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Abstract Polychlorobiphenyl (PCB) biodegradation was
followed for 1 year in microcosms containing marine sedi-
ments collected from Mar Piccolo (Taranto, Italy) chronically
contaminated by this class of hazardous compounds. The mi-
crocosms were performed under strictly anaerobic conditions
with or without the addition ofDehalococcoides mccartyi, the
main microorganism known to degrade PCBs through the
anaerobic reductive dechlorination process. Thirty PCB con-
geners were monitored during the experiments revealing that
the biodegradation occurred in all microcosms with a decrease
in hepta-, hexa-, and penta-chlorobiphenyls (CBs) and a par-
allel increase in low chlorinated PCBs (tri-CBs and tetra-
CBs). The concentrations of the most representative conge-
ners detected in the original sediment, such as 245-245-CB
and 2345-245-CB, and of the mixture 2356-34-CB+234-245-
CB, decreased by 32.5, 23.8, and 46.7 %, respectively, after
only 70 days of anaerobic incubation without any bioaugmen-
tation treatment. Additionally, the structure and population
dynamics of the microbial key players involved in the
biodegradative process and of the entire mixedmicrobial com-
munity were accurately defined by Catalyzed Reporter
Deposition Fluorescence In Situ Hybridization (CARD-

FISH) in both the original sediment and during the operation
of the microcosm. The reductive dehalogenase genes of
D. mccartyi, specifically involved in PCB dechlorination,
were also quantified using real-time PCR (qPCR). Our results
demonstrated that the autochthonous microbial community
living in the marine sediment, including D. mccartyi
(6.32E+06 16S rRNA gene copy numbers g−1 sediment),
was able to efficiently sustain the biodegradation of PCBs
when controlled anaerobic conditions were imposed.
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Introduction

Polychlorinated biphenyls (PCBs) are persistent and ubiqui-
tous organic pollutants widely used in industrial applications.
Even if the industrial production of PCBs has been banned
since the late 1970s, the chronic toxicity of these recalcitrant
hazardous substances still remains, and the decontamination
of lakes, rivers, harbors, and marine sediment continues to
represent a challenge today (ATSDR 2000; Furukawa and
Fujihara 2008; Robertson and Hansen 2015). However, con-
taminated matrices may involve naturally occurring biodegra-
dation processes in company with the activity of specialized
microbial communities able to survive in the presence of such
toxic compounds. Anaerobic reductive dechlorination (RD) is
the only process known to convert PCBs (chlorinated in para
and meta positions) into less chlorinated congeners with a
lower toxicity (e.g., ortho-chlorines) (Brown et al. 1987; Wu
et al. 2002; Borja et al. 2005; Bedard 2008; Passatore et al.
2014; Kimbrough and Goyer 1985; Safe 1989; Quensen et al.
1990, 1998; Field and Sierra-Alvarez 2008). Eight distinct
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microbial dechlorination processes have been identified with
the chlorine to be removed in various positions (processes M,
Q, H’, H, P, N, LP, and T) (Wiegel and Wu 2000; Bedard
2003). Accurate identification of the PCB degradation path-
ways based on congener distribution can sometimes represent
a challenge. Indeed, multiple pathways can dechlorinate most
congeners, or vice versa, an individual congener may be
dechlorinated by different dynamics, including cometabolic
reactions (Bedard et al. 2005; Laroe et al. 2014).

In addition, the occurrence and the rate of dehalogenation
are strongly dependent on the nature of the microbial popula-
tion, the metabolic specificity of which depends on the num-
ber and position of chlorines on the phenyl rings and on the
availability of electron donors (Wiegel and Wu 2000).

