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Chlorinated aliphatic hydrocarbons (CAHs) are common groundwater
contaminants due to improper utilization in past industrial activity. Anaerobic
reductive dechlorination, where bacteria use CAHs as electron acceptors, is
crucial for bioremediation. Environmental conditions, such as nutrient
availability and electron donors (i.e., molecular hydrogen), can influence the
effectiveness of bioremediation processes. Also, bioremediation strategies like
bioaugmentation (i.e., the supply of the enriched dechlorinating consortium) and
bio-stimulation (i.e., the supply of electron donor) can improve CAHs removal
performances. Here, a microcosm study is presented to assess the effectiveness
of bioaugmentationwith an enriched dechlorinating consortium for groundwater
remediation. Target contaminants used were tetrachloroethane (TeCA),
trichloroethylene (TCE) and sulphate ion. Various conditions, including
biostimulation and bioaugmentation approaches were tested to evaluate the
feasibility of biological treatment. Operating conditions, i.e., mineral medium and
lactate, facilitated the dechlorination of TCE into ETH, leading to an increase in
the dechlorinating population (Dehalococcoides mccartyi) to 67% of the total
bacteria, with reductive dechlorination (RD) rates up to 7 µeq/Ld. Conversely, the
RD performance of microcosms with real contaminated groundwater was
negatively affected by the combined presence of TeCA and sulphate,
indicated by a low abundance of D. mccartyi (<3%) and low RD rates (up to
0.39 µeq/Ld), suggesting that the native microbial population lacked the capacity
for effective dechlorination. Moreover, the principal component analysis plot
highlighted distinct groupings based on microbial community across different
microcosm conditions, indeed, microbial community structures dominated by D.
McCarty were associated with higher reductive dechlorination rates while non-
augmented and non-stimulated microcosms reflected distinct microbial
communities dominated by non-dechlorinating taxa. Additionally, RD
decreased (48, 23, 22, and 14 µeq/Ld) with increasing sulphate concentrations
(0, 150, 225, and 450 mgSO4 -2/L), further demonstrating the inhibitory effect of
sulphate in the treated contaminated groundwater. Overall, this study highlights
the complex interplay between environmental conditions, treatment strategies,
and microbial communities in driving dechlorination processes. Specifically, the
effectiveness of reductive dechlorination is heavily influenced by the availability of
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electron donors and the composition of the medium or groundwater, which can
drive significant shifts in microbial community dynamics, either supporting or
hindering the reductive dechlorination process.

KEYWORDS

chlorinated aliphatic hydrocarbons (CAHs), reductive dechlorination (RD), sulphate
reduction, bioremediation, bioaugmentation

1 Introduction

Chlorinated aliphatic hydrocarbons (CAHs) are organic
compounds used in industrial applications, such as solvents and
degreasers (Guan et al., 2013). CAHs can migrate through soil and
groundwater due to their resistance to degradation, and long-term
exposure can cause damage to the liver, kidneys, and central nervous
system (McGuinness and Dowling, 2009). Some common examples
include trichloroethylene (TCE), tetrachloroethylene (PCE), and
chloroform; these compounds are known for their volatility,
persistence, and the potential for long-range transport through
groundwater (Moran et al., 2007). Chlorinated aliphatic
hydrocarbons mixtures may contain also chlorinated ethanes like
1,1,2,2-tetrachloroethane (TeCA) and chlorinated methanes like
tetrachloromethane (carbon tetrachloride, CT) and trichloromethane
(chloroform, CF) (Field and Sierra-Alvarez, 2004). Treating
groundwater contaminated with CAHs is challenging due to their
persistence in the environment, potential to leach into groundwater,
and health risks associated with exposure (David and Niculescu, 2021).
Treatment of CAHs-contaminated groundwater typically involves
various remediation techniques, and bioremediation is one of the
approaches utilized (Rossi et al., 2021). This anaerobic process relies
on the metabolic activities of anaerobic microorganisms to detoxify
these complex chlorinated compounds in the absence of oxygen (van
Eekert and Schraa, 2001). A commonly used method for remediating
groundwater is in situ stimulation of reductive dechlorination (RD) of
CAHs, which depends on a variety of bacteria that can use CAHs as
electron acceptors in anaerobic respiration (Holliger and Schraa, 1994).
These reductive processes are facilitated by several keymicrobial groups,
also known as organohalide respiring bacteria (OHRB) that conserve
energy for growth from cleavage of carbon–halogen bonds. The OHRB
(organohalide-respiring bacteria) are primarily derived from various
phyla, including Deltaproteobacteria (e.g., Geobacter, Desulfuromonas,
Anaeromyxobacter, Desulfoluna, Desulfomonile, and Desulfovibrio),
Epsilonproteobacteria (e.g., Sulfurospirillum), Betaproteobacteria (e.g.,
Shewanella and Comamonas), Firmicutes (e.g., Dehalobacter and
Desulfitobacterium), and Chloroflexi (e.g., Dehalococcoides,
Dehalogenimonas, and Dehalobium) (Atashgahi et al., 2016;
Molenda et al., 2020). In the anaerobic degradation, the electron
acceptor is a molecule other than O2. This could be NO3

