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ARTICLE INFO ABSTRACT

Keywords: Toluene is a pollutant frequently detected in contaminated groundwater, mostly due to leakage from under-
Aromatoleum ground gasoline storage tanks and pipeline ruptures. Multi-element compound-specific isotope analysis provides
Toluene

a framework to understand transformation processes and design efficient remediation strategies. In this study, we
enriched an anaerobic bacterial culture derived from a BTEX-contaminated aquifer that couples toluene and
phenol oxidation with nitrate reduction and the concomitant production of carbon dioxide and biomass. The 16S
rRNA gene amplicon data indicated that the toluene-degrading consortium was dominated by an Aromatoleum
population (87 + 2 % relative abundance), and metagenome sequencing confirmed that the genome of this
Aromatoleum sp. encoded glycyl-radical enzyme benzylsuccinate synthase (BssABC) and phenylphospate syn-
thase (PpsA1BC) homologous genes involved in the first step of toluene and phenol transformation, respectively.
Carbon and hydrogen isotopic fractionation were epyik, ¢ = - 3.5 & 0.6 %o and &p, 1 = - 85 & 11 %o, respectively,
leading to a dual G-H isotope slope of A™/C = 26 + 2. This value fits with a previously reported value for a
consortium dominated by an Azoarcus species (A™/¢ = 19 + 5) but differs from that reported for Aromatoleum
aromaticum (A C-144+ 1), both of which grow with toluene under nitrate-reducing conditions. Overall, this
suggests the existence of different BssABC enzymes with different mechanistic motifs even within the same
Aromatoleum genus.

Benzylsuccinate synthase
Isotope fractionation
Denitrifying bacteria

1. Introduction

Toluene is a colorless volatile liquid and, together with benzene,
ethylbenzene and xylene, forms an important group of aromatic volatile
organic compounds called BTEX, which are major constituents of crude
oil and fuel gasolines (Weelink et al., 2010). The most common sources
of toluene into soils are from leaking underground storage tanks of
BTEX-containing components such as gasoline, or from pipeline rup-
tures and waste disposal sites. Once released, it can be partially adsorbed
on soil, and can also migrate down to the saturated zone by gravity and
capillary forces, forming light non-aqueous phase liquids (LNAPLs)
(Long et al.,, 2013). The leakage of BTEX poses a serious risk of
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groundwater contamination due to their relatively high solubility in
water. According to the 2022 ATSDR Substance Priority List, toluene is
ranked 75th (out of 275), based on a combination of frequency, toxicity
and potential for human exposure. Repeated exposure to toluene has
adverse effects on human health (such as a severe impact on the central
nervous system) and, therefore, its removal from groundwater is an
important environmental issue (Filley et al., 2004).

Bioremediation has promising applications in the BTEX contami-
nated groundwater. More specifically, enhancement of in situ biodeg-
radation of toluene using microbial metabolism is considered a cost-
effective, efficient, and less intrusive strategy than physicochemical
methods (Bauer et al., 2008; Wartell et al., 2021). In the absence of
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molecular oxygen (anoxic conditions), which is a frequent scenario in
BTEX-contaminated soils, a broad variety of phylogenetically diverse
bacteria have been demonstrated to degrade toluene using nitrate, sul-
fate, iron (II) or manganese (IV) as terminal electron acceptors
(Atashgahi et al., 2021; Miiller et al., 2009; Weelink et al., 2009). The
initial step of anaerobic toluene catabolism is catalyzed by the enzyme
benzylsuccinate synthase (BSS) that adds the methyl group of toluene to
fumarate to yield (R)-benzylsuccinate (Fig. S1) (Biegert et al., 1996).
This intermediate is further degraded by p-oxidation via a conserved
specific pathway that consists of a benzylsuccinate CoA-transferase,
benzylsuccinyl-CoA dehydrogenase and benzoylsuccinyl-CoA thiolase
(Heider et al., 2016; Weiten et al., 2021). The enzymes required for
benzylsuccinate formation and p-oxidation are encoded in two separate
genetic units, namely the bss and bbs operons, respectively (Heider et al.,
2016).

Bacterial members of the Aromatoleum/Azoarcus/Thauera cluster
within the betaproteobacterial order Rhodocyclales encompass a group
of model organisms to study anaerobic toluene degradation (Dorer et al.,
2014; Tan and Parales, 2019; Weiten et al., 2021; Zhu et al., 2020). In
particular, the genus Aromatoleum comprises a suite of 13 taxonomically
described denitrifying species that degrade a wide variety of aromatic
compounds under anoxic conditions. Species of this phylogenetic cluster
are widely distributed in terrestrial and aquatic habitats, including
agricultural soils, polluted sites and wastewater treatment plants,
among others (Becker et al., 2022; Rabus et al., 2014).

