolase (multiple)
bphE - Biphenyl 2,3-dioxygenase subunit beta (multiple)

bphF - 4-hydroxy-2-oxovalerate aldolase (multiple)

bphG - Biphenyl 2,3-di system i component (P37337)
bphl - 4-hydroxy-2-oxovalerate aldolase 4 (P51015)

bphJ - Acetaldehyde dehydrogenase 4 (Q79AF6)

bphX2 - Acetaldehyde dehydrogenase 2 (Q52039)

bphX3 - 4-hydroxy-2-oxovalerate aldolase 2 (Q52040)

Biphenyl degradation

[T 00000 T I T T T

A

carAa - Carbazole 1,9a-dioxygenase, terminal oxygenase component (multiple)
carAc - Carbazole 1,9a-dioxygenase, ferredoxin component (multiple)
carC - 2-hydroxy-6-oxo-6-(2'-aminophenyl)hexa-2,4-dienoic acid hydrolase (QQAQM4)

dbfB - 2,2" 3-trihydroxybiphenyl dioxygenase (P47243)

Carbazole degradation @

Dibenzofuran degradation O

Dibenzothiophene degradation . dszC - Dibenzothiophene monooxygenase (Q0ZIH5)

Fluorene degradation D fInB - Fluoren-9-ol dehydrogenase (Q93UV4)

nagAa - Naphthalene 1,2-dioxygenase, ferredoxin reductase component (052378)
nagAb - Naphthalene 1,2-dioxygenase, ferredoxin component (052381)

nagAc - Naphthalene 1,2-dioxygenase system, large oxygenase component (052382)
nagAd - Naphthalene 1,2-dioxygenase system, small oxygenase component (052383)

Methylnaphthalene degradation

T O0000 T T T T T T

MIBIREMProject

D2.4 List of pollutantdegrading bacteria and their functional genes

Pathway

M Biphenyl degradation
Carbazole degradation
Dibenzofuran degradation

 Dibenzothiophene degradation
Fluorene degradation

M Methylnaphthalene degradation

M Naphthalene degradation
Phenanthrene degradation

M Pyrene degradation

PHC utilization

nagB - 1,2-dihydroxy-1,2-dihydronaphthalene dehydrogenase (052384)
Degrading
M Tolerant

Number of genes
0

doxA - Naphthalene 1,2-dioxygenase system, ferredoxin component (POA186)

doxB - Naphthalene 1,2-dioxygenase system, large oxygenase component (POA111)
doxD - Naphthalene 1,2-dioxygenase system, small oxygenase component (POA113)
doxE - 1,2-dihydroxy-1,2- rthalene deh (POA170)

doxG - 1,2-dihydroxynaphthalene dioxygenase (POA108)

nahB - Cis-1, 2-dihydro-1, 2-dihydroxynaphtalene-1, 2-dehydrogenase (QOR9Y8)
nahC - 1,2-dihydroxynaphthalene dioxygenase (Q7B7H7)

nahD - 2-hyd 2-carboxyl (Q51948)

nahE - Trans-O-hydroxyb lidenepyruvate Idolase (POA144)

nahF - Salicylaldehyde dehydrogenase (POA391)

ndoA_nahAB - Naphthalene 1,2-dioxygenase system, ferredoxin component (POA185)
ndoB_nahAC - Naphthalene 1,2-dioxygenase system, large oxygenase component (POA110)
ndoC_nahAD - Naphthalene 1,2-dioxygenase system, small oxygenase component (P0A112)
ndoR_nahAA - Naphthalene 1,2-dioxygenase system ferredoxin reductase component (Q52126)

diox1 - Dioxygenase (BOBK98)

diox2 - Dioxygenase (BOBK99)

phdl - 1-hydroxy-2-naphthoate 1,2-dioxygenase (024721)

phdJ - Trans-2'-carboxybenzalpyruvate hydratase-aldolase (Q79EM8)
phdK - 2-formylbenzoate dehydrogenase (Q79EM7)

phnB - Cis-3,4-dihydrophenanthrene-3,4-diol dehydrogenase (QOWXG7)

nidA - Pyrene dioxygenase alpha subunit (AOA8F5VS38)
nidB - Pyrene dioxygenase beta subunit (AOA8F5VT75)
pydA - Pyrene dioxygenase alpha subunit (I6VBV2)
pydB - Pyrene dioxygenase beta-subunit (16V2D0)
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Figurell Genomebased detection of polyaromatics degradation genes in strains Rtoufragarenrichment culture FR_PLO_05_A_E7.2 using
the HADEG database.

3.2.2.2 BactoTrapSulture FR_PLO_05_ATB

Genes involved in alkane degradation were detecteddiodt of 16 genomesequenced strains iBactoTrapSulture
FR_PLO_05_RBT (Figurel2). The ladA longhain alkane monooxygenase was found@nstrains, including one strain
of Achromobacter kerstersione strain oDelftia acidovoransone strain ofNeorhizobium petroleariurand all seven
strains ofPseudomonasThe alImA alkane monooxygenase gene wly detected in both strains oSphingopyxis
whereas the alkB alkane monooxygenase gene was found in a straseofdomonas fijordensand a strain of
Pseudomonas marginali¥he cytochrome P450 monooxygenase was found in a straiteathizobium petrolearium
and aSphingopyxis chilensgrain.

