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Salinity determines performance, functional populations, and
microbial ecology in consortia attenuating organohalide
pollutants
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Organohalide pollutants are prevalent in coastal regions due to extensive intervention by anthropogenic activities, threatening
public health and ecosystems. Gradients in salinity are a natural feature of coasts, but their impacts on the environmental fate of
organohalides and the underlying microbial communities remain poorly understood. Here we report the effects of salinity on
microbial reductive dechlorination of tetrachloroethene (PCE) and polychlorinated biphenyls (PCBs) in consortia derived from
distinct environments (freshwater and marine sediments). Marine-derived microcosms exhibited higher halotolerance during PCE
and PCB dechlorination, and a halotolerant dechlorinating culture was enriched from these microcosms. The organohalide-respiring
bacteria (OHRB) responsible for PCE and PCB dechlorination in marine microcosms shifted from Dehalococcoides to Dehalobium
when salinity increased. Broadly, lower microbial diversity, simpler co-occurrence networks, and more deterministic microbial
community assemblages were observed under higher salinity. Separately, we observed that inhibition of dechlorination by high
salinity could be attributed to suppressed viability of Dehalococcoides rather than reduced provision of substrates by syntrophic
microorganisms. Additionally, the high activity of PCE dechlorinating reductive dehalogenases (RDases) in in vitro tests under high
salinity suggests that high salinity likely disrupted cellular components other than RDases in Dehalococcoides. Genomic analyses
indicated that the capability of Dehalobium to perform dehalogenation under high salinity was likely owing to the presence of
genes associated with halotolerance in its genomes. Collectively, these mechanistic and ecological insights contribute to
understanding the fate and bioremediation of organohalide pollutants in environments with changing salinity.
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INTRODUCTION
A variety of halogenated organic chemicals (e.g., organochlorine
pesticides and chlorinated solvents) are manufactured in massive
amounts for agricultural and industrial applications [1, 2]. The
extensive historical use and improper disposal of these com-
pounds have led to their prevalent contamination on earth, which
is likely to remain a long-term environmental issue for the
foreseeable future [1, 3, 4]. Coastal regions which are home to
nearly 40–50% of global human populations [5] are particularly
vulnerable to severe contamination of coastal sediments, water,
and biota by diverse anthropogenic organohalide pollutants [6, 7].
For example, polychlorinated biphenyls (PCBs) have been
detected in the Venice Lagoon, which provides recreational and
critical transportation services to residents [8–10]. This contamina-
tion poses ongoing risks to public health and ecosystems, such as
the bioaccumulation of PCBs in humans via consumption of fish
from contaminated marine environments [11]. Therefore, it is of
vital importance to elucidate the fate and improve remediation of
organohalide pollutants in coastal environments.
The marine environment is highly saline, with an average salinity

of ~35 g/L in seawater, contrasting with the low salinity of freshwater
and typical terrestrial soil and sediments (salinity <0.5 g/L) [12].

Salinity gradients form naturally along the transition from the land to
the ocean due to freshwater runoff and seawater intrusion in coastal
regions [12–14]. In the contexts of global sea level rise and climate
change, it has been predicted that more groundwater and soil in
coastal regions will encounter salinity alteration (i.e., elevating
salinity in coastal freshwater systems and decreasing salinity in
coastal marine systems) [13]. This salinity alteration will challenge
the survival and metabolic activities of microorganisms in these
systems [15, 16], for example, the inhibitory effects of elevating
salinity on biological nitrogen cycling [17, 18], methanogenesis [19],
and biotransformation of organic pollutants [20]. However, the
responses of microbial reductive dehalogenation of organohalide
pollutants performed by organohalide-respiring bacteria (OHRB) to
changes of salinity remain largely unknown, with contradictory
observations in limited studies [21–23]. For example, microbial
reductive dechlorination activity of 1,2,3,4-tetrachlorodibenzo-p-
dioxin in microcosms established with different estuarine sediments
tended to decrease with increased in situ salinity in the sediments
[21], whereas sediment microbiota from saline wetlands showed
higher debromination activity of polybrominated diphenyl ethers
than those from freshwater ponds in another study [22]. Separate
studies also reported microbial reductive dechlorination of PCBs by
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sediment microbiota from the Venice Lagoon under high salinity
(~30 g/L), but these reports did not analyze how PCB dechlorination
activity changed with salinity [8–10, 24]. Therefore, more evidence is
needed to clarify the impacts of salinity on microbial reductive
dehalogenation. Additionally, mechanisms underlying the varying
dehalogenation activity with salinity gradient remain to be
elucidated. Furthermore, salinity has been reported as a critical
environmental factor controlling microbial community structure and
assembly in various ecosystems [14, 25–27], but its impacts on
microbial ecology in dehalogenating cultures has not been
investigated.
In this study, the responses of microbial reductive dechlorina-

tion of PCE and PCBs to different salinities (i.e., 2.5− 50 g/L) were
investigated in consortia derived from distinct environments (i.e.,
freshwater and marine sediments). The influence of salinity on
succession, co-occurrence networks, and assembly of the dechlor-
inating microbial communities were elucidated by 16 S rRNA gene
amplicon sequencing-based microbial community analyses. The
microbial activities affected by high salinity in the dechlorinating
consortia were revealed by multiple lines of evidence, including
monitoring of dechlorination-supporting metabolic activities,
growth quantification of functional populations, and in vivo and
in vitro tests of microbial reductive dechlorination. Lastly, a
halotolerant dechlorinating culture was obtained by consecutive
subculturing of the marine microcosm via acclimation under high
salinity, which was subjected to metagenomic analyses to
elucidate the genetic mechanisms underlying halotolerance of
dehalogenating microbial populations.

