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Abstract Co-contamination of hydrocarbons with
heavy metals in soils often complicates and hinders
bioremediation. A comprehensive characterization of
site-specific degraders at contaminated sites can help
determine if in situ bioremediation processes are suf-
ficient. This study aimed to identify differences in
benzene and toluene degradation rates and the micro-
bial communities enriched under aerobic conditions
when different concentrations of Cd and Pb are intro-
duced. Microcosms were used to study the degrada-
tion of 0.23 mM benzene or 0.19 mM toluene under
various concentrations of Pb (up to 240 uM) and Cd
(up to 440 uM). Soil collected from a stormwater
retention basin receiving runoff from a large parking
lot was utilized to seed the microcosms. The hydro-
carbon degradation time and rates were measured.
After further rounds of amendment and degrada-
tion of benzene and toluene, 16S rRNA gene ampli-
con sequencing and quantitative PCR were used to
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ascertain the microbial communities enriched under
the various concentrations of the heavy metals. The
initial degradation time for toluene and benzene was
7 to 9 days and 10 to 13 days, respectively. Degrada-
tion rates were similar for each hydrocarbon despite
the concentration and presence of metal co-contam-
inant, however, the enriched microbial communities
under each condition differed. Microcosms without
metal co-contaminant contained a diversity of puta-
tive benzene and toluene degrading bacteria. Cd
strongly reduced the richness of the microbial com-
munities. With higher levels of heavy metals, genera
such as Ralstonia, Cupriavidus, Azoarcus, and Rho-
dococcus became more dominant under various con-
ditions. The study finds that highly efficient benzene-
and toluene-degrading consortia can develop under
variations of heavy metal co-contamination, but the
consortia are dependent on the heavy metal type and
concentrations.

Keywords Hydrocarbon degradation - Heavy
metal resistance - Microbial diversity - Ralstonia -
Cupriavidus

Introduction
Benzene and toluene are aromatic hydrocarbons and
natural components of crude oil and refined petro-

leum products. When oil and petroleum contamina-
tion of soil and groundwater occur, benzene, toluene,
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and similar compounds are often recalcitrant. Ben-
zene has a low minimum drinking water contamina-
tion level and often governs the need for bioremedia-
tion. Several studies have identified genera capable
of degrading benzene and toluene in polluted envi-
ronments, such as Aminobacter, Burkholderia, Pseu-
domonas, Geobacter, and Rhodococcus (Hendrickx
et al. 2006; Lhotsky et al. 2017; Sperfeld et al. 2018).
A comprehensive characterization of site-specific
degraders at contaminated sites helps determine if
in situ bioremediation processes are efficient for treat-
ment goals or if the site needs to undergo a biostimu-
lation or bioaugmentation treatment to increase biore-
mediation rates (Lhotsky et al. 2017).

Co-contamination of organic pollutants with heavy
metals in soils and groundwater is exceedingly com-
mon (Lookman et al. 2004; Madrid et al. 2016; Roane
et al. 2001). Petroleum has a natural metal content of
up to 10% w/w, which often includes iron, copper,
nickel, and vanadium (Speight 2014). Prior to 1980 in
the United States (US), lead (Pb) was added to refined
petroleum as a standard fuel additive. Additionally,
many contaminated sites in the US are subject to
independent sources of heavy metal and petroleum
contamination, such as industrial facilities, landfills,
hazardous waste handling, and disposal sites (San-
drin and Maier 2003; US EPA 2020). The concentra-
tion and types of co-contaminants are important to
understanding the resulting effects on the hydrocar-
bon-degrading microbial community (Schwarz et al.
2019).

Heavy metal co-contamination is problematic
for bioremediation. High concentrations of Pb and
Cd strongly correlate with toxicity, impeding the
growth and activity of the hydrocarbon degrading
microorganisms. Studies have found that even small
amounts of metals can significantly decrease the bio-
degradation of oil products (Zukauskaite et al. 2008).
Research about the impacts of heavy metals on the
biodegradation of hydrocarbons such as toluene and
benzene is essential for advancing bioremediation
strategies (Weelink et al. 2010; Vaezihir et al. 2012).

Our objective was to compare degradation rates
and the benzene and toluene degrading consor-
tia under various heavy metal concentrations. The
hypothesis was that heavy metal toxicity would result
in lower degradation rates, and that unique bacteria
consortia would be enriched under different concen-
trations of Cd and Pb co-contamination. We found
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that with this soil inoculum, collected from a storm-
water drainage basin, the degradation rates and time
to completion of benzene and toluene were unim-
pacted by the metal concentration, however the deg-
radation communities that were enriched in each
condition differed. This study shows the facile adapt-
ability of this soil community to heavy metal co-con-
tamination, but with a reduced diversity of putative
degraders under heavy metal stressed conditions. This
suggests that benzene and toluene degradation in a
soil with a diverse population of in situ degraders is
more resilient to the negative effects of heavy metal
toxicity. Bioremediation in heterogeneous co-contam-
inated sites necessitates a diversity of hydrocarbon
degrading bacteria.