A useful tool to investigate biological reactions of contaminants in
the field, i.e., elucidate different degradation pathways and measure the
efficacy of treatment systems, is compound-specific isotope analysis
(CSIA). CSIA is a technique based on differences in reaction rates that
take place between the heavy and light isotopes of an element that leads
to a kinetic isotopic effect (KIE) in unidirectional reactions, due to dif-
ferences in the activation energies between the heavy and light isotope
in the bond (Dorer et al., 2016; Elsner et al., 2005). Thus, the reactant
becomes enriched in the heavy isotope as the degradation reaction oc-
curs for normal KIE (Elsner et al., 2005; Vogt et al., 2008). The extent of
isotopic fractionation can be masked by processes that affect bond
cleavage at the reaction site, e.g., substrate bioavailability, uptake, or
binding to the enzyme, leading to differences in the observed isotope
fractionation values (¢) and therefore apparent KIE for the same mech-
anism. In such cases, two-dimensional isotope fractionation analysis
provides more precise information about the mechanism than a single
isotope, by the correlation of isotope fractionation of two elements
(Elsner, 2010; Vogt et al., 2008). Thus, a multidimensional isotope
analysis is a key tool to identify the predominant degradation pathways
of pollutants in the field. Dual C-H isotope analysis (A"/C) of BTEX has
been widely studied during biodegradation by different facultative and
strictly anaerobic microorganisms, including Aromatoleum species, using
several terminal electron acceptors (Dorer et al., 2016, 2014; Fischer
etal., 2008; Vogt et al., 2008). In the case of toluene, differences in AHC
among different anaerobic bacteria degrading toluene by BSS ranged
from 4 (anoxic phototrophic), 11-15 (nitrate-reducing conditions) to
24-31 (iron or sulfate-reducing conditions), suggesting the involvement
of different isoenzymes of BSS under specific redox conditions (Kiimmel
et al., 2013; Dorer et al., 2016; Vogt et al., 2008).

The aim of this work is: i) to enrich and characterize a bacterial
consortium obtained from a BTEX-contaminated aquifer that anaerobi-
cally degrades toluene, ii) to determine carbon and hydrogen isotope
fractionation during toluene degradation under nitrate-reducing con-
ditions to get more information on the reaction mechanism and iii) to
obtain a draft genome assembly of the bacterium responsible for toluene
degradation to identify target biodegradation genes.
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2. Materials and methods
2.1. Inoculum source and enrichment of the toluene-degrading consortium

The toluene-degrading enriched culture obtained in this study
derived from microcosms inoculated with a combination of ground-
water and sediment samples collected from three sampling wells of a
BTEX-contaminated aquifer located in the province of Barcelona
(Spain). The samples were collected from the upper part of the aquifer
(up to 10 m below ground surface) using a submersible stainless-steel
pump. This upper part was an unconfined alluvial aquifer mainly
composed of gravel layers of elevated hydraulic conductivity.

Unless otherwise stated, the culture was maintained in 100 mL glass
bottles containing 65 mL of phosphate-buffered anaerobic medium
modified from Ridgway et al. (1990) that contained KNO3 (0.5 g/L),
(NH4)2$O4 (238 g/L), KH2PO4 (136 g/L), NazHPO4 (142 g/L),
MgS04-7H,0 (0.2 g/L), ZnCl, (0.07 mg/L), CuSO4-5H,0 (0.039 mg/L),
FeS04-7H,0 (5 mg/L), CaCly-2H20 (10 mg/L), MnSO4-H0 (1.54 mg/L),
Na2M004~2H20 (0036 ng/L), COC12~6H20 (0.19 mg/L), H3BO3 (2.86
mg/L) and nitrilotriacetic acid (NTA) (12.8 mg/L) as a chelating agent.
The pH was adjusted to 7.2 with NaOH (1 M) prior to the addition of the
trace metal solution. The serum bottles were sealed inside an anaerobic
chamber (Coy Laboratory), with Teflon-coated butyl rubber stoppers
and aluminium crimp caps. The cultures were amended with 1000 uM of
neat toluene doses as a sole carbon source. The experimental bottles
were then gassed with Ng (0.4 bar overpressure) and incubated at 25 °C
under static dark conditions to avoid possible photodegradation of
toluene.

The consortium was maintained by transferring active cultures to
fresh medium (2-5 % v/v) during the exponential degradation phase of
toluene. Biotic (medium plus inoculum without toluene) and abiotic
controls (medium amended with toluene but without inoculum) were
included to evaluate the production of metabolites from the components
of the medium and account for potential abiotic toluene degradation or
volatile losses, respectively. All treatments were performed in triplicate.
To ensure the equilibrium of gas-liquid phases in the microcosms, the
initial concentration added at each toluene dose was measured the day
after the addition. Given the high rate of toluene consumption by the
consortium, the amount of toluene added to the abiotic controls was
taken as the initial concentration.

2.2. Analytical methods

All BTEX were quantified by gas chromatography (GC) by injecting
0.5 mL of headspace gas samples into an Agilent 6890N GC equipped
with a DB-624 column (30 m x 0.320 mm with 0.25 pm film thickness,
Agilent) and a flame ionization detector (FID), using a gas-tight syringe
(Hamilton). Helium was used as carrier gas. Injector and detector tem-
perature was set at 250 °C and 300 °C respectively. The oven temper-
ature was initially set isothermal at 45 °C. After sample injection, this
temperature was held for 2 min and then ramped 10 °C/min up to
150 °C, when the rate increased to 20 °C/min to 220 °C. The running
time was 16.3 min.

Phenol concentration was quantified with a Dionex Ultimate 3000
HPLC system equipped with a UV detector (272.6 nm) and a C18
reverse-phase column (Phenomenex, Kinetex EVO C18 100 f\, 5 pm, 4.6
mm x 250 mm). The mobile phase consisted of 30 % of acetonitrile and
70 % of MilliQ water with a constant flow of 1 mL/min.