MATERIALS AND METHODS
Cultivation of microbial cultures
Dehalococcoides mccartyi strains MB and CG1 were cultivated in 160mL
serum bottles containing 100mL anaerobic mineral salt medium spiked
with PCE (final nominal concentration 0.5 mM), acetate (10mM), and
hydrogen (33.4 kPa) as previously described [28–30]. Sediment microcosms
GY and F were derived from a non-saline freshwater sediment (0.2 g/L
salinity) at an e-waste recycling site and a saline marine sediment (35 g/L
salinity) in the East China Sea, respectively, which were cultivated in the
same anaerobic mineral salt medium spiked with PCE (0.5 mM) and lactate
(5 mM) [31, 32]. To investigate the influence of salinity on microbial
reductive dehalogenation, the salinity of the anaerobic mineral salt
medium was adjusted using NaCl (2.5, 5, 10, 15, 20, 25, 35, and 50 g/L). PCE
(0.5 mM) or Aroclor1260 (80.65 µM) was separately spiked into different
serum bottles as the model organohalide pollutants owing to their
environmental prevalence and distinct structures [33, 34]. Subsequently, D.
mccartyi strains (CG1 and MB) and microcosms (GY and F) were separately
inoculated (5% v/v) into 160mL serum bottles containing 100mL of the
same anaerobic mineral salt medium amended with different concentra-
tions of NaCl.
To obtain halotolerant dechlorinating cultures, the marine microcosm F

which showed PCE dechlorination activity under high salinity (i.e., 35 and
50 g/L) was consecutively sub-cultured under high salinity (i.e., 35 and
50 g/L). Autoclaved cultures spiked with PCE or Aroclor1260 were setup as
abiotic control. All cultures were set up with triplicates and incubated at
30 ± 1 °C without shaking.

In vitro enzymatic assays of microbial reductive
dechlorination
To investigate the effects of salinity on the metabolic activity of reductive
dehalogenases (RDases), in vitro enzymatic activity assays were performed
for D. mccartyi CG1 and the marine microcosm F owing to their better
dechlorination performance. The in vitro assays were conducted as
previously described [35]. Briefly, cells were harvested from 500mL
cultures of D. mccartyi CG1 and microcosm F grown on 0.5 mM PCE by
centrifugation at 15 000 g and 4°C for 15min. The collected cells were re-
suspended in 10mM tris-HCl solution and mechanically disrupted by
sonication. The in vitro assays were performed in 20mL serum bottles
containing 4 mL tris-HCl (100mM) buffered solution (pH=7.0) with
titanium-citrate (20 mM) and methyl viologen (20mM). Salinity in the
in vitro assay solution was adjusted to 2.5− 75 g/L using NaCl accordingly.

PCE (0.5 mM) was spiked to in vitro assay bottles. Finally, 100 µL crude cell
extracts were spiked to the serum bottles. Assay bottles were incubated at
30 ± 1 °C in the dark without shaking.

Chemical analyses
PCBs were extracted and measured on a gas chromatograph (GC; 6890 N;
Agilent, Santa Clara, CA, USA) equipped with an electron capture detector
and a DB-5 capillary column (30m × 0.32mm× 0.25 μm; J&W Scientific,
Folsom, CA, USA) as previously described [36]. Chlorinated ethenes were
measured by injecting 200 µL headspace gas to a GC (7890 A; Agilent)
equipped with a flame ionization detector and a GS-GasPro column
(30m × 0.32 mm× 0.25 μm; J&W Scientific) [29]. Average chlorine per PCB
(Cl/PCB) or chlorinated ethene (Cl/CE) were calculated and used to
demonstrate dechlorination activity by including all dechlorination steps
[37]. The time-course changes of Cl/PCB and Cl/CE were fitted to the first
order equation to estimate the dechlorination rate constant k [38].
Hydrogen was detected with a GC (7890 A; Agilent) equipped with a
thermal conductivity detector and a Varian PLT-5A column (30m × 0.530
mm× 0.25 μm; Omega Scientific, Singapore). Short-chain volatile fatty
acids including lactate and acetate were measured on a HPLC system
(Agilent 1260) equipped with a UV detector (210 nm) and a Rezex ROA-
Organic Acid H+ (8%) HPLC column (30 cm × 7.8mm× 8 µm; Phenomenex,
Singapore) [39].