Several microbial enrichments have been obtained from
PCB-contaminated sediments in which bacteria specialized
in the degradation of halogenated organics were identified.
They ma in l y be l ong to t he s t r i c t l y anae rob i c
Dehalococcoides (Dhc) genus able to derive energy from
dehalorespiration processes in the presence of electron donors
(Maymo-Gatell et al. 1997). Over the last few years, several
Dhc strains with various dechlorinating capabilities have been
isolated (i.e., Dhc strains 195, VS, GT, H10, BAV1, CBDB1,
JNA) (Sung et al. 2006; Copeland et al. 2007a, b; He et al.
2005; Kube et al. 2005; Adrian et al. 2009; Loeffler et al.
2013; Laroe et al. 2014; Kube et al. 2005; Bedard et al.
2007; Pieper and Seeger 2008; Laroe et al. 2014; Fricker
et al. 2014). Among these, theDhc strain JNA has been found
to be one of the most important PCB key degraders, as it is
involved in 80 distinct PCB dechlorination reactions via var-
ious degradation pathways (Laroe et al. 2014). JNA is the only
Dhc strain reported to be able to mediate the anaerobic degra-
dation of hexa-CBs and hepta-CBs by process N into by-
products, which can be aerobically degraded into di- and
tri-CBs by processes LP or Q (Bedard 2003; Bedard and
Quensen 1995; Pieper 2005; Field and Sierra-Alvarez 2008;
Laroe et al. 2014).Moreover, PCB biodegradation has been also
attributed toDhc strains CDBD1 and 195, the activity of which
has been reported in environmental matrices or microcosm stud-
ies (Brown et al. 1987; Bedard et al. 2005;Wiegel andWu2000).
In particular, Dhc strain 195 is involved in the RD of hepta-CBs
(from congener 170 to 193, IUPAC numbering) and octa-CBs
(from 194 to 205, IUPAC numbering) and can also dechlorinate
congeners with one-ring chlorination such as 23456-CB to 2346-
CB, 2356-CB, and 246-CB (Fennell et al. 2004; Bedard 2008).

The ability of different Dhc strains to use various haloge-
nated organics as growth substrates is mainly attributed to the
p r e s ence o f key enzymes coded by r educ t i v e
dehalogenasegenes (RDase) characterized for their strain-
specific function (e.g., tceA, bvcA, vcrA) (He et al. 2003,
2005). However, several RDase homologous genes not well
characterized are present in the genome of diverse Dhc strains
and may be involved in PCB degradation (Holscher et al.

2004; Bedard 2008; Fricker et al. 2014; Furukawa and
Fujihara 2008). To date, the majority of PCB-dechlorinating
bacteria were identified to be either Dhc species (Pinellas
subgroup) or phylogenetically related but distinct
Chloroflexi bacteria (Fagervold et al. 2005, 2007; May et al.
2006; Cutter et al. 2011; Wang and He 2013a, b).
Nevertheless, it has been demonstrated that dechlorinating
bacteria are present as minor populations in PCB-
dechlorinating microcosms (e.g., Dhc in a JN culture repre-
sented 3.74% of the total population) even if they are the main
trigger for the PCB biodegradation (Bedard et al. 2007). In
addition, other dechlorinating microorganisms (e.g.,
Dehalobacter, Desulfitobacterium, Sulfurospirillum,
Sulfuromonas, SZ-type Geobacteraceae, Desulfuromonas,
Anaeromixobacter) derive energy from the RD process and
can supply nutrients and cofactors (i.e., cobalamins) to the
mixed microbial community to assist the dechlorination activ-
ity ofDhc cells (He et al. 2007; Yan et al. 2012; He et al. 2007).
Although they have been detected in matrices contaminated by
PCBs, their role is not well documented (SrinivasaVaradhan
et al. 2011).

