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09001, Spain
e National Institute of Oceanography and Applied Geophysics, Via del Cedro, Livorno 57122, Italy

H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• 64 bacterial consortia from DE, IT, ES 
were selected for HCH degradation 
capacity.

• All enrichments efficiently depleted all 
HCH isomers despite differing lin 
pathway.

• Suggested lin-independent pathway for 
non Sphingomonadacae taxa.

• Suggested HCH biodegradation by 
diverse taxa and lin-independent 
pathways.

• Bioremediation options expand via lin 
independent HCH degradation capacity.
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A B S T R A C T

Hexachlorocyclohexane (HCH) is a persistent organochlorine pollutant whose attenuation at former production 
sites relies on microbial degradation. The canonical lin pathway, predominantly associated with Sphingomo
nadaceae, is considered the main aerobic route for HCH transformation, yet its environmental distribution re
mains limited. We investigated soil bacterial communities and enrichment-derived bacterial consortia from three 
historically contaminated sites in Germany, Italy, and Spain using HCH depletion assays, 16S rDNA meta
barcoding, and functional inference, based on a curated BIOSYSMOdb dataset developed by the BIOSYSMO 
project. Based on the ASL-level functional inference, the Spanish samples uniquely encoded a complete lin 
pathway restricted to Sphingobium sp., whereas German and Italian communities harboured respectively partial 
(LinB–C) or single-step (LinB) modules. Despite these differences, efficient depletion of all HCH isomers occurred 
across all enrichment cultures. Core-microbiome and differential-abundance analyses identified several non- 
Sphingomonadaceae taxa, including Stenotrophomonas, Pseudomonas, Achromobacter, Pseudolabrys, and 
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Microbiome
lin-independent mechanisms

Cupriavidus, which consistently increased during selective enrichment and likely contribute to HCH depletion. 
Overall, our findings suggest that effective HCH degradation is not restricted to the canonical lin pathway nor to 
Sphingomonadaceae but it might be mediated also by diverse soil bacteria via alternative lin-independent 
mechanisms. These results broaden the known ecological and functional landscape of HCH biodegradation and 
support the exploration of non-Sphingomonadaceae taxa for bioremediation of legacy lindane-contaminated 
sites.

1. Introduction

Hexachlorocyclohexane (HCH) is a highly persistent and toxic 
organochlorine pesticide that was historically used on a large scale in 
agriculture and public health, primarily as technical-grade HCH (t-HCH) 
and its purified isomer, lindane (γ-HCH). Its extensive application has 
resulted in the accumulation of large quantities of residues in soils and 
groundwater worldwide, leading to severe and long-lasting contami
nation with significant ecological and human health risks [1,2]. HCH 
isomers are characterized by high hydrophobicity and chemical stabil
ity, properties that contribute to their environmental persistence and 
bioaccumulation in food webs [3,4].

Microbial communities inhabiting contaminated soils can play a 
crucial role in the natural attenuation of HCH through biodegradation. 
Aerobic lindane degradation is described as mediated by the lin cata
bolic pathway, a series of enzymatic reactions that progressively 
dechlorinate lindane, converting it into less toxic intermediates and 
ultimately mineralizing it to carbon dioxide and chloride ions [5–9]. The 
pathway comprises two major modules. The upper pathway module that 
includes LinA, a dehydrochlorinase initiating dechlorination; LinB, a 
haloalkane dehalogenase catalyzing hydrolytic dehalogenation of in
termediates formed by LinA; and LinC, a dehydrogenase mediating 
subsequent oxidation steps [10,11]. The lower pathway module com
pletes mineralization of the chlorinated intermediates generated up
stream by LinA–LinC. Specifically, LinD (dehydrogenase) converts LinC 
products into chlorophenolic species, which are hydroxylated by LinE 
and LinF to yield chlorocatechols. These are subsequently cleaved and 
processed through LinG, LinH, LinI, and LinJ (chlorocatechol 1,2-diox
ygenase–associated reactions), generating open-chain acids. Finally, 
LinK, LinL, LinM, and LinN catalyze reductive and rearrangement re
actions that transform these intermediates into central metabolites (e.g., 
succinate and acetyl-CoA), achieving complete mineralization [7, 
12–15] Evidence for the involvement of the lin pathway in the degra
dation of all HCH isomers, however, remains incomplete.

Several well-characterized HCH-degrading bacterial strains, such as 
Sphingobium indicum B90A, Sphingobium japonicum UT26, Sphingobium 
francense Sp+ , and Novosphingobium lindaniclasticum LE124, carry lin 
genes and utilize this pathway [8,16,17]. These strains have been iso
lated from diverse HCH-contaminated sites worldwide, underscoring the 
ecological relevance of the lin pathway in HCH biodegradation. Even 
though the lin pathway has been reported within the family Sphingo
monadaceae [18,19], several non-Sphingomonadaceae species have 
also been described as capable of degrading HCH [19–23], but the 
presence of the lin pathway in their genomes has not yet been confirmed. 
[19,24,25]

Given the central role of indigenous microbial communities in 
contaminant degradation and the potential for HCH attenuation through 
biodegradation, this study investigated the microbial ecology of three 
geographically distinct, historically contaminated t-HCH production 
sites located in Germany (Bitterfeld), Italy (Colleferro), and Spain 
(Sabiñánigo) respectively. All three sites hosted decommissioned pro
duction plants. The native bacterial populations potentially involved in 
HCH degradation were identified and characterized by 16S rDNA met
abarcoding. Subsequently, a culturomics approach was adopted to 
recover and characterize bacterial consortia capable of HCH degrada
tion. To maximize the likelihood of isolating effective degraders, up to 
ten soil samples from Germany, eleven from Spain and twelve from Italy 

were collected. An enrichment processes of HCH depleting bacterial 
consortia in presence of high concentration of HCH and an additional 
carbon source was adopted in parallel to the measurement of the kinetics 
of HCH depletion.

Initially, an investigation primarily aimed to identify bacterial taxa 
potentially harbouring the lin pathway was performed and a predictive 
profiling was adopted. The predictive profiling was based on the 
alignment of the bacterial consortia candidate proteomic sequences 
involved in HCH degradation to a curated protein dataset specifically 
developed by the BIOSYSMO project [26].

This dataset provides a reference framework for mapping candidate 
proteomes and identifying which functional steps of the lin pathway 
mediated HCH degradation are potentially encoded within each soil 
samples and derived bacterial consortia. By combining taxonomic 
identification with available genomic and proteomic information from 
the predicted candidate genomes, the approach allows confirmation of 
lin pathway associated protein sequences intrinsically linked to the 
detected taxa, contributing to a clearer taxonomic context for each soil 
area. Results obtained indicate that the Italian bacterial consortia pu
tatively encoded only LinB, indicating a hydrolytic single-step configu
ration. German bacterial consortia putatively encoded LinB and LinC, 
supporting partial oxidative capability, while Spanish bacterial consor
tia putativelly retained the full LinA–F complement, representing the 
complete lin pathway, suggesting a discrete functional architecture 
among sites. The entire lin pathway was harboured only by the Sphin
gobium sp., whose presence was restricted to the Spanish soil samples 
and derived bacterial consortia. The HCH degradative capacity of the 
different bacterial consortia, even in the possible absence of the lin 
pathway, prompted a more detailed investigation of the most effective 
bacterial consortia in terms of their degradation performance. Three 
best performing bacterial consortia per site were selected for a 
comparative analysis of the core bacterial consortia, shared with their 
corresponding contaminated soils. This approach enabled the identifi
cation of taxa of potential relevance in HCH degradation, based on the 
assumption that taxa present in the original soils and persisting through 
the HCH degrading bacterial consortia enrichment process, particularly 
those increasing in abundance, represent strong candidates for HCH- 
degrading capability. Results demonstrated that at genus level Steno
trophomonas, Pseudomonas, and Achromobacter, increased significantly 
in abundance during the enrichment process of bacterial consortia 
deriving from the German site (Bitterfeld, DE); in the case of the Spanish 
site (Sabiñánigo, SP), Sphingobium and Sphingomonas, and of the Italian 
one (Colleferro, IT), Pseudomonas, Pseudolabrys, and Cupriavidus spp. 
increased in abundance during the enrichment process. Intermediates of 
degradation of HCH not referrable to the lin pathway have been iden
tified. The involvement of an efficient, non lin pathway dependent HCH 
degradation capacity in non Sphingomonadaceae bacterial strains was 
proposed.