Carbon dioxide was measured by injecting 0.1 mL of headspace gas
sample into an Agilent 7802A GC equipped with a thermal conductivity
detector (TCD) with MolSieve 5A 60-80 SS (1.82 m x 2 mm, Agilent)
and a Porapak Q 60-80 UM columns (1.82 m x 2 mm, Agilent). Nitrogen
was used as carrier gas. The initial oven temperature was fixed at 70 °C.
After the injection of the sample, this temperature was held for 2 min
and then declined at 20 °C/min to 40 °C, which was held for 4 min, with
a total running time of 6 min. Injector and detector temperatures were
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set at 200 °C and 250 °C, respectively.

Nitrate, nitrite, and sulfate were quantified from filtered liquid
samples (0.22 pm) using a Dionex IC-2000 system with an IonPac AS11-
HC-4 pm anion-exchange column (250 x 2 mm) and suppressed con-
ductivity detection by a Dionex ASRS 300 in the AutiSuppression recycle
mode. The column temperature was 30 °C. A sample volume of 2.5 pL
was injected using a Dionex ASAP auto-sampler. The eluent was a KOH
solution (30 mM) from a Dionex EGC 500 KOH cartridge. The analysis
was performed isocratically with a flow rate of 0.38 mL/min.

All chromatographs used Chromeleon software (Thermo Scientific)
for the calculation of peak areas. Aqueous standards were used for
calibration under similar conditions as those in the microcosms (tem-
perature, pressure, and liquid and headspace volumes). Results were
presented as nominal concentrations.

For optical density (OD) determination, 1 mL of sample was
collected, and the absorbance was measured using a Hach Lange DR
3900 spectrophotometer at a 600 nm wavelength.

2.3. Metagenomic sequencing and genomic analysis

For 16S rRNA gene amplicon sequencing and metagenome
sequencing, cells were harvested by centrifugation (9000 g, 40 min at
16 °C; Avanti J-20 centrifuge) during the exponential degradation phase
once the culture consumed ~1000 pM toluene, respectively.

DNA was extracted using Gentra Puregen Yeast/Bact Kit (Qiagen)
according to the manufacturer’s instructions. The DNA concentration
(ng/pL) was determined by Nanodrop (Thermo Scientific-UV-Vis), using
Hydratation Solution (1 pL) from Gentra Puregen Yeast/Bact Kit (Qia-
gen) as a blank.

Amplicons of the region V3-V4 of 16S rRNA genes were amplified
with primers S-D-Bact-0341-b-S-17 (CCTACGGGNGGCWGCAG) and S-
D-Bact-0785-a-A-21  (GACTACHVGGGTATCTAATCC) (Klindworth
et al., 2013) and then sequenced with the Illumina MiSeq sequencing
platform (2 x 250 bp) at Serveis de Genomica i Bioinformatica from Uni-
versitat Autonoma de Barcelona (Spain). Sequences were processed using
the 16S Metagenomics workflow in the MiSeq Reporter analysis soft-
ware based on quality scores generated by real-time analysis during the
sequencing run. Quality-filtered indexed reads were demultiplexed for
generation of individual FASTQ files and aligned using the banded
Smith-Waterman method (Smith and Waterman, 1981) of the
[lumina-curated version of the Greengenes taxonomic database. The
output of this workflow was a classification of reads at multiple taxo-
nomic levels.

Shotgun metagenomic sequencing of the DNA extracted from the
cultures was also sequenced by the [llumina MiSeq sequencing platform
(2 x 250 bp) at Serveis de Genomica i Bioinformatica from Universitat
Autonoma de Barcelona (Spain). Sequence reads were trimmed of
adapters using AdapterRemoval with default settings (Schubert et al.,
2016), trimmed based on quality using a python3 script (https://github.
com/kwasmund/Trim-Illumina), with the flags -q 15 -m 50 -b 8. Se-
quences were assembled using SPAdes (v. 3.9.0) with pre-assembly
read-error correction (Bankevich et al., 2012). Contigs <2500 bp were
discarded. Except for a contig containing ribosomal RNA genes, contigs
that were more or less than 18-24 x coverage were also discarded,
because BLASTX analyses against the National Center for Biotechnology
Information (NCBI) nr database identified that contigs with this
coverage all belonged to Aromatoleum.

The genome was annotated using the RAST server with ‘classic
mode’ (Aziz et al., 2008) and MAGE MicroScope pipeline (Vallenet
et al., 2020). The loci numbers used in this manuscript are from the
MicroScope annotation and are preceded by the letters ‘AROMA _V1 .
The JspeciesWS website (Richter et al., 2016) was used to calculate the
average nucleotide identities (ANI) of genomes by BLASTn. Genome
quality was evaluated with CheckM (Parks et al., 2015). The genome
was classified using GTDB-tk (v2.3.2) with database version r214
(Chaumeil et al., 2020. The genome and annotations are publicly

Environmental Pollution 361 (2024) 124823

accessible in the MicroScope platform, accession WGS AROMA.1).

2.4. Stable carbon and hydrogen isotope experiments

Eight parallel experimental bottles were inoculated as described
above and fed with 1000 pM toluene. Each bottle was killed at different
extents of toluene degradation by adding 1 mL of concentrated HCI (37
%). Two types of controls were included in the experiment: i) abiotic
controls, consisting of medium with toluene and without inoculum.
These controls were added to consider the initial concentration of
toluene spiked into the experimental bottles and potential abiotic re-
actions or contaminant losses, ii) killed controls, in which the inoculum
was added and immediately killed with 1 mL of concentrated HCI, to
evaluate the contribution of the residual toluene added with the inoc-
ulum on the isotopic composition.