In the present study, marine sediment from Mar Piccolo
(Taranto) affected by long-term PCB contamination was ex-
amined. In order to evaluate the occurrence of PCB biodegra-
dation and establish the role of autochthonous microbial pop-
ulations, microcosms were constructed using the original ma-
rine sediment under strictly anaerobic conditions with and
without the addition of a Dhc-enriched culture. More insights
into the structure and distribution of the microbial community
occurring in the presence of the chronic long-term PCB con-
tamination were gained by using whole cell detection tech-
nique CAtalyzed Reporter Deposition Fluorescence In Situ
Hybridization (CARD-FISH). Moreover, the presence and
abundance of the Dhc 16S rRNA and RDase genes were
ascertained by using real-time PCR.

The main objectives were as follows: (i) investigate the
biodegradation potential of the marine sediment chronically
contaminated by a long-term PCB presence,(ii) characterize
the native microbial community involved in the PCB biodeg-
radation processes, and (iii) evaluate the structure and popu-
lation dynamics during the microcosm studies, paying partic-
ular attention to Dhc cells and RDase genes.

Material and methods

Microcosm preparation

Two sets of anaerobic microcosmswere set up with the marine
sediment collected from sampling station 11 (Cardellicchio
et al. 2015, this issue) at Mar Piccolo (Taranto, Italy) affected
by long-term PCB contamination. For each treatment, micro-
cosms were prepared in duplicate in sterile 250-mL serum
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bottles. Marine sediment (90-g dry weight) was put in each
bottle and amended with 70 and 55 mL of synthetic marine
water in the T1 and T2 microcosms, respectively. In addition,
the T2 microcosms were bioaugmented with 15 mL of Dhc-
enriched culture containing 1.44×106 Dhc mccartyi cells
mL−1 (Matturro et al. 2013a). No electron donors were added
to the microcosms. After preparation, the bottles were sealed
with Teflon-faced butyl rubber stoppers and fluxed for 10 min
with a mixture of N2/CO2. All microcosms were incubated at
20 °C under rotation. A sterile control (T3) was also prepared
with the autoclaved marine sediment, and no dechlorination
was observed.

Sampling for chemical and biomolecular analysis

At fixed times (t=0, 70, 320 days), samples were collected
from the microcosms with sterile spatulas under an N2 flux.
For the chemical analysis, 4 g of slurry from each microcosm
were collected in 30-mLglass tubes and stored at −20 °C until
further processing. For CARD-FISH analysis, 1 g of slurry
was immediately fixed in formaldehyde (2% v/v final concen-
tration) and then processed to extract cells from sediment par-
ticles as elsewhere described (Barra Caracciolo et al. 2005).
For DNA extraction and subsequent qPCR applications, 1 g of
slurry was collected and immediately stored at −20 °C until
DNA extraction, the latter performed with Power Soil
(MoBio, Italy) by following the manufacturer’s instructions.

PCB extraction and quantification

The PCBs were extracted from the original marine sediment
and from the slurry collected in each microcosm and then
quantified. The slurry was mixed with Silica Gel 60 (Merck,
Darmstadt, Germany) (1:1 w/w). Before extraction, five PCB
congeners (IUPAC nos. 29, 55, 122, 166, and 186) were added
to the samples as surrogate standards. The PCBs were extract-
ed with Accelerated Solvent Extractor (ASE 200, Dionex
Corp., Sunnyvale, CA, USA) by using a mixture of acetone/
hexane 1:1at 100 °C and 1200 psi. The extracts were shaken
with distilled water to remove acetone, and the organic phase
was then treated with tetrabutylammonium sulfite for sulfur
removal as elsewhere described (Jensen et al. 1977). The
PCBs were eluted with hexane on a multilayer column con-
taining silica gel impregnated with H2SO4 and aluminum ox-
ide 90 (Merck, Darmstadt, Germany) partially deactivated
with 10 % water. The hexane was then concentrated to
0.5 mL using a rotary evaporator. Analyses were performed
by gas chromatography (GC) with amass spectrometric detec-
tor on a TraceGC equipped with a 30-m×0.25-mm×0.25-μm
HP5-MS capillary column (Agilent technologies, Palo alto,
CA, USA), connected to a TraceMS (Thermo, Austin, TX,
USA) operated in the electron impact ionization (EI) mode.
Two ions were monitored for each PCB homologous group.