Funded by the European Union. Views and opinions expressed are * X
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 the:

* *
* *

* *
* 4 K

Funded by the
European Union

30



MIBIREMProject
D2.4 List of pollutantdegrading bacteria and their functional genes

The genomebased predicted potential for degradation of monoaromatic and polyaromatic compounds in isolates from
BactoTrapSulture FR_PLO_05 BT was rather limited Figure13 and Figure14). Four out of severPseudomonas
strainsencoded antA, antB and antC, the three major components of the anthranilatidx2genaseRigurel3). One

of the Achromobactersp. strairs contained the amnABCD genes involved kand@nophenol degradation. The
Pseudomonas fjordensitrain contained all four components of a phthalate-djbxygenaselNo complete dioxygenase

systems involved in polyaromatics degradation were deteckégufeld).

FR_PLO_05_A_BT

Genome-based detection of alkane degradation genes (HADEG)
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alkH_ald - Aldehyde dehydrogenase (P12693)

alkJ_adh - Alcohol dehydrogenase [acceptor] (multiple)

alkS - HTH-type transcriptional regulator AIkS (multiple)

ssuD - Alkanesulfonate monooxygenase (FMNH2-dependent) (multiple)

ahpC - Alkyl hydroperoxide reductase subunit C (Q02UU0)
ahpF - Alkyl hydroperoxide reductase subunit F (Q916Z2)
alkMa - Alkane hydroxylase A (BAB33284.1)

alkMb - Alkane hydroxylase B (BAB33287.1)

FadL - Long-chain fatty acid transport protein (P10384)

alkL - Outer membrane protein (Q00595)

alkN_mcp - Putative methyl-accepting chemotaxis (multiple)
blc - Outer membrane lipoprotein (multiple)

BVMO - Baeyer-Villiger monooxygenase (BVMO) (multiple)

Pathway

prmA - Propane 2-monooxygenase, hydroxylase component large subunit (multiple) B Auxiliar alkane gene

prmB - Propane 2-monooxygenase, reductase component (multiple)

prmC - Propane 2-monooxygenase, hydroxylase component small subunit (multiple)

prmD - Propane 2-monooxygenase, effector component (multiple)

CHMO - Cyclohexanone 1,2-monooxygenase (P12015)
CYP153 - Cytochrome P153 monooxygenase (L7QFU8)

[ Finnerty pathway
Hydrocarbon uptake
Subterminal oxidation

M Terminal/biterminal oxidation

PHC utilization

CYP450 - Cytochrome P450 monooxygenase (multiple) Degrading

alkB - Alkane 1-mor (Alkane hydroxyl »xin) (multiple) HTolerant

almA - Flavin-binding monooxygenase (multiple) Number of genes
bmoX - Butane monooxygenase hydroxylase alpha subunit (Q8KQFO0) 0

bmoY - Butane monooxygenase hydroxylase beta subunit (Q8KQE9) 1

bmoZ - Butane monooxygenase hydroxylasegamma subunit (Q8KQE7) 2

chnA - Cyclohexanol dehydrogenase (Q6TMAS3)

chnB - Cyclohexanone monooxygenase (QBRXW1)

chnC - Caprolactone hydrolase (QBRXW?2)

chnD - 6-hydroxyhexanoate dehydrogenase (QBRXW3)

chnE - 6-oxohexanoate dehydrogenase (QBRXWO)

ladA - Long-chain alkane monooxygenase (A41U28)

mmoB - Methane monooxygenase regulatory protein B (P27356)
mmoC - Methane monooxygenase component C (Q53563)

mmoX - Methane monooxygenase component A alpha chain (P27353)
mmoY - Methane monooxygenase component A beta chain (P27354)
mmoZ - Methane monooxygenase component A gamma chain (P27355)
pmMoA1 - Particulate methane monooxygenase beta subunit A (Q607G3)
rdx - Rubredoxin (multiple)

rdxR - Rubredoxin-NAD(+) reductase (multiple)

Figurel2. Genomebased detection of alkane degradation genes in strains from Ploufiageto TrapSulture FR_PLO_05 AT &sing the HADEG

database.
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FR_PLO_05_A_BT
Genome-based detection of monoaromatics degradation genes (HADEG)
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Figurel3. Genomebased detection of monoaromatics degradation genes in strains from PloufBazoTrapSulture FR_PLO_05_AT Bsing the
HADEG database.
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FR_PLO_05_A_BT

Genome-based detection of polyaromatics degradation genes (HADEG)

Biphenyl degradation

Carbazole degradation @

Dibenzofuran degradation :|
Dibenzothiophene degradation [l
Fluorene degradation [