2. Materials and methods

2.1. Bacterial consortia enrichment and HCH depletion assays

Soil samples collected from the Germany, Bitterfeld (51◦37'55.4"N 
12◦16'44.3"E), Italy, Colleferro (41◦44'37.4"N 12◦58'56.8"E), and Spain, 
Sabiñánigo (42◦29'03.7"N 0◦21'17.0"W) regions at dismissed industrial 
plants. The soil samples, deriving from historically contaminated sites, 
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were used as inocula in liquid culture, under selective medium condi
tions, to evaluate the degradation kinetics of HCH isomers, while 
concurrently enriching bacterial consortia able to grow under the 
imposed selective conditions. A total of 10 different soil samples were 
utilised from the German, 11 from the Spanish site, 12 from the Italian 
one. The HCH depletion kinetics of depletion were used as the criterion 
to select bacterial consortia with high degradation efficiency. A total of 
576 sterile gas-tight 20-mL vials were prepared (6 vials per soil sample 
per time of analysis), each containing 5 mL of Minimum Salt Medium 
(MSM) (KH2PO4, 170 mg; Na2HPO4, 980 mg; (NH4)2SO4, 100 mg; 
MgSO4, 4.87 mg; FeSO4, 0.05 mg; CaCO3, 0.2 mg; ZnSO4, 0.08 mg; 
CuSO4⋅5 H2O, 0.016 mg; Na2MoO4⋅2 H2O, 0.05 mg; MnSO4, 0.05 mg; 
H3BO3, 0.006 mg) supplemented with HCH at a final concentration of 
100 mg • L− 1 (α, β, γ, δ; 1:1:1:1) and glucose at a final concentration of 
0.1% w/v, to facilitate potential co-metabolic processes during the 
degradation. In fact, these observations are validated by the ones seen in 
previous studies, that have shown that co-metabolism between glucose 
and HCH contributed to the capacities of soil microbial consortia to 
deplete all the HCH isomers [27]. Two grams of previously homogenised 
soil sample were sieved under 2 mm. The sieved soil was added to 30 mL 
of physiological solution (sterile deionized water with 0.9% w/v NaCl). 
The resulting suspension was sonicated in a water-bath sonicator 
(Elmasonic P70H, Elma Schmidbauer GmbH, Germany) at 37 kHz, 37 
◦C, and 100% power for 5 min 100 µL of the soils suspensions were 
added to the 567 vials containing 5 mL of MSM with HCH and glucose 
(0.1% w/v) to achieve an inoculum ratio of 2% v/v. As negative controls, 
three vials per time point were prepared containing MSM, 0.1% w/v 
glucose, and HCH at 100 mg • L− 1, without soil inoculum, and analysed 
at the corresponding time points for residual HCH quantification. In 
addition, to confirm the absence of possible biotic removal in control 
vials, 100 µL from each vials were plated on LB agar plates at the time 
points of analysis to assess absence of microbial growth. LB is a complex 
(undefined) nutrient-rich medium that supports the growth of a broad 
range of culturable bacteria. Evan though not exhaustive supported the 
absence of not specific microbial growth in the control vials. All the vials 
(576 plus 9 control vials) were incubated at 25 ◦C ± 1 ◦C in the dark 
with orbital shaking at 130 rpm. Six biological replicates were prepared 
for each sample and for each time point. Every 15 days, the vials were 
opened and aerated under a sterile air flow (0.8 NL • min− 1 for 10 s). 
Sampling times to evaluate HCH depletion kinetics were at time zero, 
and after 30 and 60 days of incubation.

2.2. Measurement of HCH depletion

All soil samples used in this study were analysed by AGROLAB Italia 
S.r.l. (Via Retrone 29/31, 36077 Altavilla Vicentina, VI, Italy) to 
determine the concentrations of all HCH isomers, the certified labora
tory report result with a RSD% of 7–15%. Each liquid sample was ana
lysed internally by GC-FID. The vials, inoculated or not inoculated with 
soil samples, were extracted with an equal volume of n-hexane con
taining 248 µL • L− 1 of fluorene as an internal standard. The mixture was 
vortex-emulsified for 2 min, after which an aliquot of the non-aqueous 
phase was collected, treated by adding 0.1 g of anhydrous Na₂SO₄, 
allowed to settle for 2 min in the dark at room temperature to remove 
residual water, and analysed as follows: 1 µL of the extract was injected 
into an Agilent 7890B gas chromatograph (GC) equipped with a flame 
ionization detector (FID) and a 20 m column (0.18 mm i.d., 0.18 µm 
film) coated with a non-polar stationary phase containing 5% diphenyl- 
polysiloxane (HP-5MS, Agilent). Instrument settings were splitless 
injector mode, constant injector temperature 280 ◦C, septum purge flow 
3 mL • min− 1, inlet purge flow 40 mL • min− 1 after 1 min; isocratic 
carrier gas (helium) flow 0.8 mL • min− 1. The oven temperature pro
gram was: 80 ◦C for 2 min; ramp to 100 ◦C at 20℃ • min− 1, hold 1 min; 
ramp to 240 ◦C at 27.5℃ • min− 1, no hold; ramp to 250 ◦C at 
14℃ • min− 1, hold 4 min. The total run time was 14 min. Detector 

settings were: filament voltage 1.8 V, delay 240 s, mass range 35–500 
m/z, and acquisition rate 12 Hz. Transfer line temperature was 280 ◦C, 
source temperature 280 ◦C, and ionization potential − 70 eV. Each 
extract was injected twice into the GC-FID, yielding three biological and 
three technical replicates per sample analyzed. For GC-FID calibration, 
dilutions were prepared from an HCH stock solution at 0.46 g • L− 1 (α, β, 
γ, δ; 1:1:1:1; Sigma-Aldrich) dissolved in acetone. A calibration curve 
was generated by interpolating signals from five serial dilutions span
ning 0–100 mg • L− 1 per isomer. Calibration curves were fitted with a 
free intercept; an instrument blank containing hexane only was used to 
detect possible contamination. The R² values for the α-, β-, γ-, and 
δ-isomers were 0.999, 0.995, 0.986, and 0.999, respectively. From a 
fluorene stock solution at 1.02 g • L− 1 in hexane, a spike was added to 
the extraction solvent to obtain a final concentration of 248 μg • L− 1 

fluorene in each sample, used as the internal standard. Chromatographic 
peak integration was performed by normalizing the baseline-integrated 
area of each analyte peak to the chromatographic peak area of the in
ternal standard, thereby yielding four normalized areas, one for each 
isomer analysed. Post hoc comparisons use Dunn’s test with Benjami
ni–Hochberg correction for multiple comparison (nparLD v2.2, rstatix 
v0.7.2) [28].

2.3. Identification of HCH metabolites of degradation

The identification of HCH metabolites of the degradation process by 
the different bacterial consortia was attempted by chromatographic 
analyses using an Agilent 7890B GC system (Agilent Technologies, Santa 
Clara, CA, USA) equipped with a Bench-TOF time-of-flight mass 
analyzer (Markes International Ltd., Llantrisant, United Kingdom). He
lium was used as the carrier gas. Injections were carried out in split 
mode: a split ratio of 1:20 was used for the quantification of analytes, 
while a split ratio of 1:2 was employed for the detection of metabolites. 
The installed capillary column was a DB-5MS (30 m × 0.25 mm i.d. ×
0.25 μm film thickness) provided by Agilent Technologies. The tem
perature program was as follows: the initial temperature of 80 ◦C was 
held for 1 min, then increased to 280 ◦C at a rate of 10 ◦C/min. The 
Bench-TOF ionization source was set to − 70 eV, and the transfer line 
temperature was maintained at 250 ◦C [29–31] Data acquisition was 
performed in Total Ion Current (TIC) mode to obtain a full scan of the 
ions generated during fragmentation. Metabolite identification was 
carried out using ChromSpace software dedicated to the integrated 
management of chromatographic and mass spectrometry data. Each 
significant signal detected in the chromatogram was analyzed by means 
of the mass spectrum associated with the corresponding peak and 
compared against the EPA-NIST-NIH spectral library installed in the 
system, based on the percentage of spectral overlap (match). Each 
spectrum was additionally subjected to manual verification, the ex
pected fragmentation patterns were evaluated using, as the primary 
discriminating criterion, the presence of the characteristic isotopic 
pattern of chlorine: an element naturally occurring as 35Cl (76%) and 
37Cl (24%), which generates characteristic signals in the mass spectrum 
(e.g., [M]⁺, [M+2]⁺, and [M+4]⁺), thus representing a distinctive marker 
for the recognition of chlorinated compounds and their transformation 
products. In relation to the extraction procedure, each sample was taken 
from the freezer (− 21 ◦C) and left to thaw at room temperature. A so
lution of fluorene in acetone was prepared at a concentration of 
1000 ppm, and each sample was spiked with fluorene at 100 ppm; 
samples were then vortexed for 1 min to ensure homogeneity. A 
dispersive liquid-liquid extraction was adopted. 5 mL of n-hexane [31, 
32] was added as extraction solvent and 1 g of NaCl was added to induce 
the "salting out" phenomenon of the analytes, to facilitate the process. 
After vortexing for 1 min, the sample was set aside to await proper phase 
separation. Once the correct separation between the aqueous and 
organic layers was achieved, 200 µL of the supernatant were collected 
and transferred into a 250 µL vial containing activated anhydrous 
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sodium sulfate, to completely dehydrate the sample.