−, SO4
−2,

Fe3+, H+, S, fumarate, trimethylamine oxide, an organic compound, or
CO2 (Bhatt et al., 2007). Dehalococcoides species are recognized as
important organohalide-respiring bacteria capable of completely
degrading chlorinated aliphatic hydrocarbons into harmless end
products (Vainberg et al., 2009). Bioremediation technologies can be
generally classified as in situ or ex-situ. In-situ bioremediation involves
treating the contaminated material at the site while ex-situ involves the
removal of the contaminated material to be treated elsewhere (Kensa,
2011). In-situ bioremediation of chlorinated ethenes is a method of

reducing contaminants that utilize microorganisms to convert them
into less dangerous products (Romantschuk et al., 2023). Biostimulation
(meaning the addition of limiting nutrients to support microbial
growth) and bioaugmentation (meaning the addition of living cells
capable of degradation) studies have enjoyed a heavy presence in
literature and reviews of these technologies focusing on the technical
aspects are very few if at all available (Azubuike et al., 2016). The
microcosm experiment can be a useful approach for determining
degradation rate, acclimation periods, monitoring dechlorination
products, and determining the type and dose of electron donor
(Aulenta et al., 2007; Benton et al., 2007). Environmental conditions,
such as nutrient availability and electron donors (e.g., molecular
hydrogen), can impact the effectiveness of reductive dechlorination
at the field scale. These conditions also affect the assessment of
bioremediation potential in a contaminated matrix and influence
decision-making regarding the appropriate bioremediation strategy
for a specific site. Among the critical factors that can affect CAHs
dechlorination, sulphate play a role as it can compete for available
hydrogen (H2) with microbial reductive dechlorination of CAHs
(Huang and Kao, 2016). Previous research combining field and
laboratory data concluded that sulphate contamination at
trichloroethylene (TCE) sites could delay but not preclude
dechlorination (Antoniou et al., 2019). Both sulphate and nitrate
have considerable effects on the dechlorination of chlorinated
aliphatic hydrocarbons (CAHs), although their effects vary
depending on the microbial processes stimulated and environmental
circumstances (Lai et al., 2015; Zhang et al., 2022). In this study, we
present a microcosm experiment conducted on real contaminated
groundwater to assess the effectiveness of reductive dechlorination

FIGURE 1
Serum bottles used for microcosm experiments.

Frontiers in Chemical Engineering frontiersin.org02

Yaqoubi et al. 10.3389/fceng.2025.1511251

https://www.frontiersin.org/journals/chemical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fceng.2025.1511251


processes under various conditions. These conditions include
bioaugmentation with an enriched dechlorinating consortium,
biostimulation using lactate as an external electron donor, and
natural attenuation. The target contaminants were tetrachloroethane
(TeCA), trichloroethylene (TCE), and sulfate ions. A comprehensive set
of kinetic and biomolecular analyses was performed to evaluate the
effects of each tested condition on the targeted
biodegradation processes.

2 Material and methods

2.1 Microcosm experiment with real
groundwater

For the first microcosm set, which includes the study on a real
TeCA contaminated groundwater, nine microcosm treatments

were set using serum bottles of 240 mL, as shown in Figure 1. The
aim of microcosm study was to define the biodegradation
potential of the microbial communities present in the
groundwater. Nine anaerobic batch microcosms at different
conditions were prepared and incubated statically in the dark
at room temperature (18°C–22°C) and operated for almost
60 days (Matturro et al., 2016) (Table 1). To maintain
anaerobic conditions, bottles were sealed using a septum and
crimp-top cap. A needle was inserted through the septum, and
the flask was thoroughly flushed with nitrogen gas (N2) to remove
any oxygen. All microcosms were then incubated statically in the
dark at room temperature (18°C–22°C) for approximately
60 days. The dechlorinating activity of the microbial
inoculums was tested with and without an electron donor by
adding 200 µL of a 5% (w/v) lactate solution, which is the
substrate on which the dechlorinating inoculum is acclimated.
The specific conditions for each microcosm were as follows:

TABLE 1 Microcosms serum bottles experimental conditions.

Microcosm ID Matrix Abbreviation Volume

B0 Groundwater GW 240 mL

B1 Dechlorinating inoculum DHC 100 mL

Groundwater GW 140 mL

B2 Dechlorinating inoculum DHC 100 mL

Groundwater GW 140 mL

Trichloroethylene TCE 50 µM

Lactate LAC 200 µL

B3 Dechlorinating inoculum DHC 100 mL

Mineral medium MM 140 mL

Trichloroethylene TCE 50 µM

Lactate LAC 200 µL

B4 Groundwater GW 240 mL

Trichloroethylene TCE 200 µL

B5 Dechlorinating inoculum DHC 100 mL

Groundwater GW 140 mL

Lactate LAC 200 µL

B6 Dechlorinating inoculum DHC 100 mL

Groundwater GW 140 mL

Tethrachloroethane TeCA 50 µM

Lactate LAC 200 µL

B7 Dechlorinating inoculum DHC 100 mL

Mineral medium MM 140 mL

Tethrachloroethane TeCA 50 µM

Lactate LAC 200 µL

B8 Groundwater GW 240 mL

Tethrachloroethane TeCA 50 µM
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• B0 (Endogenous control): 240 mL of real groundwater (GW)
without any added contaminants or inoculum.

• B1: 100 mL of enriched dechlorinating consortium inoculum
mixed with 140 mL of contaminated groundwater. No
electron donor (lactate) added, to evaluate the
dechlorinating capacity using residual substrate from the
enriched culture.

• B2: 100 mL of enriched dechlorinating consortium inoculum
mixed with 140 mL of real contaminated groundwater. 200 μL
of 5% (w/v) lactate added as the electron donor. Spiked with
TCE at a nominal concentration of 50 μM, to assess the
potential inhibitory effects of groundwater composition on
dechlorination.

• B3: 100 mL of enriched dechlorinating consortium inoculum
mixed with 140 mL of optimized mineral medium. 200 μL of
5% (w/v) lactate added as the electron donor. Spiked with TCE
at a nominal concentration of 50 μM, to evaluate
dechlorination under optimized conditions.