Methylnaphthalene degradation

Naphthalene degradation

bphA - Biphenyl 2,3-dioxygenase subunit alpha (multiple)

bphA1 - Biphenyl 2,3-dioxygenase subunit alpha (Q52438)

bphAZ2 - Biphenyl 2,3-dioxygenase subunit beta (252439)

EphA3 - Biphenyl 2,3-dioxygenase ferredoxin subunit (Q52440)

bphAa - Biphenyl 2,3-dioxygenase subunit alpha (Q53122)

bphAb - Biphenyl 2,3-dioxygenase subunit beta (253123)

bphAc - Biphenyl 2,3-dioxygenase ferredoxin subunit (Q53124)

bphAd - Biphenyl 2,3-dioxygenase, ferredoxin reductase subunit (Q0S032)
bphB - Cis-2,3-dih) 2,3-diol (multiple)
bphC - Biphenyl-2 3-dial 1,2-dioxygenase (multiple)

bphD - 2-hydroxy-6-oxo-6-phenylhexa-2 4-dienoate hydrolase (multiple)
bphE - Biphenyl 2,3-dioxygenase subunit beta (multiple)

bphfF - 4-hydroxy-2-oxovalerate aldolase (multiple)

bphG - Biphenyl 2 3-dioxygenase system

bphl - 4-hydroxy-2-oxovalerate aldolase 4 (P51015)

bphd - Acetaldehyde dehydrogenase 4 (Q79AF6)

bphX2 - Acetaldehyde dehydrogenase 2 (Q52030)

bphX3 - 4-hydroxy-2-oxovalerate aldolase 2 (Q52040)

[TTTTTTTTTTTT]

nt (P37337)

carAa - Carbazole 1,9a-dioxygenase, terminal oxygenase component (multiple)
carAc - Carbazole 1 9a-dioxygenase, ferredoxin component (multiple)
carC - 2-hydroxy-6-oxo-6-(2'-aminophenyl)hexa-2,4-diencic acid hydrolase (QOAQMA4)

dbfB - 22" 3-trihydroxybiphenyl dioxygenase (P47243)
dszC - Dibenzothiophene monooxygenase (QOZIHS)

IIE

finB - Fluoren-8-ol dehydrogenase (Q83UV4)

nagAa - Naphthalene 1,2-dioxygenase, ferredoxin reductase component (052378)
nagAb - Naphthalene 1,2-dioxygenase, ferredoxin component (052381)

naghc - Naphthalene 1,2-dioxygenase system, large oxygenase component (052382)
nagAd - Naphthalene 1,2-dioxygenase system, small oxygenase component (052383)
nagh - 1,2-dihydroxy-1,2 (052384)

doxA - Naphthalene 1,2-dioxygenase system, ferredoxin component (POA186)

doxB - 1,2 system, large compenent (PDA111)
doxD - Naphthalene 1,2-dioxygenase system, small oxygenase component (P0A113)
doxE - 1,2-dihydroxy-1,2-dihydronaphthalene dehydrogenase (POA170)

doxG - 1,2-dihydroxynaphthalene dioxygenase (POA108)
nah - Cis-1, 2-dihydro-1, 2-dih htalene-1, 2-dehy
nahC - 1,2-dihydroxynaphthalene dioxygenase (Q7B7HT)
nahD - 2-hydroxychromene-2-carboxylate isomerase (Q51948)

(QOROYB)

Pathway

M Biphenyl degradation
Carbazole degradation
Dibenzofuran degradation

M Dibenzothiophene degradation
Fluorene degradation

B Methylnaphthalene degradation

W Naphthalene degradation
Phenanthrene degradation

M Pyrene degradation

PHC utilization
W Degrading

M Tolerant
Number of genes

0
1

nahEk - Trans-O-hydr epyruvate hydrat; Idolase (POA144)

nahF - Salicylaldehyde dehydrogenase (POA391)

ndoA_nahAB - Naphthalene 1,2-dioxygenase system, ferredoxin component (POA185)
ndoB_nahAC - 1,2-di system, large (POA110)
ndoC_nahAD - Naphthalsne 1,2 system, small oxyg component (POA112)
ndoR_nahAA - Naphthalene 1,2-dioxygenase system ferredoxin reductase component (Q52126)

diox1 - Diaxygenase (BOBK98)
diox2 - Dioxygenase (BOBKS9)
phdl - 1-hydroxy-2-naphthoate 1,2-dioxygenase (024721)

Phenanthrene degradation phdJ - Trans-2"-carboxybenzalpyruvate hydratase-aldolase (Q79EMS)

phdK - 2-formylbenzoate dehydrogenase (Q79EMT)
phnB - Cis-3.4-dihydropt 1e-3,4-diol deh

(QEWXGT)

nidA - Pyrene dioxygenase alpha subunit (ADASFSVS38)
nidB - Pyrene dioxygenase beta subunit (ADABFSVTTS)
pydA - Pyrene dioxygenase alpha subunit (IBVBV2)
pydB - Pyrene dioxygenase beta-subunit (16V200)

Pyrene degradation
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Figurel4. Genomebased detection of polyaromatics degradation genes in strains from PloufBazoTrapSulture FR_PLO_05_ AT &sing the
HADEG database.