2.4. Metagenomic DNA extraction

For each soil sample and each enrichment-derived bacterial con
sortia, three replicates were analyzed, for a total of 93 soil samples and 
27 enrichment samples. Soil samples were manually homogenized, and 
500 mg aliquots were collected. For bacterial consortia samples ob
tained from liquid cultures, 100 mg of cell pellet were collected. The cell 
pellet was obtained by serial centrifugation at 14,000 × g for 5 min until 
the entire 5 mL sample had been processed. Genomic DNA of soil and 
cell pellet samples was extracted using the FastDNA™ SPIN Kit for Soil 
(MP Biomedicals) and the FastPrep Instrument (MP Biomedicals), 
following the manufacturer’s instructions. DNA integrity was evaluated 
by electrophoresis on a 1% agarose gel. DNA quantity was measured 
with a Qubit® 3.0 fluorometer (Invitrogen, Thermo Fisher Scientific) 
according to the manufacturer’s instructions. Sample purity was 
assessed by the 260/280 nm and 260/230 nm absorbance ratios.

2.5. 16S rDNA metabarcoding

Illumina sequencing libraries were prepared by Novogene (Novo
gene Company Limited, Rm. 19 C, Lockhart Ctr., 301–307 Lockhart Rd., 
Wan Chai, Hong Kong). Bacteria were identified by specific amplifica
tion of the V4–V5 hypervariable regions of the 16S rRNA gene using the 
forward primer 515 F (5′-GTGCCAGCMGCCGCGGTAA-3′) and the 
reverse primer 907 R (5′-CCGTCAATTCCTTTGAGTTT-3′). For both soil 
and cell-pellet samples, a total of 200 ng DNA was used to generate the 
metagenomic libraries. Samples were sequenced in triplicate on an 
Illumina NovaSeq 6000 platform with 250 bp paired end reads.

2.6. Bioinformatic analysis

Paired-end 250 bp reads from 16S libraries were demultiplexed by 
sample-specific barcodes and trimmed with Cutadapt v4.6 [33]. For
ward and reverse reads were merged, filtered (minimum Phred ≥ 10), 
and screened for chimeras. Amplicon sequence variants (ASVs) were 
inferred using DADA2 v1.26 within QIIME2 v2023.2 [34–36]. Taxon
omy was assigned with RESCRIPt v2023.2.0 in QIIME2 [37], using a 
classifier trained on the corresponding hypervariable region from the 
SILVA 138 99% 16S reference database. ASV tables were normalized by 
coverage-based standardization (0.9950 ± 0.0025) implemented with 
iNEXT v3.0.2. [38] α-Diversity was quantified using the Hill–Simpson 
and Hill–Shannon indices and the Chao1 richness estimator (meta
gMisc_R v0.5.0) [39–41]. Statistical significance was evaluated by 
Kruskal–Wallis test by ranks followed by Dunn’s post-hoc tests (nparLD 
v2.2, rstatix v0.7.2) [28]. Rarefaction curves of observed species were 
generated at the specified coverage threshold.

The core microbiome for each microbial community was inferred 
from the complete ASV dataset through a parameterised filtering 
workflows with specific stringency, aligned to the specific analytical 
objective. Analyses were conceived as exploratory and hypothesis 
generating, relying on ASV based taxonomic assignments to inform 
downstream functional interpretation rather than direct functional 
inference from marker gene data. All statistical analyses were performed 
in R (v4.3.1) via RStudio and Pyhton (v3.12.3) via Pandas (v2.3.3) Bio. 
SeqIO (v1.85). For community composition analyses (diversity and 
abundance metrics), we applied a high-stringency criterion that retained 
only ASVs meeting both of the following requirements: (i) a prevalence 
≥ 50% (detected in at least half of the biological triplicates) and (ii) a 
minimum detection threshold of 0.1% relative abundance. ASVs falling 
below this limit were classified as ultra-low-frequency taxa and excluded 
due to their limited representativeness of the core microbiome (micro
biome v1.24.0). Shared taxa across samples were visualized with flower 
plots generated using the EVenn online tool, which summarizes set re
lationships [42]. Differential abundances between soil-derived bacterial 

communities and enriched bacterial consortia were assessed with 
ANCOM-BC2 (ANCOMBC v3.18). A less stringent filtering scheme was 
implemented to assess the functional potential of the microbial ecology 
of the soil samples and of the bacterial consortia. This approach 
employed a relative abundance threshold of ≥ 0.2% [43,44] and 
required ASVs to be present in at least 20% [45] of the samples, ensuring 
the retention of functionally relevant but potentially less dominant taxa. 
The filtered ASVs were compared against the NCBI nucleotide database 
[46] using the BLASTn algorithm [47] to infer potential genome-level 
affiliations. To explore potential functional traits related to pollutant 
degradation, exploration of functional traits related to pollutant degra
dation was therefore grounded on taxonomic affiliations inferred from 
16S rDNA ASVs and their association with the proteomic sequences of 
the candidate genomes, instead of the detection of functional genes, 
providing putative, overall community-level assessment of the contri
bution of each consortium to HCH degradation at each site. The strength 
of this approach was that the retrieved protein datasets associated with 
each candidate genome were aligned against a curated subset of the 
BIOSYSMOdb v1.0 [26] specifically focused on lindane degradation 
pathways in combination with UniProt specific annotation entries 
(available in Supplementary Information) [26,48,49]. BLASTp searches 
were conducted using predefined similarity thresholds selected to bal
ance sensitivity and specificity in a screening-oriented context (mini
munm) identity of 60%, e-value ≤ 1e− 5, and minimum query coverage 
of 80%) applied uniformly across all samples to ensure methodological 
consistency across the different sites. Although, the identified lin gene 
potential homologues were therefore considered putative, they are 
indicative of potential functional affiliation, which in future studies will 
be tested further for evidence of confirmed enzymatic activity or 
pathway completeness. The rationale and parameterisation of the 
filtering workflows is described in detail in the Supplementary Infor
mation (SF1 and SF2)

3. Results

3.1. Soil sample chemical characterization

The HCH contamination levels in the soil samples collected at the 
three sites are presented in Table 1. The data were the results of Agrolab 
lab’s quantification (Agrolab group, Italia). Soils from Bitterfeld (Ger
many, DE) show uniformly quite elevated α-HCH.; notably, DE_B
IT_03_A_S, DE_BIT_04_A_S, DE_BIT_08_A_S, and DE_BIT_10_A_S contain 
2000, 7500, 204, and 310 mg • kg− 1, respectively. β-HCH is likewise 
elevated in several DE samples—DE_BIT_04_A_S (135 mg • kg− 1), DE_B
IT_10_A_S (93 mg • kg− 1), DE_BIT_03_A_S (77 mg • kg− 1), and DE_B
IT_08_A_S (74 mg • kg− 1).

These four are the most contaminated German soils, also exhibiting 
the highest δ- and γ-HCH values (DE_BIT_04_A_S: 110 mg • kg− 1 δ-HCH; 
109 mg • kg− 1 γ-HCH).

By contrast, soils from Colleferro (Italy, IT) display lower total HCH 
contamination. The α-HCH is comparatively high in IT_COL_02_B_S 
(58.7 mg • kg− 1), IT_COL_04_B_S (45 mg • kg− 1), and IT_COL_08_B_S 
(23.4 mg • kg− 1). The β-HCH peaks at 305 mg • kg− 1 in IT_COL_04_B_S, 
which is also among the highest total HCH concentrations (Σ-HCH =
355.3 mg • kg− 1). The highest δ-HCH among Italian samples occurs in 
IT_COL_07_B_S (10 mg • kg− 1), while γ-HCH reaches 8.5 mg • kg− 1 in 
IT_COL_10_A_S. In Sabiñánigo (Spain, SP), contamination levels vary 
widely. The most contaminated sample, SP_SAR_02_A_SL, contains 1 750 
mg • kg− 1 α-HCH, 85 mg • kg− 1 β-HCH, 3 700 mg • kg− 1 γ-HCH, and 2 
090 mg • kg− 1 δ-HCH, yielding a total of 7 625 mg • kg− 1 Σ-HCH. Other 
Spanish samples show much lower levels: for instance, SP_SAR_03_A_S 
has 4.5 mg • kg− 1 α-HCH, 26 mg • kg− 1 β-HCH, 0.48 mg • kg− 1 γ-HCH, 
and 0.77 mg • kg− 1 δ-HCH (Σ = 31.8 mg • kg− 1); while SP_INQ_01_A_S 
records 0.2 mg • kg− 1 α-HCH, 2.45 mg • kg− 1 β-HCH, 0.027 mg • kg− 1 
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γ-HCH, and 0.078 mg • kg− 1 δ-HCH (Σ = 2.76 mg • kg− 1). Across all soils, 
maximum α-HCH occurs in DE_BIT_04_A_S (7 500 mg • kg− 1), The β-HCH 
peaks in IT_COL_04_B_S (305 mg • kg− 1), and δ-/γ-HCH attain their 
maxima in SP_SAR_02_A_SL (2 090 mg • kg− 1 δ-HCH; 3 700 mg • kg− 1 

γ-HCH).