The injector and transfer line temperatures were 250 and
300 °C, respectively. The oven temperature was held at
60 °C for 1 min, then increased to 160 °C at a rate of
20 °C/min, further increased to 300 °C at a rate of 6 °C/min,
and held for 2 min. Helium was employed as the carrier gas
with a constant flow of 1 mL/min. For quantitative analysis, a
WHO/ISS calibration mixture was used (UltraScientific,
North Kingstown, RI, USA) containing 32 PCB congeners.
Quantification was based on a three-point calibration curve,
and data were reported as ng of PCBs per g of dry sediment
(hereafter cited as ng g−1).

CARD-FISH

Cells extracted from sediment particles were filtered through a
0.2-μm polycarbonate membrane (Millipore, 25-mm diame-
ter) by gentle vacuum (<0.2 bar) and were analyzed by
CARD-FISH as reported in Matturro et al. (2012). CARD-
FISH probes targeting 16S rRNA or 23S rRNAwere used to
detect total Bacteria (Eub338I, Eub338II, Eub338III),
Archaea (Arch915), α-Proteobacteria (Alf968), β-
Proteobacteria (Bet42a + Gam42a competitor), γ-
Proteobacteria (Gam42a + Bet42a competitor), δ-
Proteobacteria (Delta495a, Delta495b, Delta495c),
Firmicutes (LGCa, LGCb, LGCc), Chloroflexi (GNSB941),
Desulfitobacterium (Dsf440 + Dsf475 competitor), and
Dehalococcoides mccartyi (Dhc1259c, Dhc1259t). Probe de-
tails and conditions are reported in probeBase (http://www.
microbial-ecology.net/probebase/). 4′,6-Diamidino-2-
phenylindole (DAPI) fluorescent staining was performed to
determine total cell numbers, from which the relative abun-
dance of each targeted bacterial population was calculated. A
total cell count was performed at the end of the hybridization
assay using a Vectashield Mounting Medium with DAPI
(Vector Labs, Italy). For each sample, at least 20 randomly
selected microscopic fields were analyzed to count the cells
through microscopic analysis. Cell abundances were
expressed in terms of cells per dry weight of the marine sed-
iment from which they were extracted (hereafter cited as cells
g−1). Means and standard deviations were calculated with
Microsoft Excel®.

qPCR

qPCR absolute quantification was performed on 1:100 dilu-
tions of DNA extracted from sediment. qPCR targeting Dhc
16S rRNA and RDase genes tceA, bvcA, and vcrA was per-
formed in triplicate. Reactions and standard curves were per-
formed as already described in Matturro et al. (2013b).
Quantitative data were expressed as gene copy numbers g−1

sediment, and error bars were estimated with Microsoft
Excel® on triplicate reactions for each sample.

Environ Sci Pollut Res (2016) 23:12613–12623 12615

http://www.microbial-ecology.net/probebase/
http://www.microbial-ecology.net/probebase/


Results

PCB biodegradation

Chemical analyses were conducted on the original marine sed-
iment before treatment (t=0 day) and on samples collected
from the strictly anaerobic microcosms at different times (t=
70, 320 days). Thirty PCB congeners were analyzed, and a total
of 4244.7 ng g−1 were detected (Table S1). Among all of them,
the most abundant congeners were hexa-CBs, penta-CBs, and
hepta-CBs. In the original marine sediment, the congener 245-
245-CB was the most abundant, followed by the mixture of
2356-34-CB+234-245-CB and 2345-245-CB congeners,
which, respectively, represented 15.5, 14, and 9.3 % of the total
PCBs analyzed at t=0.Moreover, the congeners 2356-245-CB,
236-245-CB, 2345-234-CB, 236-24-CB, 245-24-CB, 245-25-
CB, 2345-234-CB, and 2346-245-CB represented >2.5 % each
of all the congeners analyzed with concentrations >100 ng g−1