3.2.3 Kiel (Germany)

Two microbial consortiabtained from two groundwater samples at the Kiel site were selected for sgtiien isolation
(Tablel). A total of 16 isolates from enrichment culture DE_KIE_03_GW &ansblates fromenrichment cultire
DE_KIE_06_GWere subjected to longead sequencing and genome assembly and PHC degradation genes were
detected using the HADEG databaGenome 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 geseogenced strains in enrichment culture
DE_KIE_03_GWifurel5). The ladA longhain alkane monooxygenase was found in nine strains, includogdetella

sp. strain, a Labryssp. strain a Moraxella sp. strain, both strains ofPandoraea norimbergensidoth strains of
Paraburkholderiand both strains oPseudomonas veroniThe almA alkane monooxygenase gene was found in both
strains ofPandoraea norimbergensisd bothPseudomonasp.strains whereas the alkB alkane monooxygenase gene
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wasonly found in both strains oParaburkholderiaand all four strains odPseudomonadNeither 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 degratigtiei).
Both Pandoraea norimbergenssdrains, as well as thBaraburkholderia fungoruratrain encoded a set of four genes
involved in phthalate degradatiomhe Paraburkholderia xenovorarsirain encoded the andAabcd genes involved in
anthranilate degradation, whereas both strains BSeudomonasreronii encoded the antABC genes involved in
anthranilate degradation. Both strains BEeudomonasp. encoded a complete phendimonooxygenase system.

The genomeébased predicted potential for degradation of polyaromatic compounds in isolates from enrichment culture
DE_KIE_03_GW was limited to a few straFigure17). One of the twoPseudomonas veromgitrains encoded all
essential components of a naphthalene tidxygenase system. Multiple components of such a naphthalene 1,2
dioxygenase system wesdsofound in the genome of th@araburkholderia fungorurstrain.

DE_KIE_03_GW
Genome-based detection of alkane degradation genes (HADEG)

Aucxiliar alkane gene I

Finnerty pathway

alkH_ald - Aldehyde dehydrogenase (P12693)

alkJ_adh - Alcohol dehydrogenase [acceptor] (multiple)

alkS - HTH-type transcriptional regulator AlkS (multiple)

ssuD - Alkanesulfonate monooxygenase (FMNH2-dependent) (multiple)

ahpC - Alkyl hydroperoxide reductase subunit C (Q02UU0)
ahpF - Alkyl hydroperoxide reductase subunit F (Q916Z2)
alkMa - Alkane hydroxylase A (BAB33284.1)

alkMb - Alkane hydroxylase B (BAB33287.1)

FadL - Long-chain fatty acid transport protein (P10384)

alkL - Outer membrane protein (Q00595)

alkN_mcp - Putative methyl-accepting chemotaxis (multiple)
blc - Outer membrane lipoprotein (multiple)

Hydrocarbon uptake

Subterminal oxidation

I B o

BVMO - Baeyer-Villiger monooxygenase (BVMO) (multiple)

Pathway

prmA - Propane 2-monooxygenase, hydroxylase component large subunit (multiple) B Auiliar alkane gene

prmB - Propane 2-monooxygenase, reductase component (multiple)

prmC - Propane 2-monooxygenase, hydroxylase component small subunit (multiple)

prmD - Propane 2-monooxygenase, effector component (multiple)

CHMO - Cyclohexanone 1,2-monooxygenase (P12015)
CYP153 - Cytochrome P153 monooxygenase (L7QFU8)
CYP450 - Cytochrome P450 monooxygenase (multiple)
alkB - Alkane 1-mor (Alkane hy y

almA - Flavin-binding monooxygenase (multiple)

bmoX - Butane monooxygenase hydroxylase alpha subunit (Q8KQFO0)
bmoY - Butane monooxygenase hydroxylase beta subunit (Q8KQE9)
bmoZ - Butane monooxygenase hydroxylasegamma subunit (Q8KQE7)
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I Finnerty pathway
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M Terminal/biterminal oxidation

PHC utilization
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Number of genes
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chnD - 6-hydroxyhexanoate dehydrogenase (QBRXW3)

chnE - 6-oxohexanoate dehydrogenase (QBRXWO0)

ladA - Long-chain alkane monooxygenase (A41U28)

mmoB - Methane monooxygenase regulatory protein B (P27356)

mmoC - Methane monooxygenase component C (Q53563)

mmoX - Methane monooxygenase component A alpha chain (P27353)
mmoY - Methane monooxygenase component A beta chain (P27354)
mmoZ - Methane monooxygenase component A gamma chain (P27355)
pmMoA1 - Particulate methane monooxygenase beta subunit A (Q607G3)
rdx - Rubredoxin (multiple)

rdxR - Rubredoxin-NAD(+) reductase (multiple)
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Figurel5. Genomebased detection of alkane degradation genes in strains from Kiel enrichment culture DE_KIE_03_GW using the HADEG database.
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Figurel6. Genomebased detection of monoaromatics degradation genes in strains from Kiel enrichment culture DE_KIE_03_GW using the HADEG
database.