3.2. Enrichment of HCH degrading bacterial consortia from the three 
contaminated sites

The enriched bacterial consortia kinetics of HCH depletion were 
determined during their enrichment process to distinguish the bacterial 
consortia on the base of their efficiency in the depletion of all the 
different HCH isomers (Fig. 1). HCH isomer concentrations were quan
tified at the setup of the experimentation (day 0) and after 30 and 60 
days of incubation. Fig. 1, panel A shows the HCH isomers concentra
tions over time of incubation for Bitterfeld bacterial consortia (Germany, 
DE). Any bacterial consortia reduced α-, δ-, or γ-HCH concentrations to 
below 10 mg • L− 1by day 60, whereas several achieved levels as low as 5 
mg • L− 1for β-HCH. The most effective bacterial consortia were DE_B
IT_03_A_S_EC002, DE_BIT_08_A_S_EC002, and DE_BIT_10_A_S_EC002, 
which also performed better than others across the other isomers. 
Notably, DE_BIT_08_A_S_EC002 showed the lowest residual α-HCH 
concentration (16.49 mg • L− 1) by day 60, followed by DE_BIT_03_
A_S_EC002 (18.83 mg • L− 1) and DE_BIT_10_A_S_EC002 (17.98 
mg • L− 1). For β-HCH, the same consortia exhibited final concentrations 
of 11.99, 14.61, and 8.66 mg • L− 1, respectively. Residual γ-HCH con
centrations were 18.94 mg • L− 1 for DE_BIT_08_A_S_EC002, 20.43 mg •
L− 1 for DE_BIT_03_A_S_EC002, and 19.45 mg • L− 1 for DE_BIT_10_
A_S_EC002, while δ-HCH remained at 18.25, 18.72, and 17.93 mg • L− 1, 
respectively. Overall, the total HCH residuals at day 60 were 65.69, 
72.58, and 63.90 mg • L− 1.

Fig. 1, panel B summarizes HCH depletion by bacterial consortia 
enriched from Sabiñánigo soils (Spain, SP). Depletion patterns varied 

across consortia. The most efficient were SP_BA_01_A_S_EC002, 
SP_BA_05_A_SL_EC002, SP_INQ_01_A_S_EC002, SP_SAR_02_A_SL_EC002, 
and SP_SAR_03_A_SL_EC002. By day 60, these exhibited the lowest re
sidual concentrations for α-HCH (ranging from 0.08 to 0.47 mg • L− 1) 
and γ-HCH (0.32–0.37 mg • L− 1). For δ-HCH, SP_BA_05_A_SL_EC002, 
SP_INQ_01_A_S_EC002, and SP_SAR_02_A_SL_EC002 reached values 
close to 0 mg • L− 1 (complete depletion within measurement error), 
while SP_SAR_03_A_SL_EC002 remained at 0.72 mg • L− 1 and 
SP_BA_01_A_S_EC002 at 4.84 mg • L− 1. The β-HCH residual concentra
tions ranged between 4.27 and 13.66 mg • L− 1, with the lowest levels 
again in SP_BA_05_A_SL_EC002 and SP_SAR_02_A_SL_EC002. Three 
consortia, the—SP_BA_05_A_SL_EC002, SP_SAR_02_A_SL_EC002, and 
SP_INQ_01_A_S_EC002—displayed mean total HCH residuals < 8 mg •
L− 1 after 60 days.

Fig. 1, panel C shows HCH isomer depletion by bacterial consortia 
isolated from Colleferro soils (Italy, IT). All Colleferro consortia dis
played similar degradation patterns, with almost complete removal of 
α-, γ-, and δ-HCH. Residual α-HCH concentrations ranged from 0.26 to 
0.69 mg • L− 1 (average 0.41 mg • L− 1), γ-HCH from 0.44 to 1.21 mg • L− 1 

(average 0.77 mg • L− 1), and δ-HCH from 0.52 to 1.47 mg • L− 1 (average 
1.04 mg • L− 1). β-HCH showed higher persistence, with residual values 
between 3.36 and 8.01 mg • L− 1 (average 5.23 mg • L− 1). The identified 
metabolites, in all the microbial consortia analyzed, were γ-penta
chlorocyclohexene (Table S2, panel A), belonging the lin pathway. The 
intermediates of degradation δ-3,4,5,6-tetrachlorocyclohexene 
(Table S2, panel B) and 1,2,4-trichlorobenzene (Table S2, panel C), not 
belonging to the lin pathway, were also identified in all the microbial 
consortia analyzed. The reported intermediates were not detected in the 
control extracts.

Table 1 
The soils concentration of each HCH-isomers is reported as mg • kg− 1

. RSD (7–15%).

Country Samples α-HCH β-HCH γ-HCH δ-HCH Σ-HCH

Spain SP_BA_01_A_S 0,0029 0,00191 0,0027 0,01 0,01751
Spain SP_BA_02_A_S 0,073 0,084 0,077 0,085 0,319
Spain SP_BA_03_A_S 0,146 0,0077 0,161 0,3 0,6147
Spain SP_BA_04_A_S 0,0199 0,021 0,023 0,165 0,2289
Spain SP_BA_05_A_SL 0,31 0,92 0,0159 0,034 1,2799
Spain SP_INQ_01_A_S 0,2 2,45 0,027 0,078 2755
Spain SP_INQ_02_A_S 0,0098 0,3 0,0093 0,036 0,3551
Spain SP_SAR_01_A_S 0,207 0,173 0,145 0,53 1055
Spain SP_SAR_02_A_SL 1750 85 3700 2090 7625
Spain SP_SAR_03_A_S 4,5 26 0,48 0,77 31,75
Germany DE_BIT_01_A_S 0,62 0,95 0,0084 0,01 1,5884
Germany DE_BIT_02_A_S 1,43 2,5 0,0097 0,0117 3,9514
Germany DE_BIT_03_A_S 2000 77 24,7 9,5 2111,2
Germany DE_BIT_04_A_S 7500 135 109 110 7854
Germany DE_BIT_05_A_S 0,167 0,19 0,001 0,01 0,368
Germany DE_BIT_06_A_S 3,5 1,59 0,025 0,01 5125
Germany DE_BIT_07_A_S 0,92 1,08 0,0154 0,027 2,0424
Germany DE_BIT_08_A_S 204 74 3,5 1,44 282,94
Germany DE_BIT_09_A_S 13,9 41 0,144 0,239 55,283
Germany DE_BIT_10_A_S 310 93 4 2,31 409,31
Italy IT_COL_01_C_S 6,7 0,0617 0,452 0,01 7,2237
Italy IT_COL_02_B_S 58,7 0,75 4,86 0,099 64,409
Italy IT_COL_03_C_S 0,594 0,505 0,0612 0,83 1,9902
Italy IT_COL_04_B_S 45 305 0,103 5,2 355,303
Italy IT_COL_05_C_S 10,7 1,16 0,75 4,7 17,31
Italy IT_COL_06_C_S 0,0014 0,0018 0,0019 0,01 0,0151
Italy IT_COL_07_B_S 18,9 16,7 2,24 10 47,84
Italy IT_COL_08_B_S 23,4 4,18 0,386 2,41 30,376
Italy IT_COL_09_A_S 0,0259 0,0092 0,094 0,027 0,1561
Italy IT_COL_10_A_S 0,067 0,132 8,5 1,25 9949
Italy IT_COL_11_C_S 0,0023 0,003 0,0031 0,01 0,0184
Italy IT_COL_12_C_S 0,79 0,14 0,087 0,04 1057
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Fig. 1. Boxplots of α-, β-, γ-, and δ-HCH isomer concentrations, and their sum, measured at the enrichment protocol time points. The figure reports data for selected 
samples from Bitterfeld (Panel A), Sabiñánigo (Panel B), and Colleferro (Panel C) at setup (Day 0), Day 30, and Day 60. Post hoc comparisons use Dunn’s test with 
Benjamini–Hochberg correction for multiple testing. Asterisks above the boxplots denote statistically significant differences (p < 0.05) between each sample and the 
control (Blank). All remaining pairwise comparisons are provided in the Supplementary Material for brevity and ease of interpretation (S3 for Germany, S4 for Italy 
and S5 for Spain).
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3.3. Functional inference of the lin pathway of the three site soil samples 
and derived bacterial consortia