Materials and methods
Construction of the aerobic microcosms

One kg of surface soil was collected from a storm-
water retention basin receiving parking lot runoff in
Stillwater, Oklahoma, USA. Benchtop aerobic micro-
cosms of 160 mL were prepared in silanized serum
bottles (see Supplementary Information, Figure S1).
Microcosms consisted of 2 g of homogenized soil and
100 mL of an autoclaved mineral medium), modi-
fied from Shelton and Tiedje (1984) with trace ele-
ments modified from Zehnder and Wuhrmann (1977)
(see Supplementary Information). Pb and Cd were
amended as cadmium chloride and lead acetate,
respectively. The concentration of heavy metals was
tested at 0.44, 4.4, 44, and 440 uM of Cd, and 0.24,
2.4, 24, and 240 uM of Pb (corresponding to 50 pg
L~! to 50 mg L~! for both heavy metals). Heavy met-
als-free microcosms were also tested as controls. The
microcosms were sealed with Teflon-coated septa
and amended with 0.23 mM (18 mg L) of benzene
or 0.19 mM (17.5 mg L) of toluene with a glass
syringe through the septa. Each concentration and
type of heavy metal was independently tested with
either toluene or benzene as the organic pollutant
resulting in 18 conditions. Microcosms were incu-
bated at 30 °C on a shaker table at 50 rpm. Each con-
dition was tested in parallel in triplicate microcosms.
Duplicate autoclaved microcosms were also operated
under each condition to test for abiotic loss of con-
taminant. After benzene or toluene degradation was
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observed, the microcosms were re-opened to refresh
headspace O,, closed, and re-amended with 0.23 mM
benzene or toluene 0.19 mM (respectively). This step
was repeated until a total of seven re-amendments
were performed.

Gas chromatography

Benzene and toluene concentrations were measured
using an Agilent 8890 gas chromatograph with a
flame ionization detector (GC-FID). For each sam-
pling, a 0.1 mL sample of headspace from the micro-
cosms was extracted through the microcosm septa
and injected onto the GC-FID with a gastight syringe.
The inlet was operated in splitless mode at 250 °C,
the FID detector was set to 300 °C, and the oven tem-
perature was isothermal at 100 °C. External standard
curves were made by adding 100 mL of DI water to
160 mL serum bottles, autoclaving them, then adding
benzene or toluene via stock solution for the targeted
concentration. Five standards were made at aqueous
concentrations ranging from 0.011 to 0.45 mM for
benzene and 0.009 mM through 0.38 mM for tolu-
ene. The syringe was rinsed with hexane and evacu-
ated via heat and vacuum with a Hamilton Syringe
Cleaner between injections. Technical duplicates
were performed on every measurement. Peak areas
for technical duplicates were averaged, the concentra-
tion of benzene or toluene was calculated using the
standard curve, and first-order degradation rates were
calculated by taking the slope of the In (concentra-
tion) versus time data for each individual microcosm.
The average and standard deviations of degradation
rates and times to complete degradation from the trip-
licate microcosms for each treatment were calculated
and reported below.

DNA extraction

DNA extraction was performed on samples saved
upon completion of the benzene or toluene re-amend-
ment series. After the final confirmation of benzene
or toluene degradation, microcosms were shaken,
and 1.5 mL of the mixed slurry was transferred into
microcentrifuge tubes via cut-off Pasteur pipettes.
The sample was pelleted by centrifugation at 5000 X g
for 10 min, and all but 100 pL of supernatant was
removed. According to the manufacturer’s proto-
col, the remaining sample was then subject to DNA

extraction with a DNeasy PowerSoil Kit (Qiagen
Germantown, MD, USA). Final DNA concentrations
were measured in technical triplicate using a Quan-
tus Fluorometer (Promega Corporation, Madison, WI,
USA) with dsDNA System reagents following the
manufacturer’s instruction.

16S rRNA gene microbial community analysis

A total of ten samples were prepared for 16S rRNA
gene amplicon sequencing. These samples were from
both benzene and toluene degrading microcosms co-
contaminated with low (0.24 uM Pb or 0.44 uM Cd)
or high (240 uM Pb and 440 pM Cd) heavy metals
concentration. Additionally, the control microcosms
without heavy metals were sequenced. Aliquots
of DNA were mixed in equal concentrations into
combined samples for each of these sets of tripli-
cate microcosms. 16S rRNA gene amplification and
amplicon sequencing were performed by Molecu-
lar Research DNA (Shallowater, TX). Samples were
barcoded, and amplification was performed on the
V4 variable region of the 16S rRNA gene with uni-
versal primers 515F (5-GTGCCAGCMGCCGCG
GTAA-3") and 806R (5'-GGACTACVSGGGTAT
CTAAT-3'). Amplicons were sequenced with an Ion
Torrent Ion S5 XL next-generation sequencing sys-
tem. With a proprietary analysis pipeline (MR DNA,
Shallowater TX, USA), chimeras, short sequences
(<150 bp), and sequences with ambiguous base calls
were removed. Sequences were trimmed of barcodes
and primers, and sequences were denoised. OTUs
(Operational Taxonomic Unit) were generated by
clustering at the 3% divergence level and taxonomi-
cally classified with BLASTn against a database
derived from RDPII (http://rdp.cme.msu.edu) and
NCBI (www.ncbi.nlm.nih.gov). Raw sequences have
been uploaded to NCBI’s database under BioProject
PRINA792805. V4 16S rRNA gene sequences are
available under accession numbers SAMN24466134-
SAMN24466143. The OTU sequences were further
analyzed with a phylogenetic analysis performed in
MEGA X (Kumar et al. 2018) (See Supplementary
Information).