Quantitative PCR and amplicon sequencing
For quantitative PCR and amplicon sequencing, cell pellets were harvested
from 1mL samples by centrifugation at 15 000 g and 4 °C for 15min and
stored at −80 °C until further processing. Genomic DNA extraction from
the pure culture of Dehalococcoides and microcosms was performed using
the DNeasy Blood & Tissue kit (QIAGEN, Hilden, Germany) and the DNeasy
PowerSoil Pro Kit (QIAGEN), respectively, according to the manufacturer’s
instructions. Quantitative PCR (qPCR) was conducted on an ABI 7500 Fast
real-time PCR system with SYBR Green reporter (ABI, Foster City, USA) to
quantify Dehalococcoides, Dehalobacter, Dehalogenimonas and Dehalobium
using genus-specific primers targeting their 16 S rRNA genes (Table S1)
[36, 40]. The standard curves were obtained by 10-fold serial dilution of
plasmids containing target genes at concentrations ranging from 102 to
107 copies/µL. Quality of amplification was evaluated by melt-curves.
Nuclease-free water was used as the negative control.
The universal primers U515F/U909R were used to amplify the V4-V5

regions of 16 S rRNA genes for amplicon sequencing [36]. The sequencing
service on a Novaseq 6000 platform (Illumina, San Diego, CA, USA) was
provided by Novogene AIT (Singapore) [35]. QIIME2 (v2021.4.0) was used
to perform microbial community analysis [41]. Briefly, the demultiplexed
sequencing data was quality filtered and denoised, followed by chimera
removal and identification of amplicon sequence variants (ASVs) with
DADA2 [42]. MAFFT and RAxML were used to align ASVs and construct the
phylogeny, respectively [43, 44]. Taxonomic classification of ASVs was
performed using the QIIME2 feature-classifier plugin trained against the
SILVA 138 database [45, 46]. Microbial community diversity was analyzed
using the q2-diversity plugin [42]. Ordination of distances between
samples as determined by Bray-Curtis dissimilarity was done using
principal coordinate analysis (PCoA) [47].

Network and assembly analyses of microbial community
Cooccurrence networks of microbial populations inferred from 16 S rRNA
gene amplicon sequencing were analyzed for microcosms GY and F
exposed to different salinities; genera with an average relative abundance
of >0.01% in all samples were included. These genera accounted for
99.7 ± 0.3% of the entire microbial community in any sample. The samples
were divided into four salinity groups based on the Venice classification
system [48], namely: Group 1 (2.5 and 5 g/L salinity; n= 8), Group 2 (10 and
15 g/L; n= 8), Group 3 (20 and 25 g/L; n= 8), and Group 4 (35 and 50 g/L;
n= 8). Individual networks were constructed for each group using the R
packages VEGAN v2.5-7 [49], igraph v1.2.6 [50] and Hmisc v4.5-0 [51].
Correlations among different genera were evaluated using Spearman’s
correlation coefficient with cutoff values of >|0.6| and p values < 0.01 [52].
To reduce false-positive correlations, p values were adjusted by the
Benjamini–Hochberg method. Visualization of the constructed networks
was performed with Gephi v0.9.2 [53].
Both stochastic and deterministic processes contribute to community

assembly [54]. To infer the proportion of each process in governing
community assembly, the normalized stochasticity ratio (NST) was
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estimated using the NST package as previously described [54]. Briefly, NST
was calculated by normalizing the difference of the theoretical extreme
values of selection stress under completely deterministic assembly (DSS)
and the observed selection strength (SS) to the difference of the
theoretical extreme values of SS under completely deterministic (DSS)
and stochastic (TSS) assembly, namely NST ¼ DSS�SS

DSS�TSS [54]. The Bray–Curtis
metric was used for NST estimation and 1000 times randomization was run
during null model (the PF null model) analyses. Because all microbial
cultures were derived from the same parent microcosms, they were
considered from the same regional species pool. That is, the regional
species pool was taken to comprise all taxa detected in all samples and the
abundance of each taxon was assigned by a random draw of individuals
with probabilities proportional to the regional relative abundances of the
taxa [54]. Additionally, 16 S rRNA genes have been reported to link
microbes with their fitness under different salinities [14, 55, 56]. A cutoff
value of 50% was set as the boundary value for NST. Stochastic processes
are predicted to play more important roles in community assembly when
NST is >50%, whereas deterministic processes overwhelm stochastic
processes when NST is <50%.

Metagenome sequencing, binning, assembly, and annotation
Cell pellets were harvested (15000 × g, 15 min and 4 °C) from 100mL
enrichment cultures cultivated in medium with different salinities (5, 35
and 50 g/L NaCl) and amended with PCE (0.5 mM) and lactate (5 mM). A
genomic DNA buffer kit with a 100-gauge Genomic-tip (QIAGEN) was used
to extract genomic DNA according to the manufacturer’s instructions.
Metagenomic sequencing was performed on a Novaseq 6000 platform
(Illumina) in Novogene AIT (Singapore). Residual sequencing adapters, low
quality, and short (<150 bp) reads were removed using BBDuk; cleaned
reads were evaluated using FastQC and assembled using metaSPAdes
v3.15.5 [57]. Assembled contigs were polished with Pilon v1.24 [58] and
annotated with the DIAMOND search algorithm against the EggNOG v5.0
database [59] using emapper v2.1.5 [60]. Polished contigs were binned
using CONCOCT v1.1.0 [61], metaBAT v2.15 [62], and maxBin2 v2.2.7 [63].
Bins identified by each binning algorithm were automatically compared
and curated using DASTool v1.1.5 [64]. The relative abundance and quality
of each bin were evaluated with CheckM 1.2.2 [65]. Bins were
taxonomically characterized by BUSCO v5.4.4 [66] based on the presence
of lineage-specific markers in the current BUSCO database (*_odb10); 16 S
rRNA gene sequences were identified using RNAmmer v1.2 [67]. Presence
and abundance of specific CDS in the assembled metagenome were

determined using HT-seq v2.02 [68] and abundances of CDS were TPM-
normalized to facilitate cross-sample comparison.