Carbon and hydrogen isotopic composition of the toluene in the
samples was measured at the Centres Cientifics i Tecnologics de la Uni-
versitat de Barcelona (CCiT-UB). The system consisted of a Thermo Fin-
nigan Trace GC Ultra instrument coupled via a GC-Isolink interface to a
Delta V Advantage IRMS (Thermo Fisher Scientific). Liquid aliquots
were removed from the experimental bottles and placed in 20 mL vials
filled with 10 mL aqueous phase (samples were diluted in Milli-Q water
to reach a similar toluene concentration with a proper signal intensity)
and containing a 30 mm PTFE-coated stir bar were placed in a TriPlus
Autosampler equipped with a SPME holder (Thermo Fisher Scientific).
The VOCs were extracted from the aqueous samples by automated
headspace solid phase micro-extraction (HS-SPME) using a 75 pm
Carboxen-PDMS fiber (Supelco, Bellefonte, PA, USA). Samples were
extracted for 20 min at 40 °C and constant agitation and the SPME fiber
was desorbed for 10 min at 250 °C at the GC injector set to split mode
with a split ratio of 1:10. This GC was equipped with a Teknokroma TRB-
624 column (60m x 0.32 mm x 1.8 pm, Barcelona, Spain). The oven
temperature was kept at 60 °C for 2 min, heated to 220 °C at a rate of
8°Cmin~! and held at 220 °C for 5 min. Helium was used as a carrier gas
(1.8 mL/min). The Quality Control/Quality Assurance (QC/QA) of the
analytical process was carried out through the analysis of duplicate
samples, blanks, and standards as shown below. For example, to correct
slight isotopic fractionation induced by the HS-SPME preconcentration
technique, the obtained delta values were corrected by daily values of
calibrated in-house standards of known C and H isotope ratios
(including the same pure toluene standard which was also used for the
cultures), prepared at the same concentration range than the samples.
These pure standards were previously determined using a Delta V
elemental analyzer (EA) coupled to a Delta C IRMS through a Conflo IV
interface (all parts of Thermo Fisher Scientific) for carbon and a Delta
Plus XP IRMS with a high temperature conversion elemental analyzer
(TC-EA) for hydrogen using several internal standards with known iso-
topic composition relative to the Vienna Pee Dee Belemnite (VPDB)
standard and Vienna Standard Mean Ocean Water (VSMOW) respec-
tively, according to (Coplen et al., 2006). All analyses (standards and
experimental samples) were injected minimum in duplicate as a quality
control and one standard deviation (16) was calculated. All the stan-
dards injected in different replicas, days and concentrations (from 50 to
2500 pg L™1) had an average toluene-5'3C values of —28 + 0.2%o (n =
17) and 8°H values of —58.8 & 4.5%o (n = 20), which associated errors
are smaller than the typical total analytical uncertainty (0.5%o for car-
bon and 5%. for hydrogen).

Carbon isotopic fractionation accounting for all atoms (epyik, ) was
calculated according to the simplified logarithmic Rayleigh equation
(Eq. (1)) (Dorer et al., 2016):

In Gt 1y _ epuk * In G
So+1) Co

where 3 is the relative difference of isotope ratios expressed in per mil

(initial subscript 0 and t at each degradation point measured). C

Eq. (1)
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represents the initial toluene concentration (0) and at each measuring
point during the experiment (t). ¢ in the equation is the corresponding
isotopic fractionation.

For hydrogen, corrected isotope fractionation in the reactive posi-
tions (g, 1) (Eq. (2)) was calculated, as |A62H = 8¢u - So,u| exceed 100
%o and compared to normal epyk, g Which might not be consistent for
high hydrogen fractionation. Thus, &, ; allows to obtain stable isotopic
factors regardless of the extent of hydrogen fractionation (Dorer et al.,
2016):

<5t+g (6, — 5O)+1> c
In =g * ln(—t> Eq. (2)

50-‘1‘1 CO

The Eq. (2) considers the atoms that are in the reactive position
(subscript rp), where n is the number of atoms of an element in the
molecule, and x the total number of an element in the reactive site.
Confidence interval of 95% (95% CI) of the linear regression in the
Rayleigh plots was estimated for ¢ values.

To evaluate the isotope effect of the atoms at the reactive position of
the molecule, the apparent kinetic isotope effect (AKIE) was calculated
as follow in Eq. (3), where n represents the total number of atoms of the
considered element (E) in the target molecule, x denotes the number of
atoms situated at the reactive site, and z stands for the number of atoms
in intramolecular isotopic competition (Elsner et al., 2005).

1

A= (22 o ebuik)

Eq. (3)

Dual isotope slopes (A™€) were calculated by ordinary linear
regression of the changes in 5°H and §'°C data in 2D-isotope plots (i.e.,
AYC = A5%H/A5'3C). The uncertainty of AP/ was reported as the 95%
CI, determining the uncertainty of A values by error propagation. To
get further mechanistic insights, obtained A™/€ values were compared to
the theoretical one estimated by Eq. (4), which expresses the dual
isotope slope for a given substrate and reaction as a function of KIE
values (Elsner, 2010). Both equations (3) and (4) assume the absence of
secondary isotope effects. For carbon, secondary isotope effects are
usually insignificant.

it

)H AKIE; —1 1+AKIE;e (2 — 1)

AB/C ASH Ngﬁdk ~ ( . R
) AAKIEG —1 1+ AKIEc e (26— 1)
c

ASC ey (

=%

Eq. (4)

Statistical differences with previously reported values were assessed
using statistical two-tailed z-score tests (Ojeda et al., 2019). Differences
were considered statistically significant if p < 0.05.