Quantitative PCR (qPCR) amplification

Thirty-nine qPCR assays were used to quantify the
major OTUs identified from the 16S rRNA gene
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amplicon analysis. Four assays were previously
designed (assays targeting the Ralstonia and Cupri-
avius spp. (Lozano et al. 2019), the Noviherbaspiril-
lum and Herbasprillium spp. (Lozano et al. 2019),
Nitrosospira spp. (Madeira et al. 2019), and Hypho-
microbium spp. (Madeira et al. 2019). The other 35
assays were newly designed for this study. Primers
were designed using Primer-BLAST (NIH NCBI)
and additionally checked for specificity against the
other OTUs in this study using MEGA X (Kumar
et al. 2018). Standards were prepared via PCR ampli-
fication with DNA template from the microcosms,
cloning of cleaned PCR product using the pGEM-T
Easy Vector kit (Promega Corporation, Madison,
WI), and extraction of plasmids from overnight cul-
tures using the QIAprep Spin Miniprep Kit (Qiagen,
Germantown, MD, USA). Plasmids were quantified
with Quantus dsDNA kit (Promega Corporation,
USA) and serially diluted in 0.5XTE buffer. Assay
information (primers, amplicon size, efficiencies,
and linear ranges) is provided in the Supplementary
Information.

The gPCR assays were performed with a CFX
Connect Real-Time PCR Detection System (Bio-Rad
Laboratories, Hercules, CA, USA). Each qPCR reac-
tion totaled 10 pL and contained 1xiTaq SYBER
Green Supermix (Bio-Rad Laboratories, Hercules,
CA, USA), 10 pg of bovine serum albumin, 300 nM
of each forward and reverse primer, and 1 pL. of DNA
template. Thermocycling conditions were as fol-
lows: 3 min at 95 °C followed by 40 cycles of 30 s at
95 °C and 30 s 59 °C. A melting curve analysis was
performed for quality control. Standards and samples
were analyzed in triplicate. Samples were quantified
with the standard curve, log;, transformed, and tripli-
cate readings averaged.

Statistical analysis

Student ¢-tests were conducted to test statistical sig-
nificance between triplicate microcosms using Excel
or R version 1.2. Bacterial community compositions
were analyzed with non-metric multidimensional
scaling (NMDS) using the VEGAN package in R ver-
sion 1.2. Dendrogram and heatmap analysis was per-
formed with the HEATMAP.2 function with Ward’s
minimum variance clustering method (ward.D2)
using the GPLOTS package in R version 4.0.4. The
dendrogram served to visualize clustering and display
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the distances among individuals. The data set shown
in the heatmap is mean-centered.

Results

Soil bacteria degraded benzene and toluene in the
microcosms at all tested concentrations of Pb and Cd
(Table 1). The first order degradation rates of benzene
ranged from 0.28 to 0.39 day™' and complete degra-
dation occurred between 10 and 13 days. For toluene,
the degradation rates were generally higher than for
benzene, ranging from 0.37 to 0.51 day~!. Complete
degradation of toluene was observed between 7 and
9 days. No lag time was observed for benzene deg-
radation. Many, but not all, microcosms had a 1-day
lag time degrading toluene. Autoclaved controls did
not show either benzene or toluene loss from vola-
tilization or abiotic degradation. During the seven
rounds of hydrocarbon re-amendment, the complete
degradation of benzene and toluene under all metal
conditions occurred slightly quicker. By the seventh
re-amendment, complete degradation in the benzene
microcosms occurred within ten days after reamend-
ment, while the toluene degradation quickened to
within 2 days.