• B4: 240 mL of contaminated groundwater spiked with 200 µL
of TCE, without bioaugmentation. Assessed for the capability
of the autochthonous microbial community to degrade TCE
under natural conditions.

• B5: 100 mL of enriched dechlorinating consortium inoculum
mixed with 140 mL of contaminated groundwater. 200 μL of
5% (w/v) lactate added as the electron donor and spiked with
TeCA at a nominal concentration of 50 µM.

• B6: 100 mL of enriched dechlorinating consortium inoculum
mixed with 140 mL of real contaminated groundwater. 200 μL
of 5% (w/v) lactate added as the electron donor. Spiked with
TeCA at a nominal concentration of 50 μM, to assess the
potential inhibitory effects of groundwater composition on
dechlorination.

• B7: 100 mL of enriched dechlorinating consortium inoculum
mixed with 140 mL of optimized mineral medium (REF).
200 μL of 5% (w/v) lactate added as the electron donor. Spiked
with TeCA at a nominal concentration of 50 μM, to assess
dechlorination under optimized growth conditions.

• B8: 240 mL of contaminated groundwater spiked with 200 µL
of TeCA, without bioaugmentation. Assessed for the capability
of the autochthonous microbial community to degrade TeCA
under natural conditions.

The dechlorinating enrichment culture used in the
bioaugmented microcosms was composed of 75% D. mccartyi.
The raw data of the 16S rRNA gene amplicon sequencing of the
consortium are available in the DDBJ/ENA/GenBank under the
BioProject PRJNA705054 (SRA: SRX10172732) (Rossi et al., 2021).
The composition of the anaerobic mineral medium utilized in this
experiment was the same as previously reported (Dell’Armi
et al., 2022).

2.2Microcosm study for sulphate and nitrate
inhibitory effects assessment on the
dechlorinating enriched colture (DHC)

In the second microcosms study, we present a thorough
analysis of the use of different sulphate concentrations in

batch microcosms for testing its potential inhibitory effect on
reductive dechlorination rate. To assess the potential inhibitory
effects of sulphate and nitrate anions concentration on the
activity of the enriched dechlorinating inoculum, microcosms
containing the dechlorinating enriched culture at different
sulphate and nitrate concentration were prepared and
monitored. All microcosms (Figure 1) were kept in serum
bottles of 240 mL with liquid volume of 160 mL, with
different starting sulphate and nitrate concentrations for
almost 6 months. As reported in Table 2, the sulphate
concentration was adjusted to four levels: S0 (0 mg/L, zero-
sulfate), S150 (150 mg/L putting 35.6 mg of Na2SO4in
160 mL), S225 (225 mg/L, putting 53.4 mg of Na2SO4 in
160 mL), and S450 (450 mg/L, putting 106.7 mg of Na2SO4 in
160 mL), while the nitrate concentration was adjusted only at two
levels: S0 (0 mg/L of nitrate), S150, S225 and S450 (30 mg/L of
nitrate). All microcosms were spiked with 7 μL of pure TCE
resulting in a nominal concentration of 500 μmol/L, while 122 µL
of lactate 5% (v/v) solution were used as electron donor of the
reductive dechlorination process.

2.3 Analytical procedures

The CAHs were determined by a Dani GC 1000 (Contone,
Switzerland) gas chromatograph equipped with a flame
ionization detector (FID) using a header analyzer HSS 86.50
(Dani, Contone, Switzerland). The gas chromatography analysis
was conducted by a capillary TRB 264 column, 75 m in length,
Teknokroma (Spain) (N2 carrier gas: 18 mL/min; oven
temperature: 80°C–210°C; flame ionization detector
temperature: 260°C). Headspace concentrations were converted
to aqueous-phase concentrations using tabulated Henry’s law
constants (Fennell et al., 1997) and assuming equilibrium
conditions between the gas and liquid phase. For all the
chlorinated species, nominal concentrations were reported,
representing the total amount (e.g., in moles) per unit of
liquid volume. Ethylene in the second microcosm study was
measured in headspace samples using a DANI master gas
chromatograph equipped with a thermal conductivity detector
(TCD) (DANI Instruments, Contone, Switzerland) equipped
with a flame ionization detector (FID). The analysis was
conducted manually by injecting 50 µL of sample gaseous in
the gas-chromatography system equipped with a Carbopack
column (N2 carrier gas: 25 mL/min, oven temperature:
50°C–210°C with temperature ramp 20°C/min, flame ionization
detector temperature: 260°C) (Zeppilli et al., 2024).

2.4 Calculations

In the microcosm of a real groundwater test, we consider the
decrease of the concentration over time. The speed measurement
presented in the microcosms with TeCA (B0, B1, B2, B4, B5, B6, B7)
indicates the difference in TeCA concentration calculated over the
entire duration of the experiment between the first day to the last
day. In the groundwater tests, the molar RD rate for TeCA was
assessed taking into account the concentration at the beginning and
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the end of the test (Δ[TeCA]) considering the duration of the
experiment (days, Δd) and the liquid volume of the serum bottle
(V) (Equation 1). For calculating the RD rate expressed as
equivalent, 2 electrons were considered for the
dehydrochlorination of TeCA to cis DCE (Equation 2).

RDrate
μmol
L d

( ) � Δ TeCA[ ]
Δd pV

(1)

RDrate
μeq
L d

( ) � Δ TeCA[ ] · 2
Δd pV

(2)

For the microcosms contaminated with an additional TCE
amount, the molar RD rate was assessed according to Equation 3,
which take into account the concentration difference of the different
byproducts generated by TCE reductive dechlorination. Moreover, to
express the RD rate in terms of equivalents, each concentration
difference has been multiplied for the corresponding number of
electrons involved in the progressive reduction of the molecule (i.e.
2, 4 or 6 electrons for RD intermediates cisDCE, VC, Eth) as reported

in Equation 4. In the microcosms S0-S125-S225-S450 Equations 3, 4
were used to assess molar and equivalent RD rate.