RESULTS
Similar responses of microbial reductive dechlorination to
elevating salinity in consortia derived from distinct
environments
To determine the responses of microbial reductive dechlorination
by non-saline terrestrial microbiota to elevating salinity, microcosm
GY derived from a freshwater sediment in an e-waste recycling area
was exposed to elevating salinity from 2.5 to 50 g/L, mimicking the
salination phenomenon in coastal freshwater systems. Results
showed that the rate of PCE dechlorination fitted best to the first-
order rate equation. The dechlorination rate was relatively constant
at salinity between 5 and 15 g/L, decreased sharply at 25 g/L, and
was negligible at and beyond 35 g/L (Fig. 1a and S1). Additionally,
the rate of dechlorination at moderate salinity (5–20 g/L) was higher
than that at 2.5 g/L. In the active PCE-dechlorinating microcosm GY,
PCE was sequentially dechlorinated to dichloroethenes (DCEs;
Fig. S2). The ratio of trans-DCE to cis-DCE produced from PCE
dechlorination in microcosm GY changed in the range of 0.46–0.75
under different salinities, with more trans-DCE being produced at
low salinity (Fig. S3), suggesting the succession of different PCE-
dechlorinating populations with increasing salinity. Similarly, the
dechlorination rate constant of PCBs was relatively stable at salinity
5–15 g/L and dramatically decreased at 20 g/L, the value of which
was negligible at salinity 35–50 g/L (Fig. 1c). The average chlorine
per PCB (Cl/PCB) decreased from 6.44 ± 0.01 to 6.19 ± 0.04 and
6.36 ± 0.03 in microcosm GY exposed to a salinity of 2.5 g/L and
25 g/L, respectively, after 360 days incubation (Fig. S4), with majority
of chlorines removed from the para- and meta-positions of PCBs
(Fig. S5). Correspondingly, the PCB dechlorination rate constant
decreased from 0.044 ± 0.002 year−1 to 0.009 ± 0.001 year−1 when
salinity increased from 2.5 g/L to 25 g/L (Fig. 1c). These results
showed that elevating salinity inhibited microbial reductive
dechlorination in microcosms derived from non-saline terrestrial
sediment in this study.

Fig. 1 Effects of salinity on microbial reductive dechlorination of PCE and PCBs in microcosms. The dechlorination rate constants (k) of PCE
and PCBs in (a, c) terrestrial-derived microcosms GY and (b, d) marine-derived microcosm F under different salinities. Error bars are the
standard deviations of triplicates.
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Because marine microorganisms may have naturally adapted to
saline environments, we hypothesized that marine microbiota may
catalyze PCE/PCB dechlorination at higher salinity than the non-
saline terrestrial microbiota. To test this hypothesis, the marine
microcosm F, capable of dechlorinating PCE and PCBs, was also
exposed to different salinities. The marine microcosm F exhibited
higher tolerance to high salinity, with PCE dechlorination proceeding
even under the highest salinity tested in this study (50 g/L), which
was not observed in microcosm GY (Fig. S6). However, PCE
dechlorination rate constant decreased from 0.040 ± 0.005 d−1 to
0.006 ± 0.001 d−1 when salinity increased from 5 g/L to 25 g/L
(Fig. 1b). The ratio of trans-DCE to cis-DCE in microcosm F also varied
with salinity in the range of 0.40− 1.70, with more trans-DCE
produced under low salinity (<25 g/L; Fig. S3). Similarly, PCB
dechlorination in microcosm F showed higher tolerance to high
salinity. In contrast to the complete inhibition of PCB dechlorination
in microcosm GY when salinity was >25 g/L, PCB dechlorination was
still observed in microcosm F even under a high salinity of 35 g/L
(Fig. S4). Different from the para- andmeta-dechlorination of PCBs in
microcosm GY, chlorines were preferentially removed from the
meta- and ortho-positions of PCBs in microcosm F (Fig. S5),
indicating distinct PCB-dechlorinating populations. Collectively,
these results indicate that high salinity inhibited microbial reductive
dechlorination in both the freshwater and marine sediment
microbiota evaluated in this study. Yet, sustained PCE and PCB
dechlorination by microbiota in microcosms derived from marine
environments demonstrated higher halotolerance of marine-derived
cultures relative to those derived from freshwater environments.

Salinity changes the succession, assembly, and co-occurrence
networks of dechlorinating microbial communities
To gain more insight into the influence of changing salinity on
microbial ecology in the PCE/PCB-dechlorinating cultures, 16 S
rRNA gene amplicon sequencing-based analyses were performed.
Strong negative correlations (r=−0.84, p < 0.001) between
microbial diversity and salinity were observed in the freshwater
microcosm GY, whereas there was no significant correlation
between microbial diversity and salinity in the marine microcosm
F (Fig. 2b and S7). PCoA showed that the dechlorinating microbial
communities were separated by organohalide substrates, the
origin of microbiota, and salinity in the dimensions of PC1, PC2,
and PC3, explaining 29.3%, 18.5%, and 12.2% of the community
variance, respectively (Fig. 2c and S8). However, it should be noted
that the change of microbial community in microcosm GY in the
dimension PC3 with salinity was more dramatic and significant
than that in the microcosm F (Fig. S8c). These results indicate that
salinity exhibits more profound influence on both the diversity
and structure of microbial communities in the freshwater
microcosm GY than the marine microcosm F. This is likely because
a greater fraction of microbial populations in the marine
microcosm which could naturally tolerate a wider range of salinity
tend to be less affected by salinity. Microbial co-occurrence
network analysis showed that the complexity of networks initially
increased with elevating salinity, peaked in intermediate salinity
(Group 2), but substantially decreased when salinity further
increased (Group 3 and Group 4), indicating weakened microbial
networks under high salinity (Fig. 3a, b). It is known that both