At the end of the seventh re-amendment of ben-
zene or toluene, the microcosms were subject to
microbial community analysis. An initial assess-
ment was performed with 16S rRNA gene ampli-
con sequencing. Combined DNA extracts from the
triplicate sets for both benzene and toluene degrad-
ing cultures with low (0.24 uM Pb or 0.44 uM Cd),
high (240 uM Pb or 440 uM Cd), and no heavy met-
als were analyzed and between 43,537 and 209,190
sequences were obtained per sample. A total of 7,165
OTUs (operational taxonomic units) were identified
in the dataset. Samples contained between 1,267 and
4,016 OTUs. For both toluene and benzene degrad-
ing communities, high Cd co-contaminant resulted in
much lower numbers of OTUs (Fig. 1). The cultures
with high Pb co-contaminants contained the highest
numbers of OTUs, possibly due to the additional car-
bon source (acetate) amended with the metal. A non-
metric multidimensional scaling (NMDS) analysis
of bacterial community composition was performed
with the 16S rRNA gene amplicon sequencing analy-
sis. The microbial communities co-contaminated with
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Table 1 Degradation rates
and lag times of benzene

Microcosm treatment

Degradation rates Time to complete

1000

500

A (day"l) degradation (days)
and toluene in initial
microcosms 0.23 mM Benzene (no metals) 0.38+0.05 13+0
0.23 mM Benzene +0.44 uM CdCl, 0.32+£0.09 114
0.23 mM Benzene +4.4 uM CdCl, 0.35+0.07 12+2
0.23 mM Benzene +44 uM CdCl, 0.38+0.08 12+2
0.23 mM Benzene +440 uM CdCl, 0.35+0.06 13+0
0.23 mM Benzene +0.24 uM Pb(CH;CO0), 0.28+0.08 12+2
0.23 mM Benzene + 2.4 uM Pb(CH;COO), 0.36+0.10 13+0
0.23 mM Benzene + 24 uM Pb(CH;COO0), 0.28+0.06 12+2
0.23 mM Benzene + 240 uM Pb(CH;COO0), 0.39+0.05 10+3
0.19 mM Toluene (no metals) 0.43+0.11 7+0
0.19 mM Toluene + 0.44 uM CdCl, 0.40+0.04 8+1
0.19 mM Toluene +4.4 uM CdCl, 0.39+0.05 7+0
0.19 mM Toluene +44 uM CdCl, 0.50+0.12 7+0
0.19 mM Toluene +440 uM CdCl, 0.47+0.03 8+1
0.19 mM Toluene + 0.24 uM Pb(CH,COO), 0.37+0.09 9+0
0.19 mM Toluene + 2.4 uM Pb(CH;COO0), 0.51+0.08 8+1
0.19 mM Toluene + 24 uM Pb(CH;COO), 0.45+0.07 8+1
0.19 mM Toluene + 240 uM Pb(CH;COO0), 0.46+0.07 8+1
Fig. 1 The total number 4500 T
of OTUs found in each
sample from 16S rRNA 4000 7 v
gene amplicon sequencing. T &
Low concentration refers to 3500 % /
0.24 uM Pb or 0.44 uM Cd. »
High concentration refers to 2 3000 / /
240 M Pb or 440 uM Cd. ° / /
None indicates the samples, g 2500 / /
which do not have any £ 2000 / /
heavy metals g / /
:_*g 1500 % %
al

BN\

Low

mBenzene samples

Cd diverged prominently and uniquely from the com-
munities with Pb or no heavy metal (Fig. 2).

These results indicated that though degradation
rates were similar, the microbial communities that
developed were unique. Thus, a set of qPCR assays
targeting the dominant community members identi-
fied from the amplicon sequencing were developed.

High Cd None Low

T
T

b High Pb

@ Toluene samples

These qPCR assays measured 39 phylogenetic
groups amongst replicate microcosms and at all
concentrations of heavy metals tested. Full results
of these qPCR assays are present in the Supplemen-
tary Information (Tables S5 to S8), with summary
results shown of most dominant community mem-
bers shown in Fig. 3 (expressed as % 16S rRNA
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Fig. 2 Results of the non-metric multidimensional scal-
ing (NMDS) analysis of bacterial community composition as
determined by 16S rRNA gene amplicon sequencing

genes of the total 16S rRNA genes measured). The
gPCR assays confirmed the alteration in benzene
and toluene degrading bacterial communities when
lead or cadmium co-contamination was present.
The co-contamination of 0.44 uM of Cd in the
toluene degrading microcosms resulted in a signifi-
cant decrease of 10 measured phylogenetic groups,
and 440 pM of Cd led to a significant decrease of
17 of the groups. The three most abundant groups
in the toluene-degrading control microcosms (no
metal added) were a group of Sporosarcina and
Paenisporosarcina spp., Lysobacter spongiicola,
and Aurantisolimonas spp. These groups were all
significantly lower in the microcosms with Cd
co-contamination (Student t-test, P <0.05). The
Sporosarcina and Paenisporosarcina group was
6.96 +0.08 log,, units of 16S rRNA genes mL™! in
the toluene-degrading microcosms without Cd and
was marginally lowered to 6.35+0.22 log units in
the microcosms with 0.44 uM Cd. Higher amounts
of Cd did not significantly decrease this abundance
further. Lysobacter spongiicola and Aurantisoli-
monas spp. both showed more marked decreases in
abundance and with larger decreases at higher Cd
levels. Lysobacter spongiicola, for example, was
6.82+0.13 logl0 units of 16S rRNA genes mL™
in the toluene-degrading microcosms without Cd,
5.60+0.39 log,, units in the presence of 4.4 yM
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Cd, and 4.32+0.66 log, units in the microcosms
with 440 uM Cd.