(Table S1). Interestingly, the presence of some tri-CBs and
tetra-CBs (e.g., 25-2-CB, 24-4-CB, 25-4-CB, 24-24-CB, 23-
25-CB, 25-25-CB, 34-34-CB) was also observed in the original
sediment and, respectively, represented 0.4, 1.5, 1.5, 0.9, 3.6,
and <0.1 % of the total PCBs analyzed. The chemical analysis,
conducted after 70 and 320 days of incubation, revealed a sig-
nificant decrease in highly chlorinated PCBs and an increase in
PCBs with four or three chlorines on their rings (Fig. 1). Hepta-
CBs (e.g., 2345-245-CB, 2345-234-CB, 2356-245P-CB, 2346-
245-CB) were reduced to hexa-CBs (e.g., 245-245-CB, 234-
245-CB, 2356-34-CB, 236-245-CB, 2356-25-CB, 234-234-
CB) and consequently to penta-CBs (e.g., 245-24), tetra-CBs
(e.g., 24-24-CB, 25-25-CB, 23-25-CB), and tri-CBs (e.g., 25-2-
CB, 24-4-CB, 25-4-CB). In particular, the concentration of the
congeners 2356-34-CB + 234-245-CBs, 2345-234-CB, 245-
245-CB, and 2345-245-CB significantly decreased, by 46.7,
34.6, 32.5, and 23.8 % after only 70 days in the T1microcosms
without any bioaugmentation treatment (Fig. 1a, c; Table S1).
Interestingly, under these conditions, an increase in by-products
or final products of the RD process, such as 245-24-CB (+
12.6 %), 23-25-CB (23.3 %), 25-25-CB (+18 %), 24-24-CB
(+47 %), 25-4-CB+24-4-CB (+72.2 %), was observed (Fig. 1a,
c; Table S1). Comparing the increase/decrease trends, no dif-
ferences were observed in the decrease in hepta-CBs, hexa-
CBs, and penta-CBs between the microcosm without (T1)
and with (T2) bioaugmentation after either 70 or 320 days
(Fig. 1, Table S1). It is worth noting that the total concentration
of the congeners analyzed decreased while the microcosm was
being performed, from 4244.7 ng g−1 estimated before treat-
ment to 3111.7 and 3401.9 ng g−1 in T1 and T2, respectively,
after 320 days of incubation. This finding may suggest that, in
addition to the total of 30PCBs analyzed, other low chlorinated
compounds, such as tetra-CB and/or tri-CB congeners, not an-
alyzed here, were probably obtained as by-products of the bio-
degradation process.

Microbial community distribution

CARD-FISH was applied for the characterization of the mi-
crobial community structure in the original contaminated ma-
rine sediment and during the anaerobic treatments. Total cell
numbers, estimated in the original sediment by DAPI-stain-
ing, accounted for 2.19E+07+1.96E+06 cells g−1 (Fig. 2).
After 70 days of incubation, total biomass was higher in T2
(9.33E+07 cells g−1) than in T1 (2.7E+07 cells g−1) while
comparable abundances were observed after 320 days
(6.67E+07 and 6.97E+07 total cells g−1in T1 and T2, respec-
tively). Bacteria and Archaea were detected in the sediment
before the treatments with relative abundances of >60 and
>20 % of total cells, respectively (Fig. 2). Both Archaea and
Bacteria increased during the anaerobic incubation period,
and Archaea notably rose to 51.5 and 35.4 % of total cells in
T1 and T2, respectively (Fig. 2).