Fig. 2 Microbial communities in microcosms under different salinities. a Taxonomic compositions, (b) correlations between α-diversity and
salinity (8 salinity concentrations and 2 samples at each salinity for each microcosm), (c) principal coordinates analysis of microbial
communities in the soil microcosm GY and marine microcosm F under different salinities based on the Bray-Curtis dissimilarity metrics. The
p values were obtained from ANOVA tests. The numbers besides the spheres represent the salinity in the microcosms (g/L).
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deterministic (e.g., environmental filtering and biological interac-
tions) and stochastic processes (e.g., random birth-death events,
probabilistic dispersal, and ecological drift) could contribute to
community assembly [54]. The low NST values (<30%) demon-
strated that deterministic processes governed assembly of the
dechlorinating microbial communities (Fig. 3c). Additionally, the
NST values were lower in microbial communities under high
salinity (i.e., Group 3 and 4) than that under comparatively lower
salinity (i.e., Group 1 and 2), indicating that high salinity was an
environmental filter driving community assembly to be more
deterministic.
Detailed taxonomic analyses showed that Dehalococcoides and/

or Dehalobium (informally named) were the dominant PCE/PCB
dechlorinating populations, the relative abundance of which were
at least two orders of magnitudes higher than that of other
putative non-obligate OHRB (e.g., Geobacter, Sulfurospirillum, and
Desulfitobacterium; Fig. 2a and Table S2). A shift of dominant
obligate OHRB populations with elevating salinity was observed in
microcosm F (Fig. 2a). The relative abundance of Dehalococcoides
decreased with elevating salinity, whereas the relative abundance
of Dehalobium increased from <0.3% to 6.2–13.6% when salinity
increased from 2.5 g/L to 35–50 g/L in the active microcosms F,
suggesting osmo-tolerance of Dehalobium. Besides OHRB, other
microbial populations that may benefit or compete with PCE/PCB
dechlorinating populations were also affected by salinity, the
enrichment or extinction of which depended on organohalide
substrate and source of microbiota. For example, Pelolinea,
Cloacimonadales and Veillonellales-Selenomonadales were replaced
by Desulfosarcinaceae when salinity was increased in microcosm F
fed with PCBs; the relative abundance of both Mesotoga and
Synergistaceae also increased as salinity increased. In microcosm F
fed with PCE, the microbial community became dominated by
Clostridium_sensu_stricto_7 at higher salinity, whereas the abun-
dance of Lentimicrobium was markedly reduced.

High salinity directly suppresses growth of OHRB rather than
nutrients providers
Dehalococcoides and/or Dehalobium have been identified as the
dominant PCE/PCB dechlorinating bacteria in both microcosms,
which exclusively use acetate and hydrogen as organic carbon
and electron donor for dechlorination. Therefore, salinity may

affect microbial reductive dechlorination by controlling the
availability of acetate and hydrogen produced from acidogenesis
and hydrogenesis or/and directly disturbing the viability of OHRB
cells in microcosms supplied with lactate. To further elucidate the
mechanisms underlying the decreased dechlorination perfor-
mance with elevating salinity, volatile fatty acids and hydrogen
were monitored in the PCE-dechlorinating microcosms GY and F.
Lactate was rapidly fermented to acetate and hydrogen (Fig. S9).
Acetate and hydrogen accumulated at higher concentrations in
most PCE-dechlorinating microcosms GY and F under high salinity,
suggesting that acidogenesis and hydrogenesis were not the
limiting processes that hindered microbial reductive dechlorina-
tion under high salinity.
The cell abundance of obligate OHRB were quantified by qPCR

to determine whether the growth of OHRB was directly inhibited
under high salinity. Dehalococcoides was the dominant obligate
OHRB in both microcosms when salinity was <35 g/L, but
Dehalobium became the dominant one in active microcosm F
under higher salinity (≥35 g/L; Table S3), in line with the 16 S
rRNA gene amplicon sequencing results. Although the cell
abundance of Dehalococcoides increased during PCE and PCB
dechlorination in most active dechlorinating microcosms (Fig. 4),
high salinity inhibited growth of Dehalococcoides, reflected by
decreased maximum cell abundance and increased doubling
time with elevating salinity (Table S4). For example, the doubling
time of Dehalococcoides increased from 3.6 d and 9.5 d at 2.5 g/L
salinity to 13.2 d and 30.7 d at 25 g/L salinity in microcosms GY
dechlorinating PCE and PCBs, respectively. Nevertheless, the cell
abundance of Dehalobium increased and outcompeted that of
Dehalococcoides in microcosms F under the salinity of 35–50 g/L,
indicating the predominant role of Dehalobium in dechlorinating
PCE and PCBs under high salinity. These results showed that
high salinity directly inhibited growth of OHRB, particularly
Dehalococcoides, whereas syntrophic microorganisms sustained
their metabolic activities to provide sufficient acetate and
hydrogen for OHRB even under high salinity.