RDrate
μmol
L d

( ) � Δ cDCE[ ] + Δ VC[ ] + Δ Eth[ ]
Δd pV

(3)

RDrate
μeq
L d

( ) � Δ cDCE[ ] · 2 + Δ VC[ ] · 4 + Δ Eth[ ] · 6
Δd pV

(4)

2.5 Microbial community analysis

Samples for biomolecular analysis were collected from
groundwater (1 L) and at the end of the microcosm experiments
(20 mL). The samples were filtered using polycarbonate filters (pore
size 0.22 μm, 47 mm diameter, Nuclepore) to capture the biomass.
DNA was extracted from the filters using the DNeasy PowerSoil Pro
Kit (Qiagen, Italy), following the manufacturer’s instructions.
Purified DNA from each sample was eluted in 50 μL of sterile

TABLE 2 Microcosms experimental conditions for sulphate inhibitory effects.

Microcosm ID Matrix Abbreviation Volume/Concentration

S0 Dechlorinating inoculum DHC 100 mL

Mineral medium MM 140 mL

Trichloroethylene TCE 500 µM

Lactate Lac 200 µL

Nitrate NO3
− 0 mg/L

Sulphate SO4
2− 0 mg/L

S125 Dechlorinating inoculum DHC 100 mL

Mineral medium MM 140 mL

Trichloroethylene TCE 500 µM

Lactate Lac 200 µL

Nitrate NO3
− 30 mg/L

Sulphate SO4
2− 150 mg/L

S125 Dechlorinating inoculum DHC 100 mL

Mineral medium MM 140 mL

Trichloroethylene TCE 500 µM

Lactate Lac 122 µL

Nitrate NO3
− 30 mg/L

Sulphate SO4
2− 225 mg/L

S125 Dechlorinating inoculum DHC 100 mL

Mineral medium MM 140 mL

Trichloroethylene TCE 500 µM

Lactate Lac 122 µL

Nitrate NO3
− 30 mg/L

Sulphate SO4
2− 450 mg/L
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Milli-Q water and used for microbial characterization through 16S
rRNA gene amplicon sequencing. Amplicon libraries were prepared
and sequenced on a MiSeq instrument (Illumina, San Diego, CA,
USA) using the MiSeq Reagent Kit v3, 600 cycles (Illumina, USA),
following protocols previously published (Matturro et al., 2021).
Bioinformatic analysis included a read quality check with FastQC
software (v 0.11.7), followed by quality filtering and analysis using
QIIME2 version 2018.2 (Bolyen et al., 2018). The DADA2 algorithm
was employed to denoise paired-end sequences, dereplicate them,
filter chimeras using the “consensus”method, and resolve amplicon
sequence variants (ASVs) (Callahan et al., 2016). Taxonomy was
assigned using the Silva 132–99 database (release December 2017,
https://www.arb-silva.de/documentation/release-132/) (Quast et al.,
2013). The sequencing data generated in this study have been
deposited in the DDBJ/ENA/GenBank under the Bioproject
PRJNA1156794.

3 Results and discussion

3.1 Real groundwater microcosms study

A detailed characterization of the collected groundwater for
microcosm study have been performed after sampling the
contaminated groundwater from a depth between 6.5 and 9.5 m
using a submergible pump. Chemical characterization of the
collected groundwater is reported in Table 3.

3.1.1 Groundwater CAHs degradation under
endogenous conditions

As shown in Figure 2, the groundwater contains a variety of
chlorinated aliphatic compounds, including chlorinated ethane
compounds (i.e., TeCA, TCA) and chlorinated ethenes (i.e., PCE,
TCE, cisDCE, VC) with TeCA and cis-DCE detected at high
concentrations. In a control batch test of groundwater without
the addition of the dechlorinating enrichment, no biodegradation
of the contaminants CAHs was observed throughout the 60 days of
incubation, with reductive dechlorination rate (RD) of (−0.15 µmol/
Ld (Table 4).

The microbial community in B0 was composed mostly of
non-dechlorinating bacteria, as shown by the extremely low
abundance of D. mccartyi (5.0%), in line with the lack of
dechlorination activity. Instead, Epsilonbacteraeota_
Sulfuricurvum (7.2%) and Alphaproteobacteria_Rhodospirillales
(11.3%) dominated the community. These bacteria are involved
in other environmental processes, such as sulfur cycling, but do
not contribute to reductive dechlorination of chlorinated
hydrocarbons like TCE or TeCA. Since no external
dechlorinating microorganisms were added and no electron
donors were supplied to stimulate microbial activity, the
native microbial community in the real groundwater (B0) was
not capable to perform RD under environmental conditions. The
negative RD rate and the microbial composition highlighted the
need for bioaugmentation and biostimulation to drive
dechlorination processes in contaminated groundwater
(Figure 3). The kinetics and microbial composition of B0,
allowed us to consider this microcosm primarily as a baseline
for comparison with other microcosm conditions.