Four phylogenetic groups were found to be signifi-
cantly more abundant in the toluene-degrading micro-
cosms with Cd co-contamination. These groups were
the Ralstonia and Cupriavidus group, Azoarcus tolu-
lyticus, Rhodococcus spp. and Nitrosospira spp. The
Ralstonia and Cupriavidus group was the most abun-
dant phylogenetic group measured in the microcosms
with 4.4 uM, 44 uM, and 440 uM of Cd co-contami-
nation. This group was also fairly abundant in the tol-
uene-degrading control microcosms (6.56 +0.05 log,,
units of 16S rRNA gene mL™!) but was more than one
order of magnitude higher in the microcosms with
440 uM of Cd (7.65+0.09 log,, units). The Nitros-
ospira spp. group was the most abundant measured
phylogenetic group in the 0.44 uM Cd microcosms
with 6.84 +0.26 log,, 16S rRNA genes mL ™", but this
is only 0.67 log;, units higher than the no metal con-
trols. It is worth mentioning that the Nitrosospira are
ammonium oxidizing bacteria (Norton et al. 2008)
and were likely using the ammonium amended with
the mineral medium as an electron donor and not the
hydrocarbon. The Azoarcus tolulyticus was measured
below detection limits in the toluene control, but in
the 0.44 uM Cd co-contaminated microcosms it was
6.09+0.17 log,, units of 16S rRNA gene mL™' and
was 6.98+0.46 log, units in the microcosms with
440 uM Cd. The Rhodococcus spp. similarly showed
higher abundances with successively higher Cd co-
contamination. In the toluene-degrading control, it
was 5.54+0.07 log,, units of 16S rRNA gene mL™!
but was 6.90+0.19 log;, units in the microcosms
with 440 uM Cd.

The toluene-degrading microcosms co-contam-
inated with Pb showed some similarities to those
contaminated with Cd at low concentrations. The
0.24 pM Pb co-contaminated microcosms had 15
phylogenetic groups with significantly lower abun-
dances compared to the metals-free control. This
includes nine of the ten groups that were also sig-
nificantly lower in the 0.44 uM Cd co-contaminated
microcosms, including the three most abundant
groups in the toluene-degrading control (Sporosar-
cina and Paenisporosarcina spp., Lysobacter spongii-
cola, and Aurantisolimonas spp.). Only one group,
the Rhodococcus spp., was significantly higher in the
0.24 uM Pb co-contaminated microcosms. Similar to
the Cd-contaminated microcosms, the Rhodococcus
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Fig. 3 Partial results of the qPCR data analysis to demonstrate
the dominant Bacteria in the microcosms. Shown is the % of
16S rRNA genes measured for the phylogenetic group as a

spp. increased with higher amounts of Pb, reaching
7.28+0.12 log,, units of 16S rRNA gene mL™' in
the microcosms with 240 uM of Pb. Nitrosospira spp.
were also enriched in the Pb co-contaminated micro-
cosms when 2.4 uM or more Pb was present. Nitros-
ospira increased to 7.45+0.17 log,, units of 16S
rRNA gene mL~! in the 240 uM of Pb.

Otherwise, the Pb and Cd co-contaminated tolu-
ene degrading communities differed. At the lowest
levels of Pb co-contamination, a reduction of several
bacteria groups was observed indicating toxicity from
the Pb. At the levels higher than 2.4 uM of Pb, how-
ever, the number of groups that were significantly
lower than the control diminished. At 240 uM Pb
co-contamination, only two groups were statistically
significantly lower, and in both cases, the decrease

total of 16S rRNA genes measured in all 39 assays for those
microcosms. Full results of qPCR data are shown in the Sup-
plementary Information

was minimal (less than 0.4 log,, units). Eight groups
were statistically significantly higher, including the
Lysobacter spongiicola and the Noviherbaspirillum
and Herbaspirilllum groups which were amongst the
negatively impacted genera at 0.24 uM of Pb. These
results may be due to the use of Pb-acetate salt for
the amendment of Pb. In the microcosms with high
levels of Pb co-contamination, the amount of acetate
added at the beginning of the experiments (0.24 mM)
likely had a priming impact and developed high abun-
dances of the bacterial community. The amount of
toluene added (eight rounds of 0.19 mM) may have
been insufficient to completely discern the toluene
degrading community above this acetate degrad-
ing community. Additionally, the acetate could have
reduced the toxicity affects in the high Pb-amended
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microcosms. Another key difference between the
Cd and Pb amendments were that the Ralstonia and
Cupriavidus group the and Azoarcus tolulyticus were
heavily enriched with Cd co-contamination but not
with Pb. This suggests strongly that these two groups
had a distinctive advantage under Cd co-contamina-
tion compared to uncontaminated or Pb contaminated
systems.