To assess a putative site-specific presence of the lin pathway as 
harboured by the bacterial communities of the soil samples and its sta
bility during the enrichment process of the different bacterial consortia, 
metagenome-resolved inference was performed at the ASV level 
following the filtering criteria described in Supplementary materials
(SF1) providing an indirect, community-level view of lin-associated 
functional potential. The inference aimed to minimize stochastic noise 
and retain ecologically stable variants for downstream functional 
profiling related to the identification of taxa potentially harbouring lin 
genes. The resulting datasets, as well as detailed counts of retained 
ASVs, candidate genomes, and protein sequences for each country, are 
reported in the Supplementary materials (SF2). From the German soil 
samples with no enrichment conditions, four ASVs were associated with 
ten candidates’ genomes containing lin gene homologues, yielding 
eighteen protein hits assigned to LinB (haloalkane dehalogenase) and 
LinC (2,5-DDOL dehydrogenase). These ASVs were associated to Myco
bacterium, Bradyrhizobium, Kribella, Streptomyces spp. The recovered 
enzymes correspond to the upper and intermediate modules of the lin 
pathway and collectively support hydrolytic and oxidative degradation 
potential. No hits were detected for the lower pathway enzymes 
(LinD–LinF), suggesting incomplete catabolic capacity by the lin 
pathway at the community level. Under enrichment conditions, only 
three bacterial consortia the DE_BIT_03_A_S_EC002_T02, DE_BIT_08_
A_S_EC002_T02 and DE_BIT_10_A_S_EC002_T02 were associated with 
only one candidate genome, belonging to Bradyrhizobium sp., encoding 
only LinB hits, indicating a functional contraction during the enrichment 
process and the loss of oxidative capacity associated with LinC. In the 
Italian soils, three ASVs were linked to four candidate genomes. The 
taxonomical characterisation indicated Variovorax, Bradyrhizobium, 
Mehtylorubrum, Geothrix spp. encoding for linB homologous genes, with 
no other lin genes detected. This configuration restricts the soil activity 
to the initial hydrolytic dehalogenation step of the pathway. All the 
enriched bacterial consortia showed a similar pattern, where four ASVs, 
belonging to Variovorax, Methylorubrum, Geothrix and Bradyrhizobium 
genera, produced six candidate genomes and six linB hit, suggesting the 
conservation of the encoding sequence for linB during the enrichment 
process. Spanish soils yielded five candidate genomes associated with 
three ASV taxonomically affiliated with Sphingobium sp., Bradyrhizobium 
sp. and Kribbella sp. These candidate genomes collectively encode 
twenty-five protein hits, spanning multiple gene families, including 
LinA, LinB, LinC, and LinF. In contrast to the German and Italian this 
configuration spans all major functional modules of the HCH degrada
tion pathway from the initial dehydrochlorination (linA) through the 
hydrolytic and dehydrogenative steps (linB–C), to the final ring-cleavage 
(linF ). Notably the same pattern was retained in the enriched bacterial 
consortia, suggesting potential conservation of the lin pathway during 
the enrichment process, rather than a contraction toward partial 
pathway components. Overall, these patterns point to distinct site spe
cific configurations of lin-related functional potential across regions, 
which are interpreted as indicative architectures at the bacterial tax
onomical distribution scale rather than strain-resolved complete path
ways association.

3.4. Microbial ecology of soils and derived HCH depleting bacterial 
consortia

To tentatively depict the bacterial taxa responsible for the observed 
kinetics of HCH depletion, not necessarily restricted to the presence of 
the intact lin pathway, three better performing bacterial consortiafor site 
were selected for better characterisation by downstream analysis. For 
the Italian site, all consortia showed high degradation performance thus 
to ensure site representativeness, IT_COL_03_C_S_EC002_T02, 
IT_COL_04_B_S_EC002_T02, and IT_COL_10_A_S_EC002_T02 were 

selected, as they originated from distinct sampling areas. For the Spanish 
site, the chosen consortia were SP_BA_05_A_SL_EC002, SP_INQ_01_A_
S_EC002, and SP_SAR_02_A_SL_EC002. For the German site the DE_B
IT_09_A_S, DE_BIT_05_A_S and DE_BIT_05_A_S.

Fig. 2 shows the α-diversity profiles of the selected bacterial con
sortia. Based on Chao1 richness, the German (DE) and Spanish (SP) 
bacterial consortia exhibit higher richness than those from Colleferro 
(IT). An exception is SP_SAR_02_A_SL, which departs from the Spanish 
trend and resembles the Italian ones. Hill–Simpson evenness indicates 
that Italian bacterial consortia are less even, except IT_COL_10_A_S, 
whose evenness is comparable to SP_BA_05_A_SL. Within the Spanish 
bacterial consortia, SP_SAR_02_A_SL also shows low evenness, whereas 
the German bacterial consortia are more heterogeneous, with DE_B
IT_05_A_S exhibiting the highest evenness. Consistent with these pat
terns, the Hill–Shannon index, which integrates richness and evenness, 
shows that the Italian bacterial consortia are, on average, less diverse 
and less evenly distributed than those from German and Spanish one.

Comparing the three soil α-diversity with that of the deriving bac
terial consortia for each region it is evident that the selective growth 
conditions during enrichment markedly shaped the bacterial consortia 
ecology (Fig. 3). For the German site (Fig. 3, Panel A) the selected 
consortia, DE_BIT_03_A_S_EC002_T02, DE_BIT_04_A_S_EC002_T02, and 
DE_BIT_08_A_S_EC002_T02, display Chao1 values far below the soil av
erages one, indicating reduced richness. The strong selective pressure of 
the enrichment procedure narrowed the taxonomic breadth, lowering 
diversity. Evenness likewise dropped substantially, a trend corroborated 
by the Hill–Shannon index. Statistical analysis revealed significant dif
ferences in all indices between selected bacterial consortia and soils, 
whereas diversity among the soil themselves did not differ significantly. 
Notably, soil Chao1 values are up to three orders of magnitude higher 
than those of the bacterial consortia (near zero). In relation to evenness, 
the Hill–Simpson declines from values on the order of hundreds in soils 
to near zero in bacterial consortia. Overall, enrichment led to a pro
nounced decrease in both richness and evenness relative to the source 
soils.

For the Spanish site (Fig. 3, Panel B) the selected consortia exhibit 
marked reductions in both richness and evenness. Index values for the 
selected consortia approach zero, whereas the soils show Chao1 ~2000 
and Hill–Simpson on the order of hundreds. The contrast is less pro
nounced for SP_SAR_02_A_S relative to its corresponding consortium. 
The strongest statistical differences concern evenness (Hill–Simpson), 
underscoring a clear separation between soils and selected consortia, 
particularly for evenness. These results indicate that selective growth 
conditions altered community ecology, reducing richness and especially 
evenness in the selected bacterial consortia compared to the originating 
soils.

For the Italian site (Fig. 3, Panel C) bacterial consortia show reduced 
richness, though Chao1 remains broadly comparable to the soils. 
Evenness is also similar between soils and bacterial consortia, with 
uniformly low Hill–Simpson values across samples. IT_COL_10_A_S 
showed the highest richness and evenness, diverging most from its 
corresponding bacterial consortia (IT_COL_10_A_S_EC002_T02). Signifi
cant differences were detected both between selected consortia and soils 
and among soils themselves. As highlighted in Fig. 3, the most relevant 
contrasts arise among soils, rather than between each soil and its 
matched consortium, with the exception of IT_COL_10_A_S for Hill
–Simpson. Consistently across regions, the Hill–Shannon index corrob
orates these patterns, showing a clear separation between 
environmental soil bacterial communities and their post-enrichment 
counterparts at all three sites.

3.5. Core-microbiome characterization and composition analysis of the 
selected bacterial consortia

The core microbiomes of the selected HCH degrading bacterial 
consortia per site (site-specific core microbiomes) were determined and 

G. Barnabei et al.                                                                                                                                                                                                                               Journal of Hazardous Materials 511 (2026) 142224 

7 



results are shown in Fig. 5, Panel A-C and associated Table S1. A flower 
plot was produced to visualize taxa shared by all bacterial consortia core 
microbiome, represented by the number at the centre of the flower plot. 
Table S1 reports the identification of the taxa constituting the core 
microbiome of each site-specific enriched microbial consortia core 
microbiome. The bacterial consortia selected from Colleferro are char
acterized by the highest number of core taxa, whereas those from 
Sabiñánigo contain the lowest. The Bitterfeld bacterial consortia show 
an intermediate number of core taxa but few unique taxa.