Quantitative analyses were also performed at the phylum
level to gain more insights into the bacterial community struc-
ture and distribution in both the original sediment and during
the microcosm experiments (Fig. 3). More than 80 % of the
total bacterial community was identified, and cell abundances
of each phylum were accurately quantified. In detail, in the
original sediment, δ-Proteobacteria represented 23.4 % of to-
tal Bacteria followed byChloroflexi (16%), γ-Proteobacteria
(15 %), α-Proteobacteria (13.5 %), β-Proteobacteria (6.5 %),
and Firmicutes (4.7 %) (Fig. 3). Sixty-six percent of
Chloroflexiwere not affiliated to Dhc. The microbial commu-
nity structure changed during the incubation period, and very
similar distributional patterns were observed both in T1 and
T2 (Fig. 3a–d). In particular, cell abundances of the
Chloroflexi phylum showed a significant increase after 70 days
of incubation, representing 45and 22% of total Bacteria in T1
and T2, respectively (Fig. 3). Dhc cells represented 34 % of
total Chloroflexi in the original sediment, and the Dhc/
Chloroflexi ratio reached 24.7 and 43.4 % in T1 and T2, re-
spectively, after 320 days of incubation (Fig. 4a, b). The
higher increase in the Dhc/Chloroflexi ratio in the
T2microcosm was probably due to the bioaugmentation of
Dhc. Nevertheless, a significant portion of non-Dhc-
Chloroflexi was observed and represented >50 % of total
Chloroflexi under all tested conditions (Fig. 4). Moreover,
Firmicutes also represented a significant portion of the entire
bacterial community in the original sediment (47.3 % of total
Bacteria). However, Firmicutes cell abundances strongly de-
creased during the experiments, representing ≤4 % of total

�Fig. 1 PCB congener distribution in microcosms T1 (a) and T2 (b)
during the microcosm operations. Decreasing/increasing patterns of
each congener were evaluated by calculating the difference of congener
concentration (ng g−1 dry sediment) estimated in the original marine
sediment (t=0) and at the end of the treatments in microcosms T1 (c)
and T2 (d)
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Bacteria after 320 days of incubation. Within this phylum,
Desulfitobacterium species were observed in the original sed-
iment, representing 26 % of total Firmicutes. Even though
Desulfitobacterium cells decreased from 1.47E+06 cells g−1,
as estimated in the original sediment, to 1.5E+04 (in T1) and
1.22E+04 (in T2) cells g−1, members of this genus represent-
ed>35 % of total Firmicutes after the treatments. Interestingly,
the distribution of Proteobacteria also changed during the
microcosm experiment and substantially increased, from
59 % of total Bacteria in the original sediment to >80 % after
320 days both in T1 and T2 (Fig. 3). Among these, the major
portion was represented by α-Proteobacteria, which substan-
tially increased during the treatments, representing >70 % of
total Bacteria both in T1 and T2 at the end of the incubation
period.

Estimation of RDase genes

RDase (tceA, bvcA, and vcrA) andDhc 16S rRNA gene copies
were quantified by qPCR (Fig. 5). As expected from the
CARD-FISH results, the presence of Dhc in the original ma-
rine sediment chronically contaminated by PCBs was further
confirmed by qPCR (Fig. 5a). In the T1 microcosms, an in-
crease in the Dhc 16S rRNA genes of 29 and 53 % was
observed after 70 and 320 days, respectively. In the
bioaugmented T2 microcosms, a significant increase of
83.62 % in Dhc 16S rRNA gene copies was found at 70 days.
However, after 320 days, a decrease in 33 % of Dhc 16S
rRNA gene copies was detected in T2, probably owing to
the consumption of the electron donors available in the orig-
inal sediment. Of all RDase genes screened, tceA and vcrA
genes were detected, and no significant increase in these
RDase genes was observed during the treatments, except for
the tceA gene in the T2 microcosms (Fig. 5b, c). Furthermore,
the sum of tceA and vcrA genes represented only 0.15% of the
Dhc 16S rRNA gene copies estimated in the marine sediment

before the treatments. This percentage decreased in T1 at the
end of the experiments (0.03 %) while in the T2 microcosms,
in line with the bioaugmentation, the tceA gene represented
~5 % of the total Dhc 16S rRNA gene copies.