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 the g, 4ed by the
European Union

35



@ MIBIREMProject

D2.4 List of pollutantdegrading bacteria and their functional genes

DE_KIE_03_GW
Genome-based detection of polyaromatics degradation genes (HADEG)

bphA - Biphenyl 2,3-dioxygenase subunit alpha (multiple)
bphA1 - Biphenyl 2,3-dioxygenase subunit alpha (Q52438)
bphAZ2 - Biphenyl 2, 3-dioxygenase subunit beta (Q52439)
bphA3 - Biphenyl 2,3-dioxygenase ferredoxin subunit (Q52440)
bphAa - Biphenyl 2,3-dioxygenase subunit alpha (Q53122)
bphAb - Biphenyl 2,3-dioxygenase subunit beta (253123)
bphAc - Biphenyl 2,3-dioxygenase ferredoxin subunit (Q53124)
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bphB - Cis-2,3-dihydrobiphenyl-2,3-diol dehydrogenase (multiple)

bphC - Biphenyl-2,3-diol 1,2-dioxygenase (multiple)
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Biphenyl degradation
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bphl - 4-hydroxy-2-oxovalerate aldolase 4 (P51015)

bphJ - Acetaldehyde dehydrogenase 4 (Q79AFE)

bphX2 - Acetaldehyde dehydrogenase 2 (Q52039)

bphX3 - 4-hydroxy-2-oxovalerate aldolase 2 (Q52040)

@can\a - Carbazole 1 9a-dioxygenase, terminal oxygenase component (multiple)

carAc - Carbazole 1 8a-dioxygenase, ferredoxin component (multiple) Pathway
carC - 2-hydroxy-6-ox0-8-(2"-aminophenylhexa-2, 4-diencic acid hydrolase (QIAQNMA)

M Biphenyl degradation
dbfB - 2,2' 3-trihydroxybiphenyl dioxygenase (P47243) Carbazole degradation

Dibenzofuran degradation
[ dszC - Dibenzothiophene monooxygenase (QOZIHS) M Dibenzothiophene degradation

Fluorene degradation
|:|:|ﬂna Fluoren-9-ol dehydrogenase (Q93UV4) 'l Methy,"apma‘ene degradation

Carbazole degradation @

Dibenzofuran degradation —|
Dibenzothiophene degradation .

ARHEE

N B L B E B R H B A

Eﬂ@

BT OO T T T T T IO T O O O 00 O T T T T T

Fluorene degradation [7]

nagAa - Naphthalene 1,2-dioxygenase, feredoxin reductase companent (052378) | gﬁph‘hﬂ:’“ dgg’adia“‘:"
nagAb - Naphthalene 1,2-dioxygenase compenent (052381) enanthrene degradation
nagAc - Naphthalene 1.2-dioxygenase system, large oxygenase component (052382)

Methylnaphthalene degradation M Pyrene degradation

Naphthalene degradation

nagAd - Naphthalene 1,2-dioxygenase system, small oxygenase component (052383) PHC utilization
nahC - 1,2-dihydroxynaphthalene dioxygenase (Q7BTHT)

nahD - 2-hydroxychromene-2-carboxylate isomerase (Q51948)

ndoA_nahAB - e 1,2+ ygenase system, (POA185)

ndoB_nahAC - 1,2-die system, large (POAT10)

nags - 1,2-dihydroxy-1,2 dehyd (052384) B Degrading

doxA - Naphma\ene1 Zdwoxygenase system, ferredoxin component (POA186) W Tolerant

doxB - system, large component (POA111) Number of genes
doxD - Naphthalene1 "2-dioxygenase systsm, small oxygenase component (POA113) 0

doxE - 1,2-dihydroxy-1,2-dihydronaphthalene dehydrogenase (POA170) 1

doxG - 1,2-dihydroxynaphthalene dioxygenase (POA108) 2

nahB - Cis-1, 2-dihydro-1, 2-dihy Shtalens-1, 2-dehy (QBREYB)

nahE - Trans-O-hy repyruvate hyd Idolase (PDA144)

nahF - Salicylaldehyde dehydrogenase (POA391)

ndoC_nahAD - Naphthalene 1,2-dioxygenase system, small oxygenase component (POA112)

ndoR_nahAA - Naphthalene 1,2-dioxygenase system ferredoxin reductase component (Q52128)

diox1 - Dioxygenase (BOBKAS)

diox2 - Dioxygenase (BOBK9S)

phdi - 1-hydi 1,2-dic (024721)

phdJ - Trans-2"-carb uvate hydrat: Idolase (Q79EM8)
phdK - 2-formylbenzoate dehydrogenase (QTSEMT7)

phnB - Cis-3 4-dihydrop 1e-3, 4-diol (QIWXGT)

nidA - Pyrene dioxygenase alpha subunit (ADABF5VS38)
nidB - Pyrene dioxygenase beta subunit (ADABFSVT7S)
pydA - Pyrene dioxygenase alpha subunit (IBVBVZ2)
pydB - Pyrene dioxygenase beta-subunit (16V2D0)