3. Results and discussion

3.1. Enrichment and characterization of the toluene-degrading
consortium

A combination of groundwater and sediments from an aquifer
contaminated with BTEX were incubated with the anoxic buffered me-
dium amended with toluene. In the first transfer, 1000 pM of toluene
was consumed within a week. After the tenth consecutive transfer, we
explored which electron acceptor was used for toluene oxidation. We
replaced the sulfate salts of the buffered solution with chloride salts (1.3
g NH4Cl, 0.2 g/L MgCly-6H,0, 5 mg/l FeCly-4H,0, 1.54 mg/L
MnCly-4H50 and 0.039 mg/L CuCly-2H20) and increasing the concen-
tration of KNOs to 1.01 g/L to evaluate whether nitrate was used as
electron acceptor and not sulfate. Similarly, to assess whether sulfate
acted as electron acceptor, the only nitrate source in the medium (KNO3)
was replaced with a sulfate salt (2.38 g/L (NH4)2SO4). Toluene was
completely degraded within six days in the medium that contained
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nitrate as electron acceptor, whereas toluene was not consumed in the
medium containing sulfate after 40 days of incubation (Fig. S2). Thus,
the medium containing nitrate as electron acceptor was selected for
further studies.

After fifteen consecutive transfers in the medium containing nitrate
as electron acceptor, a time-course experiment to evaluate degradation
of toluene was performed. Toluene degradation was concomitant to
nitrate consumption, indicating that it was used as terminal electron
acceptor (Fig. 1A and B). The transient accumulation of nitrite, an
obligate intermediate of all nitrate reduction pathways, together with
the overpressure observed during sampling in the bottles consuming

2000 A —&— Toluene
-l CO,
—&— CO, (biotic controls) — 1500
2
1500 —
s
e — 1000 8
2 1000 \L N
. £
°
500 - — 500
0-1 ) ¢ 0
2 4 6
Time (days)
15
B @ Nitrate (biotic controls)
- Nitrate
% —A— Nitrite
E 10+
- !
S S S
£ n
=
5
5 o
o ]
0 T i T
0 2 4 6
Time (days)
0.8
C A~ Experimental bottles
o a
06— —l- Biotic controls
=1 X
& 04-
o
0.2 X
B— —— e —
0.0 I 1 I I
0 2 4 6
Time (days)

Fig. 1. (A) Time course of toluene degradation and CO, production in exper-
imental bottles and biotic controls. (B) Nitrate concentration in experimental
bottles and abiotic controls and nitrite concentration in experimental bottles.
(C) 0.Dgoo in experimental bottles and biotic controls. Red arrows in panel A
and B indicate the re-amendment of toluene and nitrate, respectively. This
experiment was performed with triplicate cultures growing on toluene after 15
transfers with the medium containing nitrate as terminal electron acceptor. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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toluene, further suggests that nitrate was reduced to nitrogen gas.
However, further studies are required to confirm complete denitrifica-
tion. The concentration of nitrate in both biotic and abiotic controls
remained constant at 8.12 £+ 0.08 and 8.7 £ 0.6 mM, respectively,
which confirms biological oxidation of toluene coupled to nitrate
reduction in the experimental bottles. After the consumption of the
second dose of toluene (day 4), nitrate was reamended to proceed with
toluene oxidation.

Carbon dioxide was concomitantly produced when toluene was
oxidized (Fig. 1A). The amount of COs detected in biotic controls
remained low (with an average of 357 + 56 mM), which could be
attributed to the oxidation of residual toluene added when inoculating
the culture medium. Similarly, consumption of toluene was accompa-
nied by a clear increase in the optical density at 600 nm of the medium,
suggesting that metabolism of toluene was coupled to growth (Fig. 1C).

The stoichiometry of toluene oxidation relative to nitrate consump-
tion in the experimental bottles (C;Hg:NO3) was 1:4.3 & 2.3 (Table 1),
which fits well with the stoichiometric ratio of 1:4.5 reported by Evans
et al. (1991) during toluene degradation by a denitrifying enriched
culture (Eq. (5)):

CyHg + 4.5NO; +4.5H" +0.68NH; — 3.6CO, + 0.68CsH;O,N + 2.25N,
+ 4.9H,0
(Eq. 5)

In the case of stoichiometry of toluene oxidation relative to carbon
dioxide production (C;Hg:CO5), an experimental ratio of 1:0.4 + 0.4 was
obtained, which corresponds to only around 8% of the molar ratio
represented in Eq. (5) (1:3.6). It can be explained by the solubilization of
CO4 to HCO3 to equilibrate the charge balance due to the transformation
of NO3 to Ny, that would contribute to the alkalinity of the medium (Eq.
(6)). Notable COy production was observed over the time course
experiment, especially during the consumption of the first dose of
toluene.

C;Hg+4.5NO; +0.9H" +0.68NH; — 3.6HCO; +0.68CsH;0,N +2.25N,
+1.3H,0
(Eq. 6)

3.2. Alternative carbon sources of the toluene-degrading culture

The potential of the Aromatoleum-containing consortium to use other
contaminants as carbon sources was assessed under nitrate-reducing
conditions by replacing toluene in the culture medium with different
substrates that were previously tested for Aromatoleum species by Rabus
et al. (2019): benzene, ethylbenzene, xylene isomers (ortho-, para-, and
meta-xylene), limonene, propylbenzene, benzoate and phenol
(Table S1).