To determine whether the core taxa of the site-specific bacterial 
consortia could be involved in HCH degradation, an analytical approach 
was adopted to assess whether their abundance increased during the 
enrichment of the degrading bacterial consortia, assuming that such an 
increase is associated with a functional involvement of these taxa in the 
process of HCH depletion. The analytical approach was the Analysis of 
Composition of Microbiomes with Bias Correction (ANCOM-BC2) [42]. 
This group-wise comparison identifies taxa whose abundances differ 
significantly between two samples and quantifies the magnitude of those 
differences. We compared the soil bacterial comunities with bacterial 
consortia derived from the corresponding enrichment cultures to deter
mine which soil taxa were retained during the enrichment phase and 
whether their relative abundances increased or decreased during the 
process. ANCOM-BC2 provides a statistically robust assessment of dif
ferential abundances for specific taxa. Taxa that increased significantly 

under selective growth conditions were considered candidate taxonomic 
markers of HCH-degrading bacterial consortia, as they are present in the 
soil and are subsequently favoured by the applied selective conditions. 
Pointing out that the composite genus names Burkholderia– 
Caballeronia–Paraburkholderia and Allorhizobium–Neorhizobium– 
Pararhizobium–Rhizobium follow the SILVA 138.2 classifier used in our 
analyses., results obtained from the analysis are shown in Fig. 6. In Fig. 6
panel A, the core taxa from Bitterfeld bacterial consortia (DE) Steno
trophomonas, Pseudomonas, Variovorax, JG30-KF-CM45, Burkholder
ia–Caballeronia–Paraburkholderia, Bradyrhizobium show statistical 
differences in abundance. Genera Stenotrophomonas and Pseudomonas are 
significantly more abundant in the three selected Bitterfeld bacterial 
consortia (DE), while the genus Achromobacter is more abundant in two 
out of three consortia (DE_BIT_03_A_S_EC002_T02 and DE_BIT_10_
A_S_EC002_T02) than in the corresponding soils. The genera 
JG30-KF-CM45, Burkholderia–Caballeronia–Paraburkholderia, and 
Bradyrhizobium are less represented in the selected bacterial consortia 
than in their soils of origin. In Fig. 6, panel C, ANCOM-BC2 results for 
Colleferro are shown. Pseudomonas, Cupriavidus and Pseudolabrys sp. are 
all present in the bacterial consortia core microbiome of Colleffero. 
Cupriavidus increases significantly in all three selected bacterial consor
tia, while Pseudomonas and Pseudolabrys increases both in 
IT_COL_04_B_S_EC002_T02 and in IT _COL_10_A_S_EC002_T02 and 
IT_COL_03_C_S_EC002_T02 respectively. Nocardioides sp. is significantly 

Fig. 2. α-diversity indexes of the soil samples of the tree country (Bitterfeld (DE), Colleferro (IT), Sabiñánigo (SP). Chao1 (A), Hill–Shannon (B), and Hill–Simpson 
(C) indices, each computed after coverage-based rarefaction at 98%, and rarefaction curves of observed species for the bacterial community (D). Boxplots show the 
minimum (Q0), first quartile (Q1), median (Q2), third quartile (Q3), and maximum (Q4) for each group. The reported p-value is from a Kruskal–Wallis test (α =
0.05). Post hoc comparisons use Dunn’s test with Benjamini–Hochberg correction for multiple testing.
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Fig. 3. α-diversity metrics of soils from the three contaminated sites and the deriving microbiomes. Panel A – Bitterfeld (DE), Panel B – Sabiñánigo (SP), Panel C – 
Colleferro (IT). Chao1 index (i), Hill–Shannon (ii), and Hill–Simpson (iii), each computed after 98% coverage-based rarefaction, and rarefaction curves of observed 
species in the bacterial community composition (iv). Boxplots show the minimum (Q0), first quartile (Q1), median (Q2), third quartile (Q3), and maximum (Q4) for 
each group. The reported p-value is from a Kruskal–Wallis test (α = 0.05). Post hoc statistics are based on Dunn’s test with Benjamini–Hochberg correction for 
multiple comparisons.
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more abundant in IT_COL_10_A_S_EC002_T02 and IT_COL_04_B_
S_EC002_T02, whereas it shows the opposite behaviour, being signifi
cantly less abundant in IT_COL_03_C_S_EC002_T02. In Fig. 6 panel B, 
analysis of the Sabiñánigo-derived bacterial consortia highlights taxa 
well known for HCH degradation, namely Sphingobium and Sphingomo
nas, genera not found in soils from the other countries. Sphingomonas is 
significantly more abundant only in SP_SAR_02_A_SL_EC002_T02, 
accompanied by a decrease in Sphingobium, whereas Sphingobium in
creases in the selected bacterial consortia SP_INQ_01_A_S_EC002_T02 and 
SP_BA_05_A_SL_EC002_T02. The family Xanthomonadaceae is more 
abundant in enrichment-derived bacterial consortia than in source soils 
across all analyzed samples. In summary, any taxa significantly 
increasing in relative abundance during the bacterial consortia enrich
ment process are shared across all the HCH depleting bacterial consortia. 
However, site-specific candidates can be identified: in Bitterfeld (DE), 
Stenotrophomonas, Pseudomonas, and Achromobacter spp; in Colleferro 
(IT), Pseudomonas, Pseudolabrys, and Cupriavidus spp.; in Sabiñánigo (SP), 
Sphingobium, Sphingomonas, and the family Xanthomonadaceae.

4. Discussion

The decontamination of recalcitrant xenobiotics in environmental 
matrices poses several challenges. In matrices such as soils, it is desirable 
to adopt bio-based processes that exploit the catabolic capacities of 

indigenous microorganisms to degrade pollutants while preserving the 
biogeochemical cycles and the biodiversity of the treated matrix. Bac
teria have demonstrated the ability to degrade recalcitrant organic 
compounds, enabling the development of detoxification strategies both 
in the laboratory and at field scale. In the case of HCH contamination, 
given the coexistence of four toxic isomers with different degrees of 
recalcitrance due to their structural features, it is reasonable to assume 
that the metabolic capacity of a bacterial consortia exceeds that of single 
strains. It is therefore crucial to isolate bacterial consortia with the 
metabolic traits of interest when designing bio-based approaches for the 
treatment of contaminated soils.

In this work, we developed a protocol to isolate bacterial consortia 
capable of degrading HCH, starting from historically contaminated soils 
collected from geographically distinct areas. The enrichment protocol 
here adopted enabled the isolation of bacterial consortia competent to 
degrade, even with different efficiency, all four HCH isomers from each 
region. This enrichment protocol overcame also the recalcitrance of the 
most recalcitrant isomers, δ and β [50]. Access to these bacterial con
sortia provided an opportunity to investigate the microbial ecology of 
both the enriched communities and their source soils, with the aim of 
identifying taxonomic and possibly functional markers associated with 
HCH degradation.

By analysing soils from distant geographical regions, we observed 
that differing physicochemical conditions significantly influence 

Fig. 4. α-diversity metrics of selected microbiomes from Bitterfeld, Colleferro, and Sabiñánigo. Chao1 index (A), Hill–Shannon (B), and Hill–Simpson (C), each 
computed after 98% coverage-based rarefaction, and rarefaction curves of observed species in the bacterial community composition (D). Boxplots show the minimum 
(Q0), first quartile (Q1), median (Q2), third quartile (Q3), and maximum (Q4) for each group. The reported p-value is from a Kruskal–Wallis test (α = 0.05). Post hoc 
statistics are based on Dunn’s test with Benjamini–Hochberg correction for multiple comparisons.
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microbial community composition and structure, as shown by α-di
versity analyses. Bacterial consortia from the Bitterfeld (DE) and 
Sabiñánigo (SP) regions displayed comparable values for the Chao1, 
Hill–Simpson, and Hill–Shannon indices, whereas Colleferro (IT) bac
terial consortia were less diverse and less evenly distributed. Another 
key finding from comparing soil and isolated bacterial consortia is the 
marked reduction in biodiversity observed in the Bitterfeld (DE) and 
Sabiñánigo (SP) bacterial consortia relative to their source soils. This 
result, consistent with the strong selective stress applied during bacterial 
consortia enrichment process, is confirmed by the sharp decrease in the 
Hill–Shannon index, which drops from average values around 1000 in 
environmental bacterial consortia to values near zero in the selected 
consortia. In contrast, bacterial consortia isolated from Colleferro (IT) 
did not show a decrease in biodiversity as pronounced as that seen in 
their source soils, suggesting greater resilience of the isolated bacterial 
consortia to the selective pressure exerted during the enrichment pro
cess. This may reflect a better adaptation of the soil microbial ecology to 
environmental conditions dominated by HCH presence and other factors 
that might have altered the microbial community’s response to HCH. 
Results obtained suggest that the observed biodiversity values may 
therefore reflect environmental conditions (e.g.: soil lithology, pH, 
water content) more than the selective pressure exerted by the 
contaminant. Moreover, when considering HCH isomer depletion ki
netics, isolated bacterial consortia do not necessarily reflect the biodi
versity of their source soils. Depletion kinetics were broadly comparable 
between Colleferro (IT) and Sabiñánigo (SP) bacterial consortias, while 
Bitterfeld (DE) exhibited lower levels of removal. Thus, biodiversity in 
historically contaminated environments might be a not a reliable indi
cator of greater metabolic potential toward the contaminant. Indeed, 
Bitterfeld (DE) yielded the least efficient degrading bacterial consortia; 
Sabiñánigo (SP) displayed uneven capacities, and Colleferro (IT) pro
duced the most efficient bacterial consortia for oxidative HCH degra
dation. A high level of soil microbial biodiversity in the presence of such 
a toxic contaminant is not necessarily expected at historically contam
inated sites. But, even when present, it cannot automatically be linked to 
enhanced degradative capacity, and results obtained more convincingly 