3.1.2 Groundwater microcosms amended with
dechlorinating inoculum and lactate as
electron donor

After the addition of dechlorinating bacteria to real groundwater
(Figure 4A) under anaerobic conditions, minimal dechlorination of
TeCA and cis-DCE was observed at the end of incubation period.
These contaminants were degraded at low rates, primarily
converting to VC. The dechlorination rate (RD) in the
B1 microcosm was 0.18 μmol/L/day (Table 4). The addition of
lactate (Figure 4B) allowed a slight increase in the dechlorination
rate (RD) of the B5 microcosm, from 0.18 μmol/L/day to 0.20 μmol/
L/day. The TeCA concentration decreased to 3.6 μmol/L after
60 days. Several daughter products, including TCA, cis-DCE, and
TCE, were also dechlorinated to very low concentrations.
Additionally, during the final stage of the experiment, VC levels
ranged between 0.76 and 0.91 μmol/L. As a result, neither the B1
(without lactate) nor the B5 (with lactate) microcosms allowed a

TABLE 3 Groundwater chemical characterization.

Compound Concentration Unit

PCE 0.46 ± 0.08 µmol/L

TeCA 15.70 ± 2.35

TCE 0.77 ± 0.11

cis-DCE 2.36 ± 0.58

VC 0.07 ± 0.02

Organic Carbon 47 ± 15 mgC/L

Inorganic Carbon 119 ± 13

TDS 0.65 ± 0.09 mg/L

pH 6.79 ± 0.02

EC 1005 ± 7 µS/cm

Fe3+ 20 ± 1 mg/L

SO42- 456 ± 18

NO3- 33 ± 6

FIGURE 2
CAHs concentrations during the groundwater endogenous test
(microcosm B0).
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complete or high dechlorination in the real groundwater. As
described, the microcosm B1 (DHC/GW), bioaugmented with D.
mccartyi in the absence of biostimulation (i.e., no external electron
donor like lactate was added), showed only moderate RD. The
addition of D. mccartyi facilitated some dechlorination, especially
for ethene-chlorinated species, however, the lack of an external
electron donor and the presence of inhibitors limited the extent of
this activity. Likely, the dechlorinating inoculum was able to use
some residual organic matter present in the groundwater, however,

the presence of inhibitors (i.e., TeCA and sulphate anion) or
competitive metabolisms, negatively affected the RD
performances of the enriched inoculum. Indeed, the abundance
of D. mccartyi in this microcosm was 7.2%, which is much higher
than in the control (B0), but still relatively low compared to other
microcosms with both bioaugmentation and biostimulation. This
indicates that while D. mccartyi is present, its activity might be
restricted due to suboptimal growth conditions without a dedicated
electron donor. Chloroflexi_Pelolinea (43.6%) was highly abundant

TABLE 4 RD rates of the overall microcosm study.

Microcosms with real groundwater

Microcosm Composition RD µmol/L RD µeq/Ld

B0 GW −0.15 −0.30

B1 GW + DHC 0.18 0.37

B2 GW + DHC + TCE + Lac 0.08 0.16

B4 GW + TCE 0.16 0.33

B5 GW + DHC + Lac 0.20 0.39

B6 GW + DHC + TeCA + Lac 0.35 0.69

B8 GW + TeCA 0.29 0.59

Microcosms without real groundwater

B3 DHC + MM + TCE + Lac 0.91 7.06

B7 DHC + MM + TeCA + Lac 0.47 0.93

FIGURE 3
(A) Relative abundance of various microbial taxa (% ASV) across different experimental conditions. The color scale indicates the relative abundance,
ranging from blue (low abundance) to red (high abundance), with values from −1 to 2.5. (B) PCA plot: SVD with imputation is used to calculate principal
components. X and Y-axis show principal component 1 and principal component 2 that explain 60.3% and 12.6% of the total variance, respectively. N =
9 data points. (C) Correlations between RD rates and % D. mccartyi estimated in the microcosms under various conditions.
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in DHC/GW, which might suggest its involvement in other
metabolic processes in the system, but not directly contributing
to RD. Epsilonbacteraeota_Sulfuricurvum (18.5%) was also present,
which may play a role in sulfur cycling, but again as mentioned
before, does not directly contribute to reductive dechlorination. In
the microcosm B5 (DHC/LAC/GW), bioaugmented with D.
mccartyi and biostimulate with lactate as an electron donor, RD
rate was similar to DHC/GW (B1), although lactate was added. This
suggests that while the presence of lactate did provide electron
donors for microbial activity, other limiting factors, such as the
groundwater composition or competition between microbial
populations, may have constrained the dechlorination process. In
line with this finding D. mccartyi represented 1.2% of the microbial
community, which is lower than in DHC/GW (B1). This relatively
low abundance ofD. mccartyimight explain why the RD rate did not
increase significantly, despite the addition of lactate. Likely, other
microbial species were outcompeting D. mccartyi for available
resources. Epsilonbacteraeota_Sulfuricurvum (54.4%) dominated
the microbial community in this condition, indicating a
significant presence of microorganisms involved in sulfur cycling,
which may have limited the overall efficacy of the RD process.
Chloroflexi_Pelolinea (6.5%) was present but at a lower abundance
compared to other conditions, such as DHC/GW. There was also an
increased presence of Patescibacteria ABY1 (9.4%), suggesting that
this group could be actively involved in other bioprocesses occurring
within the microbial community, though not directly contributing
to dechlorination.