Among all the substrates tested, phenol was the most favourable
carbon source, and the culture consumed doses of ~500 pM in less than
two days with the concomitant production of COy (Fig. S3A). Further-
more, as observed in the case of toluene, when phenol was consumed
nitrate was consumed with a low accumulation of nitrite (Fig. S3B), and
the increase in the optical density over time indicated that phenol was
partially assimilated to generate new biomass (Fig. S3C).

In order to determine if there was a preference for the consumption
of toluene or phenol by the consortium, both contaminants were added

Table 1
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simultaneously to the culture medium. Toluene and phenol were
consumed concomitantly within two days without an observable lag
phase and were accompanied by a large increase in the optical density
(Fig. S4).

3.3. Microbial composition of the consortium and metagenome
sequencing of the toluene-degrading bacterium

Amplicon sequencing of 16S rRNA genes was carried out to deter-
mine the bacterial community of the toluene-degrading consortium. The
results showed that the predominant genus was Aromatoleum (87 + 2
%), followed by Stenotrophomonas (3 + 0.1 %), Proteiniphilum (3 + 1
%), Simpliscispira (2 + 0.4 %), Paludibacter (2 + 0.6 %), and others
(Fig. 2). This “others” category includes unclassified reads at genus level
(0.8 £+ 0.2 %), Alicycliphilus (0.6 + 0.01 %) and Pseudomonas (0.4 +
0.1 %) (Fig. 2).

Of the detected genera, Aromatoleum was the most abundant bacte-
rial genus, and widely known for the ability of members of this genus to
transform toluene under nitrate-reducing conditions. Some species of
Pseudomonas are also able to degrade toluene under nitrate-reducing
conditions (Banerjee et al., 2022; Kim et al., 2013; Rajamanickam
et al., 2017), although the very low relative abundance of this group in
the culture (0.4 + 0.1 %) suggests that either these Pseudomonas do not
use toluene as carbon source or its contribution to the overall degra-
dation is negligible. Therefore, we assume that Aromatoleum sp. are
responsible for toluene degradation in our culture.

Regarding other bacteria detected in our consortium, Alicycliphilus
denitrificans strains BC and K601 oxidize benzene and toluene, but using
chlorate as terminal electron acceptor (Oosterkamp et al., 2013; Sol-
is-Gonzalez and Loza-Tavera, 2019). A species of Stenotrophomonas can
grow with benzene, trichloroethylene and chloroform, but growth with
toluene was barely observed and it did not grow with phenol (Mukherjee
and Roy, 2013). Proteiniphilum has also been detected in diverse cultures
degrading polycyclic aromatic hydrocarbons and its role is commonly
attributed to proteolytic fermentation, yielding acetate and propionate
as products (Chen and Dong, 2005). Hence, this genus, along with other
fermenters such as Paludibacter, might be the main degraders of proteins
from the cell debris in the culture (Miiller et al., 2009; Ueki et al., 2006).

The draft genome of the Aromatoleum sp. in the culture consisted of
5,073,668 bp in 50 contigs with a G + C content of 66.2%. The genome
was estimated to be 99.9% complete from CheckM analysis, with 0.7%
contamination. This suggests that the genome of the Aromatoleum strain
from our consortium is near-complete. The genome was classified as an
unidentified species of the genus Aromatoleum by GTDB-tk. Analysis of
average nucleotide identity (ANI) similarity to other available Aroma-
toleum genomes showed it had 83.5% ANI to the next closest species.
This also suggests the genome should be considered representative of a
novel species-level genome considering a >95% ANI threshold to define
species (Jain et al., 2018). The closest species based on ANI were Aro-
matoleum buckelii (GCF_012910785) and Aromatoleum bremense
(GCF_017894365), both with 83.5% ANI.

In agreement with the biodegradability tests performed in section
3.2, the genes encoding enyzmes involved in the initial steps of toluene,
phenol and benzoate degradation were encoded in the genome of the
Aromatoleum sp. in the culture. These were: the glycyl-radical enzyme
benzylsuccinate synthase (BssABC) that adds toluene to the double bond
of the fumarate cosubstrate forming (R)-benzylsuccinate; the

Average degradation rate and balances of CO, produced, and nitrate consumed per toluene dose for the experiment depicted in Fig. 1. The stoichiometric balances were
calculated according to Eq. (5). The CO stoichiometrically produced was calculated as the average of the CO, produced during the three toluene doses.

Days Toluene consumed (mM) Degradation rate (mmol a! L’l) CO;, produced (mM) Ratio C;Hg:CO» Nitrate consumed (mM) Ratio C;Hg:NO3
2 0.8538 =+ 0.0007 0.4 + 0.4 0.7 £ 0.1 3.074 + 0.003 5.6 + 0.4 3.842 + 0.003
4 0.74 + 0.03 0.37 £+ 0.01 0.11 + 0.02 2.65 + 0.09 3.4+04 3.3+0.1

6 1.566 + 0.004 0.783 + 0.002 0.3+0.1 5.64 + 0.02 2.8 +£0.2 7.05 + 0.02
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homologous genes encoding the phenylphospate synthase (PpsA1BC)
that transforms phenol to phenylphosphate; and the ATP-dependent
benzoate-CoA ligase that activates benzoate to benzoyl-CoA (Table S2).

3.4. C and H isotopic fractionation during anaerobic degradation of
toluene

The carbon and hydrogen isotope fractionation of toluene produced
by the denitrifying enriched culture was determined to provide insights
into its degradation mechanisms.