Functionality of RDases in Dehalococcoides is not affected by
high salinity
In vivo tests using D. mccartyi strains CG1 and MB were performed
to further investigate the direct inhibitory effects of high salinity

Fig. 3 Influence of salinity on co-occurrence networks and assembly of microbial communities in microcosms. a Co-occurrence networks
(colored by modularity class) and (b) their topological properties of microbial communities in microcosms under different salinities. The
number of connections (i.e., degree) between nodes are proportional to the size of each node. c The normalized stochasticity ratio (NST) of
microbial communities under different salinities. Eight samples were included in each group during the network and community assembly
analyses.
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on Dehalococcoides for dechlorination in the defined pure
cultures, which were provided with excessive amounts of acetate
(carbon source) and hydrogen (electron donor) required by
Dehalococcoides during microbial reductive dechlorination. Con-
sistent with the observations in microcosms, high salinity (>10 g/L)
inhibited PCE dechlorination in both pure cultures, e.g., increasing

salinity from 2.5 to 20 g/L decreased the PCE dechlorination rate
constant from 0.090 ± 0.003 d−1 and 0.054 ± 0.004 d−1 to
0.052 ± 0.002 d−1 and 0.019 ± 0.004 d−1 in D. mccartyi strains
CG1 and MB, respectively (Fig. 5a, b, S10, and S11). PCE
dechlorination was completely inhibited when salinity was
>20 g/L although all essential substrates (e.g., acetate and

Fig. 4 Inhibition of high salinity on growth of organohalide-respiring bacteria in microcosms. Changes in the cell abundance of
Dehalococcoides and Dehalobium in microcosms (a, c) GY and (b, d) F during dechlorination of PCE and PCBs under different salinities. The
values were the average of duplicates. Dehalobium was absent in microcosm GY. “×” indicates not detected.

Fig. 5 Influence of salinity on PCE dechlorination and cell growth in the pure cultures of Dehalococcoides. The dechlorination rate
constant k and cell growth during PCE dechlorination in D. mccartyi strain (a, c) CG1 and (b, d) MB exposed to different salinities. The values
were the average of duplicates. “×” indicates not detected.
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hydrogen) were supplied at excessive amounts. Growth of strains
CG1 and MB was also inhibited under high salinity (Fig. 5c, d),
suggesting direct inhibition of high salinity on Dehalococcoides
growth.
RDases are the enzymes that directly cleave carbon-halogen

bonds during microbial reductive dehalogenation. To clarify
whether the inhibition of high salinity on Dehalococcoides was
due to disruption of RDases or other cellular components, in vitro
tests of PCE dechlorination were conducted under different
salinities using crude cell extracts of PCE-grown cells. PCE
dechlorination continued in the in vitro tests of strain CG1 and

microcosm F under all the tested salinities (2.5–75 g/L; Fig. 6 and
S12). The PCE dechlorination rate constant did not show obvious
decrease even when salinity increased to 75 g/L in the in vitro
tests (Fig. 6). These results indicate that RDases are intrinsically
halotolerant, and high salinity most likely disrupted other
unidentified cellular components in Dehalococcoides cells to
inhibit dechlorination, which needs further investigation in future
studies. The halotolerant property of RDases also provides an
opportunity to acclimate dechlorinating microbiota to adapt to
high salinity.

Acclimation of marine OHRB to high salinity and genomic
insights
Owing to the higher halotolerance, marine microcosm F was
continuously transferred under high salinity to investigate whether
it could further adapt to high salinity with better dechlorination
performance. PCE dechlorination rate increased by over 5 times in
microcosm F under the salinity of 35 and 50 g/L after a single sub-
culturing compared with the initial microcosm F before subcultur-
ing, reaching 0.021 ± 0.002 d−1 and 0.018 ± 0.001 d−1, respectively
(Fig. 7a). High PCE dechlorination activity was maintained during
the subsequent 3 rounds of sub-culturing under high salinity and
was comparable with that under lower salinity of 5 g/L (i.e.,
0.029 ± 0.002, 0.032 ± 0.006, and 0.027 ± 0.005 d−1 under the
salinity of 5, 35 and 50 g/L, respectively; p > 0.05 based on Two-
Sample t test). The ratio of trans-DCE to cis-DCE also stabilized
during sub-culturing under different salinities, indicating stable
compositions of PCE-dechlorinating populations in microcosms F
under each salinity (Fig. 7b). Dehalococcoides and Dehalobium were
retained as the dominant obligate OHRB under low (5 g/L) and high
salinity (35 and 50 g/L), respectively, in the enrichment cultures after
4 times subculturing (Fig. 7c). For example, the cell abundance of
Dehalobium was over 3 orders of magnitude higher than that of
other OHRB in the enriched F culture under a salinity of 35 and 50 g/
L. The rapid adaption of marine OHRB to high salinity implies that
the marine environment could be an ideal niche to obtain
halotolerant dehalogenating consortia.
Metagenomic sequencing was performed for different sub-

cultures to gain insights into the genetic mechanisms underlying
increased halotolerance in the enrichments. Diverse genes
involved in synthesis and transport of osmolytes (ectoine, glycine
betaine, glucosylglycerol, proline and trehalose), sodium efflux
and potassium uptake were detected (Fig. 8). A majority (83.0%) of
these genes were detected at higher abundance in subcultures
under high salinity (35 and 50 g/L) than that under low salinity
(5 g/L; Fig. 8a). A more detailed analysis of metagenome bins
representing Dehalococcoides and Dehalobium genomes was
performed to identify potential genes that could contribute to

Fig. 6 In vitro dechlorination of PCE under different salinities. Dechlorination of PCE in the in vitro tests using crude cell extracts of (a) D.
mccartyi CG1 and (b) microcosm F.