In the benzene degrading communities, the largest
bacterial groups in the no-metals added control were
two different groups of Pseudomonas spp. and, simi-
lar to toluene, the Lysobacter spongiicola. A total of
five assays were designed to target unique sequences
within the Pseudomonas genus which were recovered
from the high-throughput 16S rRNA gene amplicon
sequencing (phylogenetic analysis located in Supple-
mentary Information). The two groups which were of
high abundance here were closely similar (based on
16S rRNA gene identity) to Pseudomonas st. P11-9
(Wu and Sun 2020) (the second of the five assays),
and Pseudomonas putida st. HB3S-20 (LiRong et al.
2018) (the fourth of the five assays). In the cultures
co-contaminated with 440 uM of Cd, 16 phyloge-
netic groups had statistically significantly lower
abundances than the no metal control. However, the
number of groups lower at 0.44—44 uM Cd was much
less than exhibited in the toluene degrading cultures.
For example, while Lysobacter spongiicola had lower
abundances in the toluene degrading cultures at all
levels of Cd co-contamination, benzene degrada-
tion cultures became more dominant with 4.4 uM
and 44 uM of Cd. Indeed, it was the most dominant
community member in the benzene degrading cul-
tures with 4.4 uM Cd co-contamination. Lysobacter
spongiicola was significantly lower at 440 pM of
Cd. The two groups of Pseudomonas also showed no
population decrease, except at the highest level of Cd
co-contamination. Overall, the abundances of the five
different Pseudomonas spp. were 1-2 orders of mag-
nitude higher in the benzene degrading cultures than
in the toluene degrading cultures with co-contamina-
tion of Cd up to 44 uM.

The most abundant bacterial group in the ben-
zene degrading cultures differed at each concentra-
tion of Cd. At 0.44 uM of Cd, the group of Sporo-
sarcina and Paenisporosarcina spp. was the most
dominant with 7.03 +0.08 log,, units of 16S rRNA
gene mL~!. At 4.4 uM Cd, Lysobacter spongiicola
was the most prominent community member at

@ Springer

7.50+0.03 log10 units of 16S rRNA gene mL~!. At
44 uM, the Nitrosospira spp., which also showed a
slight (though statistically significant) increase in
the toluene-degrading microcosms at intermedi-
ate Cd concentrations, had an immense abundance
at 7.79 +£0.45 log,, units of 16S rRNA gene mL™".
At 440 uM Cd, the most dominant group was the
Ralstonia and Cupriavidus group at 7.87+0.23
log,, units of 16S rRNA gene mL~'. The second
most abundant group was the Arthrobacter and
Pseudoarthrobacter at 6.99+0.39 log,, units of
16S rRNA gene mL~!, though this was not signifi-
cantly higher than at the lower levels of Cd co-con-
tamination. These results suggest that compared to
toluene-degrading cultures, the benzene-degrading
cultures are less impacted by Cd co-contamination
up to 44 uM. However, at high levels of Cd co-con-
tamination, the Ralstonia and Cupriavidus have dis-
tinctive advantages with both toluene and benzene
degradation.

The benzene degrading cultures were also
impacted by Pb co-contamination. The most domi-
nant Pseudomonas group in the benzene-degrading
no metals control microcosms was lowered from
7.24+0.53 log,, units of 16S rRNA gene mL™" to
5.52+0.51 log;, units with 240 uM Pb. This Pseu-
domonas was also lower in two triplicate microcosms
with 24 pM of Pb. However, the Pb concentrations
did not impact the other groups of Pseudomonas
and Lysobacter spongiicola. Though the Ralstonia
and Cupriavidus were not favored in the toluene-
degrading cultures with Pb co-contamination, they
were significantly higher in the benzene-degrading
cultures with Pb co-contamination. With 240 uM Pb,
the Ralstonia and Cupriavidus group was measured
at 7.85+0.32 log,, units of 16S rRNA gene mL™".
The Nitrosospira spp. was also increased with Pb
co-contamination and was 7.71+0.32 log,, units of
16S rRNA gene mL~' with 240 uM Pb. In addition
to the Pseudomonas group aforementioned, a Bacillus
sp. group and Arenimonas spp. were measured to be
significantly lower at 240 uM Pb. At the intermediate
concentration of 2.4 uM Pb, an uncultured Sphingob-
acteriales group was present at 7.05 +0.09 log, units
of 16S rRNA gene mL~!, a complete order of magni-
tude higher than at any other condition. Still, at this
concentration of Pb, two measured groups of Pseu-
domonas spp., Lysobacter spongiicola, the Ralstonia
and Cupriavidus group were higher in concentration.



Biodegradation (2023) 34:357-369

365

A dendrogram and heatmap analysis of the qPCR
results is shown in Fig. 4. The heatmap data is cen-
tered on the average for bacterial groups, thus show-
ing how each microbial community either was under-
represented or overrepresented in that condition
compared to the average across all conditions. The
dendrogram shows that the microbial community
amended with benzene and 440 uM Cd differed from
the other benzene-amended microcosms. This agrees
with the NMDS analysis (based on the 16S rRNA
amplicon sequencing) shown in Fig. 3. The benzene
degrading microcosms with high amounts of Cd pro-
duced shifts in the microbial community most similar
to that observed in the toluene degrading microcosms
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with that level of Cd. In the toluene degrading micro-
cosms, the lowest levels of Cd and Pb provided a
similar shift in the communities compared to the
metals-free control. However, higher levels of Cd
and Pb produced distinctive shifts from each other.
This again agrees with the NMDS analysis based on
amplicon sequencing.