Discussion

In this study, the biodegradation potential of the marine sedi-
ment fromMar Piccolo (Taranto, Italy), affected by chronical-
ly long-term PCB contamination, was evaluated. The chemi-
cal analysis conducted on the original marine sediment dem-
onstrated the presence of at least 30PCB congeners. Among
these, PCBs with a high degree of chlorination (mainly hepta-
CBs, hexa-CBs, and penta-CBs) were detected in addition to a
substantial presence of tri-CBs or tetra-CBs (such as 25-2-CB,
24-4-CB, 25-4-CB, 23-25-CB, 24-24-CB, 25-25-CB, and 34-
34-CB). The presence of congeners with a low degree of chlo-
rination indicates that some RD processes are likely to have
occurred at the site. As a matter of fact, the congener 24-24-
CB, one of the most common final products obtained by de-
chlorination of highly chlorinated CBs (e.g., 2345-245-CB,
2346-245-CB, 2345-234-CB, 245-24-CB, 234-245-CB, 245-
245-CB) and often associated with the metabolic activity of
specialized microorganisms (i.e., Dhc), was detected in the
original sediment. These indications were also supported by
the detection of the Dhc 16S rRNA gene in the original sed-
iment (8.32E+06 16S rRNA gene copies g−1), suggesting a
possible involvement of this dechlorinating microorganism in
attenuation of the PCBs occurring in the sediments. However,
not all Dhc strains present in the sediments were identified.
Indeed, the analysis of RDase genes demonstrated that strains
carrying tceA or vcrA genes represented only 0.15 % of total
Dhc 16S rRNA, suggesting that Bother^ Dhc strains, carrying
other RDase genes probably involved in the PCB biodegrada-
tion, were present. It is well known that at least 35 related, but
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distinct, RDase homologous genes are present in the genome
of dechlorinating microorganisms even if the functions are not
yet defined (Holscher et al. 2004). Moreover, no PCB
dechlorinase responsible for mediating the RD process has
been fully characterized, except for a chlorobenzene RDase
gene, found in theDhc strain CBDB1 (Adrian et al. 2007), and
for three PCB RDase genes (pcbA1, pcbA4, pcbA5) recently
identified in three new Dhc strains CG1, CG4, CG5 (Wang
et al. 2014).

Nevertheless, the RDase encoded by this gene might also
not be the only one able to dechlorinate PCBs, and more
potential candidate genes for PCB dechlorinases are likely to
exist, probably belonging to Chloroflexi strains (Bedard

2008). Indeed, as shown by CARD-FISH analysis, Dhc cells
in the original sediment represented ~40 % of the total cells
affiliated to the Chloroflexi phylum, suggesting that other
dechlorinating non-Dhc-Chloroflexi able to grow in the pres-
ence of PCBs (e.g., o-17/DF-1-like Bacteria) may play a role
in the RD process.

The chemical and biological characterization conducted on
the original sediment provided preliminary indications on the
biodegradation potential of the site, which can be enhanced by
imposing more favorable conditions. Indeed, results from mi-
crocosm studies showed that the biodegradation of PCBs oc-
curred rapidly under strictly anaerobic conditions.
Interestingly, after 70 days of incubation, both T1 and T2
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microcosms showed a strong decrease in the highly chlorinat-
ed and most representative congeners (245-245-CB, 2356-34-
CB+234-245-CB, 2345-235-CB, 2345-245-CB) and a signif-
icant increase in less chlorinated congeners 245-24-CB, 23-
25-CB, 24-24-CB, 25-25-CB, 25-4-CB, and 24-4-CB. In par-
ticular, the congeners 2345-245-CB, 245-245-CB, and the
mixture 2356-34-CB+234-245-CB, which were present in
very high concentrations (respectively, 395, 658,
594.4 ng g−1), decreased after 70 days by 23, 32, and
46.7 %, respectively, of their initial concentrations (Fig. 1,
Table S1).