Fig. 7 Dechlorination activity and cell abundance of
organohalide-respiring bacteria during subculturing of the
halotolerant dechlorinating culture F. The changes of (a) PCE
dechlorination rate constant and (b) trans-DCE to cis-DCE ratio
during continuous subculturing of microcosm F under different
salinities. c Cell abundance of known obligate OHRB in the
enrichment culture F after 4 times subculturing as quantified by
qPCR. The values were the average of duplicates.
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the observed halotolerance in the latter. The metagenome of each
high-salinity subculture contained one bin representing a draft
genome of Dehalobium, whereas a Dehalococcoides genome was
recovered from the subculture under low salinity. The Dehalobium
genomes obtained from the different cultures shared high
average nucleotide identity (ANI; 99.99%) and were of similar size
(1.38−1.55 Mbp) and GC content (42.4–43.6%; Table S5). Each
Dehalobium genome harbored 13 putative RDase genes, all of
which are distinct from all other reported RDase genes (Table S6).
Genes involved in proline synthesis (proA/B/C and ocd), glycine
betaine/proline transport (proV/W/X), sodium efflux (nhaA) and
potassium uptake (trkA/G/H) were also identified in the Dehalo-
bium genomes (Fig. 8b), which may sustain the metabolic activity
of Dehalobium under high salinity. These genes were detected in
all Dehalobium genomes recovered from different subcultures that
have been cultivated for different periods and under different
salinities, suggesting that they were likely present in the genomes
before enrichment and were not acquired (e.g., via horizontal
gene transfer) during cultivation. Contrarily, one or more genes
responsible for sodium efflux and proline synthesis and transport
were absent in the Dehalococcoides genome, in line with the
susceptibility of Dehalococcoides to high salinity. Besides haloto-
lerance genes, metagenomic analyses showed that the genomes
of diverse microorganisms contained genes responsible for
fermentation of lactate to acetate and hydrogen (e.g., lactate
dehydrogenase and acetate kinase genes) as well as cobalamin
synthesis (e.g., glutamyl-tRNA reductase, uroporphyrin-III C-
methyltransferase and porphobilinogen synthase genes; Table S7),

which were absent in Dehalococcoides and Dehalobium genomes.
This suggests potential microbial interactions and cross-feeding
between OHRB and these syntrophic partners. Additionally,
genomes of some putative fermenters (e.g., Clostridium and
Desulfobacteraceae) harbored at least one set of genes associated
with halotolerance, which was consistent with efficient fermenta-
tion of lactate to acetate and hydrogen under high salinity.

DISCUSSION
OHRB-mediated bioremediation has been successfully applied to
cleanup non-saline organohalide-contaminated sites in situ, where
salinity is generally low (<0.5 g/L) [69–71]. Thus far, most
bioremediation practices used commercial organohalide-
dehalogenating consortia (e.g., KB-1 and SDC-9) containing
Dehalococcoides derived from non-saline environments [69, 72].
To achieve effective bioremediation of organohalide-
contaminated sites with salinity gradient such as coastal
sediments, knowledge about the influence of salinity on microbial
reductive dehalogenation is needed. Our findings showed that
Dehalococcoides, whether derived from non-saline terrestrial or
saline marine environments, are susceptible to high salinity;
environmentally relevant high salinity (>20 g/L) severely inhibited
PCE and PCB dechlorination. This result is consistent with
inhibition of microbial reductive dechlorination of 1,2,3,4-tetra-
chlorodibenzo-p-dioxin by elevating salinity in estuarine sedi-
ments in a previous study [21]. This implies that bioremediation
employing currently available commercial consortia, which have
been demonstrated to be effective in remediating non-saline sites,
may lead to uncertain performance at contaminated sites with
high salinity. Nonetheless, this study showed that the marine
consortia containing both Dehalococcoides and Dehalobium could
better adapt to changing salinity, where Dehalococcoides and
Dehalobium functioned to dechlorinate organohalides under low
and high salinity, respectively. This was consistent with the
reported capability of Dehalobium obtained from estuarine
sediments to dechlorinate PCBs and 2,3,7,8-tetrachlorodibenzo-
p-dioxin under high salinity [73, 74]. The succession of different
OHRB populations with elevating salinity also suggests salinity as
an important factor that can be manipulated to selectively enrich
specific dechlorinating bacteria. It is notable that the marine
consortia tended to remove a higher proportion of ortho-chlorines
from PCBs when relative abundance of Dehalobium and salinity
increased, indicating a potential role for Dehalobium in ortho-
dechlorination of PCBs. From the marine consortia, a halotolerant
and competent dechlorinating culture dominated by Dehalobium
was obtained, suggesting that marine and other saline environ-
ments (e.g., saline wetlands and lakes) could serve as excellent
niches to obtain halotolerant OHRB for bioremediation application
in saline sites. However, isolation of the Dehalobium species from
our marine consortia has not been achieved despite continuous
efforts. This could be likely attributed to the inability of
Dehalobium to grow axenically, and Dehalobium required Desulfo-
vibrio in a co-culture for growth exclusively on organohalide
respiration [73]. Nevertheless, we successfully constructed 3 high-
quality draft genomes of Dehalobium via metagenomic sequen-
cing, being the first draft genomes from members of this
informally named genus. The obtained Dehalobium genomes
harbored 13 putative RDase genes that showed low similarity
(38.5−72.5%) to the currently known ones [75].
Aiming to elucidate the microbial activity affected by high