Phenanthrene degradation

Pyrene degradation

[ T e I

W B B B 3 B A B H S

e, 2 I (T OO ] (0 0 O 0 OO0 O

Y
:g
Py

R

o, ~ I (0 LT ] (0 0 O 0 00 O

%,

oo T (0 (T 0 000 0 0 O 00 O T

e
&
'%:9
%,
'?\9
'ﬂ&
R,

s,
9.
3
Y
Ry 7
@é&v
R
%,
%%
o,
PN
-
5,
9595
%‘@

%d‘
%
3
%’I/
ke
%
%6
g

L
oo B
k)
G
@

2
s,;s“‘
%
Zz
K3

)

Figurel?7. Genomebased 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 gesemeenced strains in enrichment culture
DE_KIE_06_GWi¢urel8). The ladA longhain alkane monooxygenase was found in four strains, including both strains
of Paraburkholderiand both strains oPseudomonas veroniThe alImA alkane monooxygenase gene was foundan tw
Pseudomonasp.strains The alkB alkane monooxygenase gene was detected inRasttburkholderiatrains and four

out of five Pseudomonastrains.Neither the cytochrome P153 and P4§@énes, notthe alkM genes were detected in
any of the genomes.

Several strains in enrichment culture DE_KB&E @V showed potential for monoaromatics degradatiétig(ire19).

Both Paraburkholderiastrains encoded a set of four genes involved in phthalate degradation. In addition, the
Paraburkholderia xenovoras$rain also encoded the andAabcd genes involved in anthranilate degrad@ttnstrains

of Pseudomonas veror@ncoded the antABC genes involved in anthranilate degrada®ioth strains oAchromobacter

sp. encoded the amnABCD genes associated wimidophenol degradation. Two of theseudomonasp. strains
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encoded a complete phenokdonooxygenase systemvhereas bth strains ofRhodanobactesp. encodd parts of
both the toluene 2monooxygenase and the phenol-"2onooxygenase system. Both are multicomponent
monooxygenase systems with distinct but sometimes overlapping substrate specificities.

The genomébased predicted potential for degradation of polyaromatic compounds in isolates from enrichment culture
DE_KIE ® GW was limited to a few straingi§ure 20). Both Pseudomonas verongtrains encoded all essential
components of a naphthalene tdloxygenase system. Multiple components of such a naphthalendi®x®genase
system werealsofound in the genome of th@araburkholderia fungorurstrain.

DE_KIE_06_GW
Genome-based detection of alkane degradation genes (HADEG)

Auxiliar alkane gene I

alkH_ald - Aldehyde dehydrogenase (P12693)

alkJ_adh - Alcohol dehydrogenase [acceptor] (multiple)

alkS - HTH-type transcriptional regulator AlkS (multiple)

ssuD - Alkanesulfonate monooxygenase (FMNH2-dependent) (multiple)

ahpC - Alkyl hydroperoxide reductase subunit C (Q02UU0)
ahpF - Alkyl hydroperoxide reductase subunit F (Q91622)
alkMa - Alkane hydroxylase A (BAB33284.1)

alkMb - Alkane hydroxylase B (BAB33287.1)

Finnerty pathway

FadL - Long-chain fatty acid transport protein (P10384)

alkL - Outer membrane protein (Q00595)

alkN_mcp - Putative methyl-accepting chemotaxis (multiple)
blc - Quter membrane lipoprotein (multiple)

Hydrocarbon uptake

BVMO - Baeyer-Villiger monooxygenase (BVMO) (multiple) Pathway
prmA - Propane 2-monooxygenase, hydroxylase component large subunit (multiple) B Auxiliar alkane gene
prmB - Propane 2-monooxygenase, reductase component (multiple) [ Finnerty pathwagy
prmC - Propane 2-monooxygenase, hydroxylase component small subunit (multiple) ™ Hydrocarbon uptake
prmD - Propane 2-monooxygenase, effector component (multiple) Subterminal oxidation
B Terminal/biterminal oxidation

CHMO - Cyclohexanone 1,2-monooxygenase (P12015)

CYP153 - Cytochrome P153 monooxygenase (L7QFU8) PHC utilization
CYP450 - Cytochrome P450 monooxygenase (multiple) Degrading

alkB - Alkane 1-mono (Alkane hydroxy in) (multiple) I Tolerant

almA - Flavin-binding monooxygenase (multiple) Number of genes
bmoX - Butane monooxygenase hydroxylase alpha subunit (Q8KQF0)

bmoY - Butane monooxygenase hydroxylase beta subunit (QBKQE9) 1

bmoZ - Butane monooxygenase hydroxylasegamma subunit (Q8KQE7) 2

chnA - Cyclohexanol dehydrogenase (QGTMA3)

chnB - Cyclohexanone monooxygenase (QBRXW1)

chnC - Caprolactone hydrolase (QBRXW2)

chnD - 6-hydroxyhexanoate dehydrogenase (QBRXW3)

chnE - 6-oxohexanoate dehydrogenase (QBRXW0)

ladA - Long-chain alkane monooxygenase (A41U28)

mmoB - Methane monooxygenase regulatory protein B (P27356)

mmoC - Methane monooxygenase component C (Q53563)

mmoX - Methane monooxygenase component A alpha chain (P27353)
mmoY - Methane monooxygenase component A beta chain (P27354)
mmoZ - Methane monooxygenase component A gamma chain (P27355)
pmoA1 - P: methane monooxygenase beta subunit A (Q607G3)
rdx - Rubredoxin (multiple)

rdxR - Rubredoxin-NAD(+) reductase (multiple)