Discussion

In our study, the soil collected from a stormwater run-
off basin was found to provide fastidious degradation
of benzene and toluene. Our experiments used mostly

Ralstonia and Cupriavidus spp.
Noviherbaspirillum and Herbaspirillum spp.
Massilia spp.
Azoarcus tolulyticus
B Thauera spp.
Sphingomonas spp.
Nitrosospira spp.
Lysobacter spongiicola
Xanthomonas sp. LY3
Lysobacter sp. LWQ61
Arenimonas spp.
Pseudomonas spp. (first of five assays)
Pseudomonas spp. (second of five assays)
Pseudomonas spp. (third of five assays)
Pseudomonas spp. (fourth of five assays)
Pseudomonas spp. (fifth of five assays)
Arthrobacter spp .
Rhodococcus spp.
Bacterium “Ellin5102” and uncultured Verrucomicrobiales
Bacterium “Ellin5277" and uncultured Nitrosomonadaceae
I Uncultured Bacillus spp. (first of four assays)
Uncultured Bacillus spp. (second of four assays)
Uncultured Bacillus spp. (third of four assays)
= Uncultured Bacillus spp. (fourth of four assays)
Sporosarcina and Paenisporosarcina spp.
Uncultured Caulobacteraceae spp.
= Caulobacter spp.

Mesorhizobium spp.
Hyphomicrobium spp.
Adhaeribacter spp.
Uncultured Cytophagaceae spp.
Flavobacterium degerlachei

= Flavobacterium spp.
Flavoacterium buctense
Ferruginibacter spp.
Aurantisolimonas spp.
Uncultured Flavobacteriales spp.

. Uncultured Sphingobacteriales spp.
Pedobacter spp.

T4Pb T2Pb T3Pb BACd T4Cd T3Cd T2Cd T1PB T1Cd TO B1Cd B3Pb B4Pb BO B1Pb B2Pb B2Cd B3Cd

Fig.4 Dendrogram and heatmap (correlation distance)
analysis of the 39 Bacteria in an OTU level most abundant
and unique for the co-contaminants’ type and concentration.
The scale bar and heatmap indicates the log-unit increase or

decrease for each OTU from 16S rRNA in the sample, derived
from qPCR analysis, compared with its mean. Dark blue corre-
sponds to low expression, dark red corresponds to high expres-
sion
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liquid microcosms. In a soil environment, however,
sorption of toluene and benzene to solids most likely
leads to lower hydrocarbon bioavailability resulting
in lower degradation rates. Metal sorption and spe-
ciation also can be complex. The degradation rates
and lag times in our experiments did not significantly
decrease due to Cd or Pb co-contamination. Toluene
had a higher degradation rate than benzene, which has
often been observed in other studies (Carvajal et al.
2018; Chang et al. 1993; Collins and Daugulis 1999;
de Nardi et al. 2007). Toluene is readily biodegrad-
able under aerobic conditions if it is the sole carbon
and energy source (Carvajal et al. 2018). Lin et al.
(2007) and Amor et al. (2001) reported the inhibi-
tory effects of heavy metals on BTEX degraders,
finding that effects were heavy metal concentration
dependent. In our study, the lack of inhibition from
the metals was unexpected. Heavy metals can prevent
the biodegradation of contaminants due to disrupting
enzyme activities directly involved in biodegradation
(Amor et al. 2001). In bioremediation, the toxicity
of metals on the degradation of organic pollutants at
contaminated sites has been well-documented (San-
drin and Maier 2003). Research with pure cultures
has confirmed the toxicity effects of heavy metals
on commonly known benzene and toluene degrading
cultures. For example, a concentration of 330 puM of
Cd reduced toluene degradation by more than half for
both a Bacillus and Pseudomonas (Amor et al. 2001).

In our study, 39 microbial groups were measured
with qPCR after several rounds of benzene or tolu-
ene additions under the range of concentrations of Cd
and Pb co-contamination. Ten of these groups were
more than 107 copies of 16S rRNA genes mL~!, and
another 17 were more pronounced than 10° copies
of 16S rRNA genes mL~!, in at least one condition.
It suggests that this soil contained numerous and
diverse toluene and benzene degraders. The diversity
of putative hydrocarbon degraders in this one soil and
ability to degrade benzene and toluene under various
metal conditions agrees with the biological insur-
ance theory that states that biodiversity buffers eco-
system functioning against the disruptive effects of
environmental fluctuations (Yachi and Loreau 1999).
From an ecological perspective, several theoretical
and empirical arguments were contributed on why
a diversity of species responses should be expected
to buffer ecosystems against environmental fluctua-
tions and thereby enhance the stability of ecosystem
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functioning. Biodiversity is insuring against extremes
in ecosystem functioning and can enhance ecosystem
functioning in fluctuating environments (MacArthur
1955; McNaughton 1977; Patten 1975). Bacteria can
adapt to heavy metal pollution. A sensitive species
can adapt to heavy metals but still be less competi-
tive than those species, which can already resist the
contaminant. This competition is incredibly intense in
the soil system (Baath et al. 1998). Baath et al. (1998)
demonstrated that the tolerance of microbial com-
munities was the highest, where the concentration of
metals was the highest.