3.1.3 Groundwater microcosms amended with
dechlorinating inoculum lactate and TCE

TCE degradation in the B2 microcosm with groundwater
(CAHs-contaminated environment) was visible (Figure 5A).
During the first 4 days of the experiment, VC (2.95 μmol/L) and
cis-DCE (29 μmol/L) were the main products of TCE degradation.
After 15 days, VC was produced and increased to 33 μmol/L, while
cis-DCE decreased to 5.3 μmol/L. During the latter phase of the
experiment, a slight TeCA dechlorination was observed with a
concentration ranging from 10 μmol/L to 3 μmol/L. Cis-DCE
and VC were also observed, which means that the dechlorinating
inoculum in the presence of lactate allowed the TCE reductive
dechlorination (Wen et al., 2017). The RD rate of this
experiment was 0.08 µmol/Ld suggesting an inhibition of TCE
dechlorinating activity of the inoculum. Indeed, the TCE
dechlorination capacity of the inoculum is shown in Figure 5B in
the B3 microcosm. The TCE dechlorination to Cis-DCE
(20.02 μmol/L) and VC (4.7 μmol/L) was observed since the first
day of the experiment with the full conversion of TCE and cis-DCE
to VC (up to 42 μmol/L) obtained after only 5 days. The VCwas fully
converted to ethene after 50 days of the experiment. The
B3 microcosm shows that inoculum was able to dechlorinate
TCE with a high RD rate of 0.91 µmol/Ld. However, when the
RD process was analysed in the real groundwater (B4 microcosm)
by adding only TCE (Figure 5C the RD rate decreased to 0.16 µmol/
Ld (Table 2). As a result, in CAHs-contaminated groundwater
amended with the enriched inoculum, lactate and TCE
(B2 microcosm), anaerobic conversion of TCE to vinyl chloride
and cis-DCE was achieved. However, complete dechlorination of
TCE was achieved in B3microcosm, which consisted with a high RD
rate of 0.91 µmol/Ld as shown in Table 2.

The microcosm B2 (DHC/TCE/LAC/GW), bioaugmented and
biostimulated with TCE addition as contaminant, showed RD rates
lower than DHC/GW (B1) and DHC/LAC/GW (B5). D. mccartyi
was relatively abundant in this microcosm, representing 31.3% of
the microbial community, which is significantly higher than in
DHC/LAC/GW (B5). Despite this higher abundance, the RD rate
was still low, indicating that other environmental factors or
competition within the microbial community might be limiting
the efficiency of D. mccartyi in this specific condition.
Epsilonbacteraeota_Sulfuricurvum was also present at a notable
level (24.7%), suggesting that other microbial processes, such as
sulfur cycling, may have competed with dechlorination. Chloroflexi_
Pelolinea (12.2%) and Patescibacteria_ABY1 (9.1%) were also
present, indicating a diverse microbial community, but also in
this case their contributions were likely unrelated to RD. The
presence of several non-dechlorinating groups, such as
Sulfuricurvum and Pelolinea, may have reduced the overall
dechlorination efficiency by outcompeting D. mccartyi for
resources. Interestingly, these findings highlight the complexity of
groundwater systems, where multiple microbial processes interact
and can influence the success of bioaugmentation and
biostimulation strategies for dechlorination. Indeed, the same
conditions applied to the microcosm B3 (DHC/TCE/LAC/MM)
prepared with optimized mineral medium (MM) instead of real
groundwater, allowed to increase the RD rate (7.0 µeq/Ld). Diversely
from the use of GW, these are the most favorable conditions for
efficient TCE reductive dechlorination. Accordingly, D. mccartyi

FIGURE 4
CAHs concentrations in (A) Dechlorinating inoculum,
Groundwater for microcosm B1, (B) Dechlorinating inoculum,
Groundwater, and Lactate for microcosm B5.
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was the dominant microorganism in this microcosm, accounting for
67.7% of the total microbial community. This high abundance
directly correlates with the high RD rate, confirming that D.
mccartyi is the key driver of RD in the microcosm. Other
microbial groups, such as Sulfuricurvum spp. (19.2%), were
present but at lower abundances, indicating that RD activity in
this microcosm was the main bioprocess. Moving to the microcosm
B4 (TCE/GW) with real groundwater spiked with TCE as the
contaminant, a low RD rate was observed. This finding is in line
with the native microbial community composition of the
groundwater, where D. mccartyi was present in extremely low
abundance (0.1%). This indicates a very limited dechlorinating
capability, which correlates with the low RD rate. Overall, the
B4 microbial community in TCE/GW was dominated by non-
dechlorinating microorganisms, such as Alphaproteobacteria_
Rhodospirillales (6.1%) and Chloroflexi_Leptolinea (5.4%), which
are not known for their involvement in RD. This suggests that other
metabolic processes, unrelated to TCE dechlorination, were
predominant in this microcosm.

3.1.4 Groundwater microcosms amended with
dechlorinating inoculum, lactate and TeCA

The B6 microcosm (Figure 6A) supplemented with the
dechlorinating inoculum, TeCA (50 μmol/L), and lactate, showed
an RD rate of 0.35 μmol/L/day (Table 2). This rate was higher than
in the not bioaugmented or unoptimized conditions, suggesting that
the addition of D. mccartyi and lactate stimulated dechlorination of
TeCA to some extent, but the rate remained lower than the optimal
conditions observed in B3 microcosm (DHC/TCE/LAC/MM).

Indeed, D. mccartyi was present at low levels (3.5%). Despite the
bioaugmentation with D. mccartyi, it did not become a dominant
species in this microcosm, possibly due to competition with other
microbes or suboptimal conditions of the groundwater.
Sulfuricurvum spp. (34.1%) and Rhodobacter spp. (26%)
dominated the microbial community in this microcosm. These
organisms are not directly involved in RD but may be thriving
due to sulfur cycling or other metabolic activities in the
groundwater. Their dominance could also indicate that they were
competing for resources, limiting the growth and activity of D.
mccartyi. The increase in Rhodococcus spp., which is known for
hydrocarbon biodegradation, was observed, though its specific role
in dechlorination is unclear. This genus is more commonly
associated with breaking down hydrocarbons rather than
chlorinated compounds like TeCA.