salinity in the dechlorinating consortia, our comprehensive
analyses showed that high salinity directly inhibited growth of
OHRB, particularly Dehalococcoides, whereas the fermentation of
lactate to acetate and hydrogen proceeded efficiently under high
salinity. Additionally, it was revealed that RDases were intrinsically
halotolerant, and high salinity likely disrupted other cellular
components in Dehalococcoides. Contrarily, Dehalobium genomes

Fig. 8 Genes related to halotolerance in different subcultures
revealed by metagenomic sequencing. a The abundance of genes
associated with halotolerance in different sub-cultures. b Presence
and absence of genes associated with halotolerance in Dehalococ-
coides (Dhc) and Dehalobium (Dbium) genomes recovered from
different subcultures. The full name of genes and their presence in
each genome were provided in Table S7. SA5-T9, 9th subculturing
under 5 g/L salinity; SA35-T4, 4th subculturing under 35 g/L salinity;
SA35-T10, 10th subculturing under 35 g/L salinity; SA50-T4, 4th
subculturing under 50 g/L salinity.
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were found to harbor genes for synthesis and transport of
osmolytes, sodium efflux and potassium uptake, indicating that
Dehalobium may survive under high salinity by employing both
the “salt-in” strategy via accumulation of salts and the “compatible
solute” strategy by synthesizing compatible organic compounds
in cells [76]. However, our results cannot exclude other possible
strategies for Dehalobium to survive under high salinity. For
example, to maintain the functions of enzymes, the halotolerant
OHRB may have also evolved to have a highly acidic proteome
with a high excess of negatively charged amino acids, which may
make the proteins more soluble and prevent protein aggregation
under high salt conditions [77]. Future studies will further
investigate the biomolecular mechanisms underlying halotoler-
ance of Dehalobium via multi-omics approaches. Besides biomo-
lecular evolution, physical shielding by large aggregates and
biofilms may also help microorganisms survive under environ-
mental stress (high salinity in this study) [78, 79]. In the
environment, OHRB usually form a syntrophic relationship with
other microorganisms (e.g., fermenters, methanogens, and sulfate-
reducing bacteria) [80, 81]. The extensive microbial interactions
frequently lead to the formation of large aggregate or thick
biofilm [82, 83], which was also observed in our microcosms
(Fig. S13). However, it remains to be unraveled how such
aggregates and biofilms help OHRB survive under osmotic stress.
Understanding interactions and assembly in microbial commu-

nities as well as their relationship with environmental factors are
fundamental goals in ecology [54, 84, 85]. Salinity has been
reported as a critical environmental factor governing structure,
function, and assembly of microbial communities in coastal
wetlands, rivers, and salinized soil, where natural salinity gradient
exists [14, 25, 26, 55]. But the influence of salinity on ecology in
dechlorinating microbial community remains unknown. Our
results showed that salinity exhibited profound impacts on the
taxonomic compositions, diversity, assembly, and co-occurrence
networks of dechlorinating microbial communities. Although the
exact microbial populations responding to elevating salinity
depended on the origins of microbiota and spiked organohalide
substrates, the diversity and structure of microbial community
showed similar responses to changing salinity in dehalogenating
cultures fed with different substrates and derived from different
environments. This suggests that the overall microbial community
diversity and structure, rather than specific microbial populations,
are more general and predictable responses to environmental
factors (i.e., salinity in this study) [14]. However, the extent of
responses of microbial diversity and structure to salinity may vary
between microbiota from different environments. For example,
microbial diversity in the microcosm derived from the non-saline
terrestrial sediment decreased faster with elevating salinity than
that derived from saline marine sediment, consistent with the
observations in a prior study [25]. This implies that dechlorinating
cultures originating from non- or low-saline habitats may
encounter larger disturbance in microbial community when used
for the bioremediation of saline sites. The initially stable microbial
community linked with high dechlorination performance is more
likely to be destroyed; this further highlights the necessity to
develop halotolerant dechlorinating cultures for application in
bioremediation of sites with salinity gradient. Accompanying with
decreasing microbial diversity under elevating salinity, stochastic
processes become less important in community assembly. By
contrast, deterministic processes played increasingly overwhelm-
ing roles under high salinity [54]. This could be attributed to
stronger environmental filtering (i.e., high osmotic stress).
Collectively, our study provides new mechanistic and ecological
insights into the impacts of salinity on microbial reductive
dechlorination and the underlying microbial communities. This
information, together with the obtained halotolerant dechlorinat-
ing consortia, contribute to bioremediation of organohalide-
contaminated sites with salinity gradient.

DATA AVAILABILITY
The 16 S rRNA gene amplicon sequencing and metagenomic sequencing data are
archived at National Center for Biotechnology Information under accession number
PRJNA836174.
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