Toluene degradation was accompanied by a significant enrichment
of 13C and H in its residual fraction with respect to the abiotic controls,
increasing from —27.8 + 0.2 %o and —67.2 £+ 1.9 %o to —18.751 + 0.003
%o and +166.9 £ 0.1 %o, respectively. The corresponding isotopic frac-
tionation for each element calculated with the Rayleigh equation were
€pulk, ¢ = - 3.3 £ 0.9 %o and € pyik, g = - 85 + 11 %o, showing in both cases
good correlation between toluene concentration and isotope signatures
(R? = 0.97 and 0.98, respectively) (Fig. 3A and B).

The carbon isotopic fractionation obtained in our study is statisti-
cally different from that obtained previously during toluene oxidation
by other nitrate-reducing bacteria (p < 0.05), except for Aromatoleum
aromaticum EbN1 (epyik, ¢ of —3.8 & 0.5 %o, p > 0.05, Table 2) (Dorer
et al., 2016; Vogt et al., 2008). Interestingly, the hydrogen isotopic
fractionation obtained (epuik, 1 of —85 & 11 %) is significantly higher (p
< 0.001) than that calculated for T. aromatica (—51 + 9 %.), and
A. aromaticum EbN1 (—45 4 15 and —58 & 10 %o), but it is within the
range described for Azoarcus T (Table 2) (Dorer et al., 2016; Vogt et al.,
2008). These values vary notably among other denitrifying bacteria that
oxidize toluene. In fact, toluene biodegradation shows a high variability
among bacteria with the same presumed catabolic mechanism (fumarate
addition), as observed with the strains belonging to the phylogenetic
cluster Aromatoleum/Azoarcus/Thauera. For instance, epyk, ¢ of toluene
in T. aromatica ranges from —2.7 to —1.7 %o and higher values were
observed for Azoarcus sp. strain T, ranging from +5.6 to +6.2 %o
(Meckenstock et al., 1999; Vogt et al., 2008). Similarly, epux, 1 ranges
from —35 £+ 14 to —79 + 21 %o in T. aromatica and Azoarcus T,
respectively (Meckenstock et al., 1999; Vogt et al., 2008) (Table 2).

Given the extent of AS’H (up to +234%o), Eq. (2) (section 2.4) was
applied considering the methyl moiety attack for adding the fumarate,
affecting 3 (x = 3) out of 8 atoms (n = 8) of hydrogen at the reactive
position (Dorer et al., 2014). The g, y obtained was —197 % 28 %,
considerably higher than the ey, 5. However, the linearity of our data
was not improved by the application of this correction (R? = 0.98,
Fig. 2B and C), probably because only two A8?H values (out of 9)
exceeded 100 %o, and therefore both calculations provide robust

Table 2
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B8 Others

Fig. 2. Relative abundance of bacterial taxa in the toluene-degrading culture
after Illumina sequencing of the 16S rDNA. This graph was drawn with the
average of triplicate microcosms with corresponding standard deviations. The
cultures used in this experiment were grown with the medium containing ni-
trate as terminal electron acceptor for six consecutive transfers.

hydrogen isotopic fractionation factors. Either way, similar conclusions
can be drawn from the comparison of the e, i, showing high variability
among strains (Table 2), reaching even —607 + 88 %o in studies
combining labeled and non-labeled toluene with T. aromatica (Elsner
et al., 2005; Meckenstock et al., 1999).

AKIEs were calculated using Eq. (3) assuming toluene oxidation by
fumarate addition to the methyl group as reaction mechanism. Apparent
kinetic isotopic effect obtained for carbon (AKIE¢) with 7, 1, and 1 as n/
x/z values was 1.024 + 0.004, which agrees surprisingly well with the
maximum estimations of Streitweiser semiclassical limit for KIE in C-H
bonds (1.021) (Huskey, 1991), because realistic values with transition
states at about 50% bond cleavage can be expected to be half as pro-
nounced (1.01) (Elsner et al., 2005). However, in the case of hydrogen,
the corresponding AKIEy calculated with n/x/z values of 8, 3, and 3 was
2.45 + 0.04, lower than the expected theoretical value (6.4). Both AKIEs
are in any case in the range previously observed in the literature for
toluene-degrading nitrate-reducing bacteria, as already mentioned for
the epsilon values. Vogt et al. (2008) reported AKIEs that ranged be-
tween 1.019-1.026 and 1.5-1.7 for carbon and hydrogen respectively, in
A. aromaticum EbN1. Similarly, AKIEs described for the consortium
dominated by Azoarcus DD-Anox1 were among 1.020-1.026 for carbon
and 1.9-2.2 for hydrogen fractionation (Dorer et al., 2016).

Correlation of the obtained carbon and hydrogen isotope fraction-
ation values fits well to linear regression (R2 = 0.995), with a slope of
AWC = 26 4+ 2 and even better with Q*(rp)H/C =20.9 + 0.8 (R% = 0.998)
(Fig. 4A and B respectively). The A™/€ found is also in agreement with

Comparison of different isotopic parameters of Aromatoleum sp with other nitrate-reducing bacteria using the benzylsuccinate synthase pathway for toluene degra-
dation. Asterisks indicate statistically significant differences from the values obtained in this study.