In all conditions in our study, the benzene degrad-
ing microcosms had fewer major bacteria present than
toluene degrading microcosms. It is not surprising
considering the smaller breadth of known benzene
degraders compared to toluene degraders (Amor et al.
2001; Lin et al. 2007; Kozdr6j and van Elsas 2001).
Similar to our findings, Lin et al. (2007) and Amor
et al. (2001) found samples generated distinctly dif-
ferent community profiles when heavy metals were
present together with BTEX and MTBE. The pres-
ence of heavy metals decreased bacterial community
diversity and a difference in the overall community
structure.

In previous research, most of the genera meas-
ured have been implicated as toluene and/or benzene
degraders. Exceptions to this include Nitrosospira, an
ammonium oxidizing bacteria that most likely utilize
the ammonium added with the mineral media to all
microcosms (Norton et al. 2008). The Nitrosospira
were found to tolerate heavy metals, which is not sur-
prising as previous research has found this genus to
tolerate heavy metal environments (Luo et al. 2019;
Mertoglu et al. 2008). Another exception is the
Aurantisolimonas genus, which only recently con-
tained an isolated and named strain (Liu et al. 2018).
This microbe was one of the more abundant members
in the toluene and benzene control (no metals added)
microcosms and was negatively impacted by high
amounts of Cd co-contamination. Further research
is required to determine if this genus of bacteria has
strains capable of toluene or benzene biodegradation.

The bacteria genera detected, however, are typi-
cally found in benzene and toluene degrading cul-
tures. This includes the Pseudomonas, Azoarcus, and
Rhodococcus, though other degraders such as Amino-
bacter and Burkholderia were not found in our exper-
iments (Chang et al. 1993; Genovese et al. 2008;
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Hendrickx et al. 2006; Lhotsky et al. 2017; Sperfeld
et al. 2018; Parales et al. 2000). The Cupriavidus and
Ralstonia—like genera were found to dominate in the
Cd contaminated toluene degrading microcosms and
in the benzene degrading microcosms with either Pb
or Cd. However, it was at a lower abundance in most
of the high Pb-toluene, indicating that it was not as
competitive under those conditions as the other gen-
era present and benzene samples co-contaminated
with Cd or Pb when compared to the control samples.
Several strains within this group have been isolated
and found to degrade aromatic hydrocarbons (Alviz-
Gazitua et al. 2022; Morya and Salvachia 2020;
Witzig et al. 2006). For example, Cupriavidus metal-
lidurans st. CH34 has degraded benzene and toluene
with Hg and Cd co-contamination (Alviz-Gazitua
et al. 2022). In that study, the minimum inhibitory
concentration of Cd was found to be 0.8 mM, which
is greater than the concentrations we tested.

The number of Azoarcus tolulyticus increased
significantly in our study in the toluene samples co-
contaminated with Cd. Azoarcus tolulyticus origi-
nates from soils that is associated with nitrogen-fixing
(Chauhan et al. 2015) and denitrification (Zhou et al.
1995), and it has previously been found degrade aro-
matic compounds like toluene or phenol (Song et al.
1999). Azoarcus was present in microcosms with
a high abundance of Nitrosomonas spp., which oxi-
dizes ammonia to nitrate. We did not measure nitrate,
but it is possible that Azoarcus in our cultures could
also have been denitrifying and using the nitrate as
an electron acceptor. Similarly, denitrification could
have been a factor with other microbial changes we
found since several general, including Pseudomonas
and Lysobacter spp., are often capable of denitri-
fication (Carvajal et al. 2018). Alterations by the
microbial community to our amended metals were
also not determined but could also add complexity
within co-contaminated environments. For example,
Pseudomonas aeruginosa can produce metal-chelat-
ing siderophores that improve metal bioavailability
(Agnello et al. 2016).

Finding microbes that are resistant to heavy metal
toxicity and can degrade benzene and toluene simul-
taneously is essential to remediation efforts in co-
contaminated sites. In our work, a soil microbial com-
munity with diverse toluene and benzene degrading
populations has shown the ability to degrade ben-
zene (0.23 mM) or toluene (0.19 mM) under various

concentrations of Cd and Pb. Further research is
required to better understand the bioremediation
potential for long-term co-contaminants at hazardous
waste sites. However, this study suggests that either
native populations or bioaugmentation cultures with
diverse populations of degraders increases chances of
success in co-contaminated environments.
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