[ T A

|
[

RO T T T T OO EE T T

WO T OO C T () (T

BT T T T I I T I T O CT T T LT LT T LT T

i

Subterminal oxidation
I

Terminal/biterminal oxidation |
D A S

A O O &P O D0 N oD A
AL oY O A & A A 2
P 5 ﬂg@»@?’ é»fg»& PIBB PGS o 5P

Y
& X O
KR K & KK S K RXKXL S K&
¢ & @ &

Figurel8. Genomebased detection of alkane degradation genes in strains from Kiel enrichment culture DE_KIE_06_GW using the HADEG database.
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Figurel9. Genomebased detection of monoaromatics degradation genes in strains from Kiel enrichment culture DE_KIE_06_GW using the HADEG

database.
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DE_KIE_06_GW
Genome-based detection of polyaromatics degradation genes (HADEG)

bphA - Biphenyl 2,3-dioxygenase subunit alpha (multiple)
bphAT - Biphenyl 2,3-dioxygenase subunit alpha (Q52438)
bphA2 -
bphA3 -
bphAa -
bphAb -
bphAc -
bphAd -
bphB - Cis-2,3-dihydrobiphenyl-2,3-diol dehydrogenase (multiple)
bphC - Biphenyl-2,3-diol 1,2-dioxygenase (multiple)

bphD - 2-hydroxy-6-oxo-8-phenylhexa-2 4-dienoate hydrolase (multiple)

Biphenyl 2,3-dioxygenase subunit beta (252439)

Biphenyl 2,3-dioxygenase ferredoxin subunit (Q52440)

Biphenyl 2,3-dioxygenase subunit alpha (Q53122)

Biphenyl 2,3-dioxygenase subunit beta (Q53123)

Biphenyl 2,3-dioxygenase ferredoxin subunit (Q53124)

Biphenyl 2,3-dioxygenase, ferredoxin reductase subunit (Q0S032)

Biphenyl degradation

bphE - Biphenyl 2,3-dioxygenase subunit beta (multiple)

bphF - 4-hydroxy-2-oxovalerate aldolase (multiple)

bphG - Biphenyl 2 3-dioxygenase system feredoxin reductase component (P37337)
bphl - 4-hydroxy-2-oxovalerate aldolase 4 (P51015)
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R bphd - Acetaldehyde dehydrogenase 4 (Q79AF8)
| bphX2 - Acetaldehyde dehydrogenase 2 (Q52038)
= ] bphX3 - 4-hydroxy-2-oxovalerate aldolase 2 (Q52040)
carAa - Carbazole 1,9a-dioxygenase, terminal oxygenase component (multiple)
Carbazole degradation carAc - Carbazole 1,9a-dioxygenase, ferredoxin component (multiple) Pathway
carC - 2-hydroxy-6-oxo-6-(2"-aminophenyl)hexa-2,4-diencic acid hydrolase (QIAQMA4) M Bipheny! degradation
Dibenzefuran degradation [1] [ [ [ [ 1] [T T T T [T ]dbfB - 2,2 3-trihydroxybiphenyl dioxygenase (P47243) Sagbamfla dagJadal:junl
ibenzofuran degradation
Dibenzothiophene degradation [l [ [ [ [T [T T [T dszc - Dibenzothiophene monaoxygenase (Q0ZIHS) B Dibenzoihiophens degradation
Fluorene degradation [ [ [ [] [ [ 1] [T 1 1] [T 1fin8 - Flucren-9-ol dehydrogenase (Q93UV4) .mg?ﬁiﬁzgﬁggﬁgﬂegm dation
o o | nagAa - Naphthalene 1,2-dioxygenase, ferredoxin reductase companent (052378) lgﬁﬂhlh?:]ﬂﬂﬁ dggmdia“?"
N A g nagAb - Naphthalene 1,2-dioxygenase, component (052381) lef:na: de“‘-‘paeda:g;ﬂ ation
Methylnaphthalene degradation A S I A nagAc - Naphthalene 1,2-dioxygenase system, large oxygenase component (052382) gl
AN (S I (U O S nagAd - Naphthalene 1,2-dioxygenase system, small oxygenase component (052383) PHC utilization
nagB - 1,2-dihydroxy-1,2-dihydronaphthalene dehydrogenase (052384) I Degrading
I o s | doxA - Naphthalene 1,2-dioxygenase system, ferredoxin component (POA186) I Tolerant
] Y o doxB - 1,2 system, large component (POA111) Number of genes
AN S S S S Sy | doxD - Naphthalene 1 2-dioxygenase system, small oxygenase component (POA113) 0
AN [ S Sy S Sy doxE - 1,2-dihydroxy-1,2-dihydronaphthalene dehydrogenase (POA170) 1
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N N (N g || nahF - Salicylaldehyde dehydrogenase (POA391)
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Figure20. Genomebased 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 frorsix sections ofne large soitore samplet the Griftpark site were selected for single