Parameter Aromatoleum sp. (this study) A. aromaticum EbN1" DD-Anox1” Agzoarcus T" T. aromatica® G. toluolica”
Epulk, C —-3.5+£0.6 -3 +£0.1* —2.4 £ 0.4%** —-2.7£0.1 —2.6 £0.1
-3.8+05 —2.4+£0.6
-1.7+0.1
Epulk, H -85+ 11 —45 £ 15%** -73+9 -79+7 —35+ 14 —58+4
—58 £ 10%** -79 £ 21 —51 £ 9***
€p, H —197 + 28 —110 + 41%** —-171 £ 10 —187 + 24 —88 £ 35 —-142+7
—145 + 23*** —195 + 46 —126 + 23***
AWE 26 £ 2 14 & 4 19 & 5 15 & 2% 11+5 23+2
14 + 1%** 11 £ 2%** 20+ 6
¢ (rp)te 20.9 + 0.8 14 4 2%x* 20+ 2 - - 21+2
AKIE¢ 1.024 £+ 0.004 1.023 £ 0.004 1.023 £+ 0.003 1.038 + 0.001 1.019 £ 0.001 1.018 £+ 0.001
1.044 £+ 0.008 1.0157
1.012 £+ 0.001
AKIEy 2.45 £+ 0.04 1.6 +0.1 21+0.2 22104 1.4+0.2 1.7+ 0.1
24+0.8 1.6077

& Vogt et al. (2008).
b Dorer et al. (2016).
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Fig. 3. Double logarithmic Rayleigh plots of A3'>C (A) and AS°H (B), and H,,
(C) for toluene degradation by the mixed culture under nitrate-reducing con-
ditions. The error bars represented the uncertainty calculated by error propa-
gation including uncertainties in concentration and isotope measurements. In
some cases, error bars are smaller than the symbols. Dashed lines indicate 95%
confidence intervals.
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Fig. 4. Dual isotope plot of A8*H vs A5'3C (A) and calculated ¢*(rp)™/€ (B)
during toluene degradation by the mixed culture under nitrate-reducing con-
ditions. In some cases, error bars are smaller than the symbols. Dashed lines
indicate 95 % confidence intervals.

the theoretical one for the oxidation mechanism as deduced from the
obtained AKIE values using Eq. (4) (A€ = 26.8). In line with the var-
iations in isotopic fractionation values, especially for hydrogen, dual
element plots A™/C and ¢*(rp)/C showed significant differences to that
reported for a nitrate-reducing, toluene-degrading enrichment cultures
(DD-Anox1) dominated by an Azoarcus species A€ =19+5 <
0.05)), Azoarcus T (A€ = 11 + 2 and 15 + 2 (p < 0.001)), and
A. aromaticum (AY/€ =14 + 4, ¢*(ep)© = 14 + 2 (p < 0.001)) (Table 2)
(Dorer et al., 2016; Vogt et al., 2008). In a previous study, it was pro-
posed that the differences observed in the A™/C values between obligate
and facultative toluene-degrading bacteria were associated with the
phylogeny of bssA genes and therefore amino acid differences, which
might lead to slightly different reactions paths (Kiimmel et al., 2013).
Differences at the amino acid level within the active sites of BssA might
potentially produce the wide range of A™/€ values observed.

3.5. Environmental implication

Toluene is a contaminant of great concern frequently found in
groundwater from spills of solvent and petroleum products, or leaks
from underground storage tanks. In this study, we showed a significant
carbon and hydrogen fractionation of toluene during its anaerobic
degradation by an Aromatoleum-enriched consortium. The higher frac-
tionation values of the enriched consortium, especially for hydrogen, in
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contrast to other nitrate-reducing toluene-degrading cultures, would
make it more easily detected even at lower biodegradation rates,
becoming useful as an indicator of natural attenuation in contaminated
environments or a promising candidate for bioaugmentation treatments.

Although the dual isotope fractionation pattern obtained in this
study (A C and C_,*(rp)H/ C) are much higher than A. aromaticum EbN1
and other close-related species (p < 0.05) (Dorer et al., 2016; Vogt et al.,
2008), it still permits to distinguish between toluene oxidation by Aro-
matoleum sp. cultivated under nitrate-reducing conditions and in-situ
chemical oxidation (ISCO) treatments in field studies. Despite the vari-
ability observed in epyix,c and epy p values depending on the chemical
oxidation reaction, the slopes of A™/C were very similar, being 35 + 10,
34 + 2 and 34 =+ 6 for persulfate, UV/H50, and permanganate respec-
tively (Solano et al., 2018; Wijker et al., 2013; Zhang et al., 2016).
Therefore, the isotopic fractionation patterns of toluene abiotic chemical
oxidation differ from that detected for our enriched culture (A™/€ = 26
+ 2), allowing to efficiently distinguish it from typical ISCO treatments
eventually used in a field site.

4. Conclusions

In this study, we enriched a culture obtained from BTEX-
contaminated groundwater under nitrate-reducing conditions that oxi-
dizes toluene. The mixed culture consumed doses of 1000 pM toluene
within two days, with the concomitant production of CO5 and biomass.
The ratio between nitrate consumption and toluene degradation was
nearly stoichiometric. In addition to toluene, phenol was also oxidized
under nitrate-reducing conditions with the concomitant production of
CO4 and biomass. The characterization of the microbial community
revealed that an Aromatoleum sp. was the predominant bacterium in the
culture (87 & 2 % of relative abundance), which was assumed to have a
role on toluene oxidation because this genus is well known for its
capability to degrade aromatic compounds. Phylogenetic analyses of the
16S rRNA genes also showed that this strain is closely related to the
genera cluster of Aromatoleum/Azoarcus/Thauera, being most closely
related to Aromatoleum spp. The values of C and H isotope fractionation
during toluene oxidation obtained in this study are valuable information
that can be used to distinguish and quantify the degree of in situ
biodegradation of this pollutant in the field.
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