The conditions of the microcosm B7 (DHC/TeCA/LAC/MM)
(Figure 6B) positively affected and accelerated the RD. In the final
stage of the experiment, TeCA decreased to 14.46 μmol/L, VC
increased to 2.8 μmol/L, and cis-DCE was eliminated, with the
RD rate increase to 0.47 µmol/Ld. As expected, this rate was higher
compared to the B6 microcosm (DHC/TeCA/LAC/GW) where real
groundwater was tested. The microbial community in B7 was
dominated by D. mccartyi, which accounted for 66.0% of the
total community, correlating with the enhanced RD rate. The
optimized medium provided favorable conditions for D. mccartyi
growth and activity, enabling more efficient dechlorination of TeCA.
In contrast, non-dechlorinating species, such as Sulfuricurvum
spp. (9.4%) and Rhodobacter spp. (0%), were present in much
lower or negligible quantities, further emphasizing that the

FIGURE 5
CAHs concentrations in (A) Dechlorinating inoculum, Groundwater, TCE (50 μmol/L), and Lactate for the microcosm B2. (B) Dechlorinating
inoculum, Mineral medium, TCE (50 μmol/L), and Lactate for microcosm B3, (C) Groundwater and TCE (50 μmol/L) for microcosm B4.
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optimized conditions promoted dechlorinators over other microbial
taxa. In the microcosm B8 (TeCA/GW) (Figure 6C) real
groundwater was spiked with TeCA without any
bioaugmentation or biostimulation. The B8 microcosm results
show a little increase in TCE concentration, reaching 2.14 μmol/
L at the end of the experiment and the RD rate was 0.29 µmol/Ld,
this may be the result of a slight TeCA dechlorination. This indicates
a limited capacity of the real groundwater for TeCA biological
dechlorination, also due to the absence of dechlorinating
microorganism, including D. mccartyi. Indeed, the microbial
community in this microcosm was dominated by non-
dechlorinating taxa such as Alphaproteobacteria_Rhodospirillales
(19.1%) and Chloroflexi_Leptolinea (8.8%).

3.2 Consideration on the microbiome
dynamics driving RD

This microcosm study allowed to gain insights into how
different microbial compositions, conditions, and treatments
influence RD rates in the described microcosms. The microbial
community dynamics in the various microcosms revealed clear
patterns associated with dechlorination activity, particularly the
impact of bioaugmentation with D. mccartyi and the addition of
electron donors like lactate. The microcosms treated with
bioaugmentation and biostimulation, especially those using an
optimized mineral medium (MM) such as B3 (DHC/TCE/LAC/
MM) and B7 (DHC/TeCA/LAC/MM), exhibited the highest RD
rates and D. mccartyi abundances. For example, B3 achieved an RD

rate of 7.06 µeq/Ld, driven by a dominant D. mccartyi population
(67.7%), highlighting the effectiveness of optimized conditions in
promoting dechlorinating activity (Figure 3C). The PCA analysis
further supported these findings, showing that microcosms treated
with MM clustered distinctly from those treated with real
groundwater (GW), indicating that MM provided more favorable
conditions for D. mccartyi proliferation and RD (Figure 3B). In
contrast, microcosms with real GW and without bioaugmentation
or biostimulation, such as B0 and B4, showed negligible
dechlorination activity (RD of −0.30 µeq/Ld and 0.16 µeq/Ld,
respectively) and very low D. mccartyi abundances. This indicates
that the native microbial communities in the groundwater lacked the
capacity for significant RD without external intervention. Even
when D. mccartyi was present in the GW-treated microcosms
(e.g., B6, B5, B2), RD rates were moderate (ranging from 0.2 to
0.7 µeq/Ld), suggesting that while bioaugmentation can introduce
dechlorinating capabilities, the natural composition of groundwater,
as well as competition from other microbial taxa such as
Epsilonbacteraeota and Chloroflexi, can limit the effectiveness of
D. mccartyi for RD processes. The correlation between D. mccartyi
abundance and RD rates was evident under optimized conditions
(Figure 3C). Indeed, microcosms B3 and B7, which had both
bioaugmentation and biostimulation, showed the highest D.
mccartyi abundance and corresponding RD rates. This suggests
that, although D. mccartyi is a critical driver RD, the presence of
suitable electron donors (e.g., lactate) and an optimized medium
that supports D. mccartyi growth are crucial for maximizing
dechlorination efficiency. Conversely, in microcosms like B5
(DHC/LAC/GW), the addition of lactate did not significantly

FIGURE 6
TeCA and other CAHs concentrations in microcosms: (A) Inoculum, Groundwater, TeCA (50 μmol/L) and Lactate for microcosm B6. (B) Inoculum,
Mineral medium, TeCA (50 μmol/L) and Lactate for microcosm B7. (C) Groundwater and TeCA (50 μmol/L) for microcosm B8.
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enhance RD due to lowD. mccartyi abundance (1.2%), implying that
competition for resources or unfavorable groundwater conditions
may have restricted D. mccartyi growth and activity. Overall, these
findings underscore the complex interplay between microbial
community composition, environmental conditions, and
treatment strategies in driving dechlorination processes. The data
suggests that while bioaugmentation with D. mccartyi may improve
the RD process, the success of reductive dechlorination is heavily

dependent on a variety of conditions including the availability of
electron donors, the autochthonous microbial community
composition and the occurrence of competitive metabolisms
from non-dechlorinating taxa strictly linked to the real
groundwater chemistry and pollution.