strain isolation Tablel). 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 an
two isolates from enrichment culture NL_UTR_SC5 L S E®@eB®8ubjected to longead 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 gesemenced strains in enrichment
cultures from Griftpark soitores Figure21). The ladA longhain 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
Pseudomonasp. strains andh two Pseudomonas verorsirains. Neither the cytochrome P153 and P450 genes, nor

the alkM genes were detected in any of the genomes.
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The genomebased predicted potential for degradation of monoaromatic and polyaromatic compounds in isolates from
Griftpark soilcoresvas limitedto a few strains(Figure22 and Figure23). Two Pseudomonasp. strains and two
Pseudomonas veronditrains encoded antA, antB and antC, the three major components of the anthranilate 1,2
dioxygenase Figure 22). One Pseudomonas veronitrain contained multiple components of the toluene 2
monooxygenasgFigure 22) and multiple components of the naphthalene idibxygenase Kigure23). No other
complete dioxygenase systems involved in polyaromatics degradation were found.

Griftpark soilcores
Genome-based detection of alkane degradation genes (HADEG)

alkH_ald - Aldehyde dehydrogenase (P12693)

alkJ_adh - Alcohol dehydrogenase [acceptor] (multiple)

alkS - HTH-type transcriptional regulator AlkS (multiple)

ssuD - Alkanesulfonate monooxygenase (FMNH2-dependent) (multiple)

Auxiliar alkane gene

ahpC - Alkyl hydroperoxide reductase subunit C (Q02UU0)
ahpF - Alkyl hydroperoxide reductase subunit F (Q916Z2)
alkMa - Alkane hydroxylase A (BAB33284.1)

alkMb - Alkane hydroxylase B (BAB33287.1)

Finnerty pathway

FadL - Long-chain fatty acid transport protein (P10384)

alkL - Outer membrane protein (Q00595)

alkN_mcp - Putative methyl-accepting chemotaxis (multiple)
blc - Outer membrane lipoprotein (multiple)

Hydrocarbon uptake

BVMO - Baeyer-Villiger monooxygenase (BVMO) (multiple) Pathw_ay

prmA - Propane 2-monooxygenase, hydroxylase component large subunit (multiple) =ﬁ#1ﬂléar{yag;atﬂsvag;ne
Subterminal oxidation prmB - Propane 2-monooxygenase, reductase component (multiple) Hydrocarbon uptake

prmC - Propane 2-monooxygenase, hydroxylase component small subunit (multiple) _ Subterminal oxidation

prmD - Propane 2-monooxygenase, effector component (multiple) M Terminal/biterminal oxidation

CHMO - Cyclohexanone 1,2-monooxygenase (P12015) Enrichment culture

CYP153 - Cytochrome P153 monooxygenase (L7QFU8) ”t—8$s—§gg—&—ss—lé%—%%%

CYP450 - Cytochrome P450 monooxygenase (multiple) BNL UTR SC4 L S EC 303

alkB - Alkane 1-monooxygenase (Alkane hydroxylase-rubredoxin) (multiple) NL_UTR_SC5_L_S_EC_303

almA - Flavin-binding monooxygenase (multiple)

bmoX - Butane monooxygenase hydroxylase alpha subunit (Q8KQF0)
bmoY - Butane monooxygenase hydroxylase beta subunit (QSKQE9) 1
bmoZ - Butane monooxygenase hydroxylasegamma subunit (Q8KQE?7) 2
chnA - Cyclohexanol dehydrogenase (Q6TMA3) 3
chnB - Cyclohexanone monooxygenase (QBRXW1)

chnC - Caprolactone hydrolase (QBRXW2)

chnD - 6-hydroxyhexanoate dehydrogenase (QBRXW3)

chnE - 6-oxohexanoate dehydrogenase (QBRXWO0)

ladA - Long-chain alkane monooxygenase (A41U28)

mmoB - Methane monooxygenase regulatory protein B (P27356)

mmoC - Methane monooxygenase component C (Q53563)

mmoX - Methane monooxygenase component A alpha chain (P27353)

mmoY - Methane monooxygenase component A beta chain (P27354)

mmoZ - Methane monooxygenase component A gamma chain (P27355)

pmoAT1 - Particulate methane monooxygenase beta subunit A (Q607G3)

rdx - Rubredoxin (multiple)

rdxR - Rubredoxin-NAD(+) reductase (multiple)

Number of genes
0

Terminal/biterminal oxidation ‘

Figure21. Genomebased 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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Figure22. Genomebased 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 databa:
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