point to microbial communities that are tolerant to contamination 
rather than resistant because they can degrade the contaminant. 
Consequently, biodiversity descriptors for HCH-contaminated soils 
cannot be used as indices of the matrix’s intrinsic degradation efficiency. 
More in details, Colleferro (IT) bacterial consortia achieved the highest 
overall removal of HCH isomers, consistent with good adaptation of 
local communities to the contaminant, possibly due to prolonged his
torical exposure that favoured the selection of degrading taxa. In 
contrast, Bitterfeld (DE) bacterial consortia, despite originating from 
highly contaminated soils, showed lower removal percentages, sug
gesting lower selective efficiency or a different ecological equilibrium. 
Sabiñánigo (SP) bacterial consortia behaved more heterogeneously, 
with SP_SAR_02_SL_EC002, SP_INQ_A__S_EC002, and SP_BA_05_A_S
L_EC002 particularly efficient and others less efficient in HCH depletion. 
A particularly noteworthy aspect concerns the recalcitrant β-HCH. In 
Bitterfeld (DE) bacterial consortias, β-HCH showed greater degradation 
relative to the other isomers, whereas in Colleferro (IT) and Sabiñánigo 
(SP), degradation was more efficient for the other isomers and β-HCH 
remained the most recalcitrant. At the same time, the comparison be
tween the biodiversity indexes related to the source and the product of a 
microbial enrichment process, might be considered a proxy of the 
resilience and stability of the key players in the degradation of the 
contamination of interest during the enrichment process. Thus, the 
above mentioned key players might be good candidates for the bio-based 
approach of bioaugmentation. To identify specific microbial taxonomic 
markers that might potentially indicate the efficiency of HCH oxidation 
since associated to all the HCH degrading bacterial consortia, even 
though deriving from different sites, taxa shared across all selected 
enriched bacterial consortia have been identified. The identified one did 
not increase significantly in relative abundance during the bacterial 
consortia enrichment process, suggesting possible lack of direct 
competence for HCH depletion but possible involvement in co-metabolic 
processes. Possible candidate marker taxa for HCH depletion were 
identified since increasing during the enrichment process. The core 
microbiome analysis revealed a set of taxa shared across all enriched 
HCH-depleting consortia, indicating the presence of recurring 

Fig. 5. Flower plot showing the intersection among the core microbiomes of microbiomes obtained by enrichment from Bitterfeld (A), Colleferro (B), and Sabiñánigo 
(C). The center indicates the number of taxa shared across all samples. The flower plot was generated with the EVenn software [1].
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Fig. 6. Analysis of Composition of Microbiomes with Bias Correction (ANCOM-BC). On the horizontal axis are the log-transformed differential abundance values of 
each taxon between the two compared samples. Shown are comparisons between the environmental microbiomes and the corresponding selected microbiomes for 
Bitterfeld (Panel A), Colleferro (Panel B), and Sabiñánigo (Panel C).
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community members despite their different site origins. However, core 
membership alone does not necessarily imply direct involvement in 
HCH depletion. For this reason, we interpreted core taxa considering 
their enrichment trajectories. Core taxa that were consistently detected 
across all bacterial consortia but did not significantly increase in relative 
abundance during enrichment, are less likely to represent primary HCH 
transforming bacteria under the applied selective conditions, i.e. high 
concentration of HCH in presence of less concentrated co-metabolic 
source of growth. Their persistence may instead reflect indirect or sup
portive roles within the community, such as co-metabolic interactions, 
cross-feeding on transformation by-products, provision of essential 
metabolites or cofactors, maintenance of redox balance and community 
stability, and/or detoxification of inhibitory intermediates. In this 
context, these taxa may contribute to consortium functioning without 
being directly competent for HCH depletion.

Conversely, taxa that significantly increased during enrichment are 
expected to be selectively favoured by the imposed conditions, i.e., the 
presence of HCH and the associated selective pressure. An enrichment- 
driven increase suggests a closer functional association with HCH 
depletion, either through direct participation in depletion pathways or 
through tightly coupled metabolic interactions that facilitate the process 
and benefit from it. Therefore, taxa showing consistent increases during 
enrichment were prioritized as candidate marker taxa associated with 
HCH depletion. Results obtained showed that for Bitterfeld (DE), the 
candidate markers are the genera Pseudomonas, Stenotrophomonas, and 
Achromobacter spp. Stenotrophomonas sp. has been extensively studied 
for its metabolic versatility and its ability to adapt to diverse environ
mental conditions; several species have been isolated from soils 
contaminated by various xenobiotics, including organophosphate pes
ticides, DDT, PAHs, and HCH. Achromobacter sp. increased significantly 
in two Bitterfeld bacterial consortia (DE_BIT_03_A_S_EC002 and DE_B
IT_10_A_S_EC002), which did not display particularly high overall 
degradation but were able to degrade β-HCH, the most recalcitrant 
isomer. Achromobacter sp. has been associated with the degradation of 
haloaromatic compounds and PAHs, and genes involved in the meta
bolism of styrene, aminobenzoate, and benzoate have been described 
[51,52]. Pseudomonas sp. is well known for degrading HCH isomers, and 
lin genes have been sequenced in Pseudomonas spp., where they are 
associated with HCH isomer metabolism [53,54].

Pseudomonas was also present in the core bacterial consortia of 
Colleferro (IT) bacterial consortia, although it was significantly more 
abundant in only two consortia. Other genera that may be considered 
Colleferro (IT) markers include Cupriavidus sp., which was significantly 
more abundant in all selected bacterial consortia. Cupriavidus sp. has 
been isolated from microbial consortia capable of degrading all four 
HCH isomers, and members of the family Burkholderiaceae, to which it 
belongs, have been reported as degraders of a wide range of xenobiotics 
[55,56]. Nocardioides sp. was also observed as a Colleferro (IT) marker. 
Nocardioides spp are widespread in nature and have been isolated from 
sediments, soils, and aquatic environments and organisms; they can 
transform complex compounds and organic wastes, including crude oil, 
and many strains play important roles in bioremediation, degrading a 
variety of pollutants (alkanes, pyridine, phenols, phenanthrene, and 
others). Some Nocardioides strains degrade herbicides, including 
N. jensenii, which can degrade dinitro-o-cresol-based herbicides [57,58]. 
Pseudolabrys sp. has not been described for HCH isomer degradation nor 
characterized for lin genes, but it is involved in the degradation of 
chloroalkanes, chloroalkenes, and benzoate; dehalogenase functions 
have been inferred in both Cupriavidus and Pseudolabrys, suggesting 
potential activity on fluorotelomers (PFAS) [59].

Regarding possible taxonomic markers characteristic of Sabiñánigo 
(SP) bacterial consortia, Sphingobium sp. was significantly more abun
dant in SP_BA_05_A_S_EC002 and SP_INQ_01_A_S_EC002, while Sphin
gomonas sp. was significant only in SP_SAR_02_A_S_EC002. No taxa were 
simultaneously significantly more abundant across all three Sabiñánigo 
(SP) bacterial consortia and present in their shared core. Both 

Sphingobium and Sphingomonas spp. are well known for degrading HCH 
isomers. Strains such as S. indicum B90 and S. japonicum UT26 are ar
chetypes for the lin gene pathway and the associated HCH degradation 
route. As previously assessed, the lin pathway is considered specific to 
HCH degradation [60,61]. To date, lin genes for lindane degradation 
have been identified mainly in Sphingomonadaceae (Sphingobium, 
Sphingomonas, Sphingopyxis, Novosphingobium). Some studies nonethe
less suggest that these genes, or analogous enzymatic activities, may 
occur in other taxonomic groups (e.g., Pseudomonadales), although it is 
not always clear whether they use the same lin genes or alternative 
metabolic routes.

The observation that some consortia, e.g., Colleferro (IT) and a 
subset from Sabiñánigo (SP) reached similar levels of HCH depletion 
despite significantly different compositions suggests the action of 
degradation pathways arising from convergent adaptive mechanisms.