In addition, other hepta-CBs, hexa-CBs, and penta-CBs
decreased after 70 days of incubation with falls in the ranges
of 20–40, 10–50, and 11–52 %, respectively, of the concen-
trations observed in the original sediment (Table S1). At the
same time, significant increases in tri-CBs and tetra-CBs and
some intermediates and/or final products of processes N andH
(e.g., 245-24-CB, 24-24-CB, 25-25-CB) were observed. The
mixture of the congeners 24-4-CB+25-4-CB increased by
72 % of the original concentration, followed by the congener
24-24-CB (+47 %), known to be the final product of the bio-
degradation process mediated by dechlorinating microorgan-
isms. It is interesting to note that some biodegradation path-
ways, mainly related to process N and led byDhc (JNA strain)
were previously identified and found to be involved in the

transformation of 2345-245-CB → 245-245-CB → 245-24-
CB→ 24-24-CB or alternatively 2345-245-CB → 235-245-
CB→235-24→ 25-24 (Laroe et al. 2014). In the microcosms
carried out in this study, the congeners 2345-245 and 245-
245-CB decreased by 23 and 32.5 %, and the congeners
245-24-CB and 24-24-CB increased by 12.6 and 47 %, re-
spectively, after only 70 days of anaerobic treatment without
bioaugmentation (Fig. 1, Table S1). These observations sup-
ported the involvement of Dhc cells, already detected in the
original sediment, in the PCB biodegradation process under
strictly anaerobic conditions. It is possible thatDhc strain 195,
the presence of which was ascertained by the detection of the
tceA gene, is involved in the biodegradation of some hepta-
CBs and octa-CBs (particularly, from 170 to 193 and from 194
to 205—IUPAC numbering) both in the original sediment and
consequently in the microcosm enrichments. Indeed, conge-
ners 2345-234-CB, 2356-234-CB, 2346-245-CB, 2356-245-
CB, 2345-345-CB decreased overtime during the microcosm
experiments. The anaerobic fermentation of the organic car-
bon in the sediment was able to support the PCB dechlorina-
tion and probably determined the bacterial community struc-
ture. Similarly, the increase in Archaea observed at the end of
the anaerobic treatment is also linked to the availability of
fermentation products and consistent with the observations
that PCB dechlorination can be accompanied by the
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production of methane (Nies and Vogel 1990; Field and
Sierra-Alvarez 2008; Loyd et al. 2013). Moreover, even
though the only metabolisms known for cultured Archaea
are methane production and methane consumption, recent iso-
topic evidence has shown that sedimentary Archaea can be
heterotrophic, but the potential carbon substrates remain
unknown.

Surprisingly, comparable PCB biodegradation patterns
were observed in the microcosms with and without

bioaugmentation, suggesting that the addition of the
Dhc-enriched consortium did not improve the biodegrada-
tion kinetics. This finding clearly shows the biodegrada-
tion potential of an autochthonous microbial community
adapted to a chronically long-term contamination, whereas
the impact of inoculated specialized dechlorinators was
negligible as they were not acclimatized to the stringent
conditions (i.e., high PCB concentrations) present in the
contaminated sediment.
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To sum up, this study reports for the first time experimental
evidence of PCB biodegradation inmarine sediment fromMar
Piccolo (Taranto, Italy). The microcosm study confirmed the
involvement of the autochthonous microbial community, in-
cluding PCB-degrading bacteria, the decrease in highly chlo-
rinated PCBs, and the formation of by-products and/or final
products shortly after the anaerobic incubation. Moreover,
these findings indicate the importance of biological data esti-
mation (e.g., biomarkers of contamination, structure of the
microbial community) for the predictive evaluation of the bio-
remediation potential of PCB-contaminated sediments.
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