3.3 Effect of sulphate concentration on TCE
reductive dechlorination

The TCE reductive dechlorination throughout the operation of
the S0, S150, S225, and S450 microcosms experiment is shown in
Figures 7, 8. The results demonstrate the TCE RD was achieved,
regardless of the starting sulphate concentration in every batch
experiment; however, because TCE RD rate decreases with the
increase of sulphate (Table 4), increasing the sulphate content
required longer operating times. In S0, which is the control
culture, complete TCE dechlorination was achieved, VC
concentration gradually decreased to zero and the final product
ethylene increased to 954.1 μmol/L after 194 days of operation
(Figure 7) with a TCE removal rate of 8.89 µmol/Ld (Table 5).

As reported in Figure 7, S0 control test required 5 days for the
complete TCE depletion while in the S450 microcosm, the first
dechlorination step from TCE to cis DCE required 26 days for the
complete TCE reduction. By the evaluation of RD rate S450, S225,
and S150microcosms, TCE RD rates were 14 µeq/Ld, 22 μeq/Ld, and
23 μeq/Ld respectively (Table 5).

RD rate decreased according to the sulphate concentration
increase confirmed previous studies (Pantazidou et al., 2012;

FIGURE 7
CAHs concentrations in the presence of an enriched
dechlorination culture and the absence of sulphate.

FIGURE 8
CAHs concentrations in an anaerobic environment included the same enriched dechlorination culture and nitrate amount with the addition of
sulphate: (A) 450 mg/L sulphate concentration, (B) 225 mg/L sulphate concentration and (C) 150 mg/L sulphate concentration.
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Schiffmacher et al., 2016). Indeed, control microcosm S0 without
sulphate and nitrate anions showed a quantitative reduction of TCE
into ethylene and a RD rate of 48 μeq/Ld. The microcosms S150,
S225, and S450 showed a lower RD rate, (as reported in Table 5), due
to the loss of the final dechlorination stage from VC to ethylene.

4 Conclusion

The microcosms test conducted on the real contaminated
groundwater highlighted the presence of combined inhibitory
effects derived from the presence of TeCA co-contaminant and
sulphate ion concentration. Despite the bioaugmentation of real
groundwater with the enriched dechlorinating inoculum, whose
activity has been detected in the control B3 microcosm (DHC +
MM + TCE + Lac), the removal of TeCA and the other unsaturated
byproducts resulted limited in all the tests containing real
groundwater. The findings from the first study, which examined
microcosms under various conditions, highlight the almost
undetectable removal rates of the different chlorinated
compounds due to the combined presence of TeCA and sulphate
anion. Indeed, while the D. mccartyi enriched dechlorinating
consortium can achieve total TCE dechlorination into ethylene in
control tests conducted under optimized conditions (i.e., mineral
medium and lactate), the presence of CAHs contaminants may
hinder the effective biodegradation by this inoculum. The
microcosm study highlights that the composition and abundance
of microbial taxa varied significantly depending on the experimental
conditions, such as the presence or absence of bioaugmentation
(mostly D. mccartyi), biostimulation (lactate), and the type of
medium (real groundwater or anaerobic mineral medium).
Microcosms that were bioaugmented with D. mccartyi and
biostimulated with lactate showed higher dechlorination rates, as
observed in DHC/TCE/LAC/MM and DHC/TeCA/LAC/MM.
These conditions supported the dominance of D. mccartyi, with
up to 67.7% of the microbial community, driving efficient RD of
chlorinated hydrocarbons like TCE and TeCA. In contrast,
microcosms with real groundwater and no bioaugmentation, such
as TCE/GW and TeCA/GW, exhibited low D. mccartyi abundance
(0%) and low reductive dechlorination (RD) rates, suggesting that
the native microbial population lacked the capacity for effective
dechlorination. The principal component analysis (PCA) plot
highlighted distinct groupings based on microbial community
composition across different microcosm conditions. Microcosms
that were bioaugmented and biostimulated, such as DHC/LAC/GW,
DHC/TCE/LAC/MM, and DHC/TeCA/LAC/MM, clustered
together, indicating similar microbial community structures
dominated by D. mccartyi. These groupings were associated with

higher reductive dechlorination rates. In contrast, non-augmented
and non-stimulated microcosms like GW, TCE/GW, and TeCA/
GW were separated on the PCA plot (Figure 4B), reflecting distinct
microbial communities dominated by non-dechlorinating taxa. This
separation demonstrates how bioaugmentation and biostimulation
can drive significant shifts in microbial community dynamics
toward a composition that supports reductive dechlorination.

Moreover, our enriched dechlorination culture achieved full TCE
dechlorination under optimal laboratory conditions without co-
contaminants, with an RD rate of 7.06 µeq/Ld. However, in real
groundwater with the addition of a dechlorinating inoculum and
under lactate stimulation, the RD rate decreased to 0.39 µeq/Ld,
with an RD reduction of 95% compared to the control. In the
microcosm experiment assessing the impact of sulfate inhibition/
competition, successful reductive dechlorination of TCE was
observed in all batches, although longer operating times were
required at higher sulfate levels. For instance, in the S0 microcosm,
complete TCE dechlorination was achieved within 194 days, with an
RD rate of 8.89 µmol/Ld, as indicated by the gradual decrease in vinyl
chloride concentration to zero and the corresponding increase in
ethylene. The microcosms study, focusing on the effect of sulfate,
confirmed a clear inverse relationship between RD rates and sulfate
concentration. Specifically, RD rates of TCE were recorded at
3.82 µmol/Ld, 5.04 µmol/Ld, and 6.03 µmol/Ld in the S450, S225,
and S150 microcosms, respectively. Overall, the results from all
microcosm experiments suggest that the presence of other electron
acceptors, such as sulfate and CAHs co-contaminants can influence the
microbial community involved in the dechlorination process.
Additionally, high concentrations of electron acceptors, like sulfate,
may slow down the rate of reductive dechlorination.
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