To our knowledge, degradative functions for HCH have not been 
framed in terms of the metabolic complexity of whole bacterial con
sortia; most pathways and enzymatic capacities implicated in HCH 
degradation have been characterized in single microorganisms, and 
little is known about the molecular mechanisms operating in competent 
consortia. Many taxa that constitute the core bacterial consortia of the 
degrading consortia are not strictly linked to HCH isomer degradation, 
even though they are reported to degrade other pollutants, including 
halogenated compounds such as chloroalkanes and chloroalkenes, often 
via haloacid dehalogenases. Because of their broad substrate recogni
tion, these enzymes have been proposed as degraders of fluorinated 
compounds as well. Conversely, Sabiñánigo bacterial consortia show 
involvement of Sphingomonadaceae, which are absent in Colleferro (IT) 
and Bitterfeld (DE). The convergent adaptive mechanisms mentioned 
above, leading to similar degradation efficiencies in compositionally 
different bacterial consortia, may be explained by horizontal transfer of 
lin genes, as reported particularly within Sphingomonadaceae. This 
assumption, however, must be weighed against the observation that, in 
the bacterial consortia studied here, highly efficient HCH-degrading 
consortia (e.g., from Colleferro) lack Sphingomonadaceae, implying 
that additional, as yet undescribed, metabolic pathways may contribute 
to HCH degradation.

Consistent with this hypothesis, analyses guided by taxonomic as
signments inferred from ASV data revealed distinct regional configura
tions of lin-associated functional potential. German bacterial consortia 
displayed an intermediate profile characterised by truncated lin-associ
ated gene complements, suggestive of a putative partial oxidation pro
cess. Italian bacterial consortia exhibited a highly constrained lin- 
associated profile, restricted to LinB-related hydrolytic potential. 
Notably, taxa found in taxonomic assignments inferred from ASV data 
were not identified as site-specific candidates for HCH depletion in 
previous analyses, suggesting a decoupling between lin gene presence 
potential and observed degradation performance. On the other hand, the 
Spanish bacterial consortia potentially retained the complete lin 
pathway harboured by Sphingobium sp. Collectively, these patterns 
suggest that the metabolic potential for HCH transformation is 
geographically structured and reflects long-term adaptive responses to 
site-specific contamination histories but is not restricted to the presence 
of the lin pathway at least as a whole. The discrepancy between the high 
HCH degrading kinetics observed in the Italian and German consortia 
and the putative absence of complete lin gene set in these communities, 
in contrast to the Spanish consortia, suggests the presence of alternative 
or complementary catabolic routes. While the detection of the lin 
pathway remains the best characterised standard for HCH degradation, 
our taxonomically informed, ASV-level analyses, provides strong indi
rect evidence that these communities may rely on complex inter-species 
metabolic handovers to achieve HCH depletion, or employ different 
metabolic routes. The major adaptive strategy in microbes involves the 
activation of broad-specificity catabolic pathways that metabolize 
chemically diverse substrates, including xenobiotics, each of which can 
serve as a potential carbon source. The KEGG ko00361 
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(“Chlorocyclohexane and chlorobenzene degradation pathway” https:// 
www.kegg.jp/pathway/map00361), which also includes the lin genes, 
features dehalogenases not directly involved in HCH isomer trans
formation. By dehalogenating contaminants, the pathway channels 
metabolites into the tricarboxylic acid cycle or benzoate degradation. 
Thus, broad substrate recognition by such dehalogenases may be among 
the mechanisms contributing to HCH degradation, in addition to the lin 
pathway, which appears largely confined to Sphingomonadaceae. In this 
context, synergistic or competitive interactions among taxa in multi
species consortia can shape metabolic functions differently than in iso
lated microorganisms and may even enhance them via broadly 
distributed mechanisms across genera. In the present case, the synergy 
would relate to dehalogenation of chlorinated compounds.

Supporting this interpretation, candidate marker taxa for Bitterfeld 
(DE) include Achromobacter sp., associated with genes involved in the 
degradation of 2,4-dichlorophenoxyacetic acid (2,4-D) within ko00361, 
and Stenotrophomonas sp., reported to carry genes for the initial steps of 
the chlorocyclohexane and chlorobenzene pathway [62,63]. For Colle
ferro, Cupriavidus sp. harbors genes and enzyme sets associated with the 
degradation of mono- and dichlorinated compounds, including “tfd” 
genes also present in the cyclochlorohexane/chlorobenzene pathway, 
and Pseudolabrys sp. has been described as carrying genes for the early 
steps of cyclochlorohexane and chlorobenzene degradation [64,65]. 
Therefore, the bacterial genera that increase significantly during bac
terial consortia isolation relative to the source soils are not necessarily 
carriers of the lin pathway but may possess enzyme repertoires capable 
of dehalogenating a broad range of chlorinated compounds, comprising 
HCH. To reinforce this assumption the metabolites of degradation of the 
HCH was attempted for all the microbial consortia analysed. The iden
tification of the intermediates of degradation of HCH by the enriched 
microbial consortia was attempted assuming the involvement of the sole 
HCH degradation pathway described so far, the lin pathway, and the 
possible alternative routes described in the KEGG reference pathway 
map00361, the Chlorocyclohexane and chlorobenzene degradation, 
https://www.kegg.jp/pathway/map00361. The initial attack on HCH 
isomers pathway, by the lin pathway, includes for γ-HCH, the γ-penta
chlorocyclohexene, successively to 1,3,4,6-tetrachloro-1,4-cyclohexa
diene, followed by 1,2,4-trichlorobenzene and 1,4-dichlorobenzene, 
proceeding through chlorobenzene to 2,5-dichlorohydroquinone, then 
to chlorohydroquinone, hydroquinone, and finally to maleylacetate. In 
relation to β-HCH it is sequentially degraded to δ-3,4,5,6-tetra
chlorocyclohexene, successively to 5,6-dichloro-1,3-cyclohexadiene and 
downstream intermediates of benzene and chlorobenzene. In the context 
of the present experimentation the search for metabolites belonging to 
the lin pathway focused on chlorinated metabolites, which necessarily 
derive from the degradation of hexachlorocyclohexane. The identifica
tion of γ-pentachlorocyclohexene within the microbiota confirmed the 
inferred presence of the linB genes in all the microbial consortia. On the 
other hand, the detection of 1,2,4- trichlorobenzene and δ-3,4,5,6-tet
rachlorocyclohexene, not described as intermediates of the lin pathway 
(KEGG pathway map00361, https://www.kegg.jp/pathway/ 
map00361), further indicate that the consortia undertake alternative 
degradative pathways. In the near future, to deepen the analysis of the 
alternative routes of HCH degradation in the different consortia, labeled 
HCH will be adopted in experimentation tailored for each single 
candidate, since the corresponding pathways might be different in the 
different consortia.

5. Conclusions

This study demonstrates that indigenous soil bacterial consortia from 
three historically contaminated sites can be selectively enriched to 
achieve efficient degradation of all four HCH isomers, including the 
highly recalcitrant δ- and β-HCH. Despite substantial differences in soil 
properties and native microbial communities, the enrichment protocol 
consistently yielded competent degraders, confirming its robustness 

across heterogeneous matrices. Any taxa was identifies as common mi
crobial marker for oxidative HCH degradation. Instead, site-specific taxa 
emerged: Pseudomonas, Stenotrophomonas, and Achromobacter in Bitter
feld; Cupriavidus, Nocardioides, and Pseudolabrys in Colleferro; and 
Sphingobium and Sphingomonas in Sabiñánigo. The absence of Sphingo
monadaceae in the most efficient consortia (Colleferro), together with 
the predominance of truncated lin-associated gene complements in 
Bitterfeld and Colleferro, supports the interpretation that effective HCH 
degradation is not necessarily dependent on a complete lin pathway and 
may be facilitated by non-Sphingomonadaceae taxa. Functional infer
ence further suggested geographically distinct configurations of the lin 
pathway and a long-term adaptive responses to site-specific contami
nation history. Taken together our data, captured as community-level 
signals inferred from exploratory taxonomic–functional analysis, indi
cate that HCH degradation arises from a combination of lin-dependent 
and broader lin-independent dehalogenation mechanisms. captured as 
community-level signals inferred from exploratory taxonomic–func
tional analysis. In this context, considering that functional inference and 
increases in relative abundance support selection and association with 
HCH depletion but not necessarily prove direct catabolic competence, 
additional functional evidence (e.g., detection/expression of degrada
tion genes) would be collected in the near future, also to tentatively 
depict the extent to which each taxa contributes to HCH degradation 
within a bacterial community.

Environmental implications

Our findings show that hexachlorocyclohexane (HCH) degradation 
in historically contaminated soils extends beyond the canonical lin 
pathway. Robust HCH depletion in communities lacking a complete lin 
gene set reveals additional, still poorly resolved, but dominant microbial 
routes that can sustain natural attenuation at legacy lindane sites. The 
enrichment of multiple taxa in HCH-amended cultures points to several 
and new candidate degraders that could be tracked and selectively 
stimulated in bioremediation efforts. Together, these results underscore 
the importance of accounting for the broader functional potential of soil 
microbiomes when predicting HCH fate and designing management 
strategies for contaminated sites.
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