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This study investigated the network of polycyclic aromatic hydrocarbon (PAH) degraders in the Yangtze es-
tuarine and coastal areas. Along the estuarine gradients, Proteobacteria and Bacteroidetes were the dominant
bacterial phyla, and forty-six potential PAH degraders were identified. The abundance of genes encoding the
alpha subunit of the PAH-ring hydroxylating dioxygenases (PAH-RHDa) of gram-negative bacteria ranged from
5.5 x 10° to 5.8 x 10” copiesg ™!, while that of gram-positive bacteria ranged from 1.3 x 10° to
2.0 x 107 copies g~ '. The PAH-degraders could represent up to 0.2% of the total bacterial community and

mainly respond to PAHs and Cu concentrations, which indicate anthropogenic activities. Salinity and pH showed
negative regulating effects on the PAH-degrading potential and the tolerance of bacteria to pollutants. PAH
degraders such as Novosphingobium and Mycobacterium exhibit heavy-metal tolerance and core roles in the
network of PAH degraders. These outcomes have important implications for bioremediation.

1. Introduction

Microorganisms in marine sediments play irreplaceable roles in
pollutant transformation (Ribeiro et al., 2013), nutrient cycling (Bauer
et al,, 2013) and maintaining a healthy ecosystem (Besaury et al.,
2013). The existence of natural environmental gradients (e.g., salinity
and pH) in estuaries (Tremblay et al., 2005) makes them ideal niches
for studying microbial responses to environmental factors, especially
pollutants. Large amounts of pollutants enter estuaries through atmo-
spheric deposition, urban storm waters and agricultural and industrial
runoff (Duran and Cravo-Laureau, 2016; Lu et al., 2017). Microbial
communities and functional bacteria can act as important biological
indicators for these anthropogenic pollutants.

Among various pollutants, PAHs and heavy metals, representatives
of organic and inorganic pollutants, respectively, are among the most
harmful and often occur together in urban systems (Saeedi et al., 2012;
Thavamani et al., 2012; Liu et al., 2017; Ma et al., 2017). The removal
of PAHs pollution from environments is mainly achieved by microbial
degradation. However, heavy metals may impair microbes by gen-
erating reactive oxygen species (ROS), destroying enzymatic activity,
disrupting ion regulation and causing damage to DNA and protein

compounds, which impacts the microbial degradation of PAHs
(Gauthier et al., 2014), while PAHs can induce the generation of ROS
and influence the microbial adsorption capability of heavy metals (Shen
et al., 2006). In long-term contaminated soils with the co-occurrence of
PAHs and heavy metals, Thavamani et al. (2012) found that microbial
diversity was reduced and that enzyme activities were inhibited.
Kuppusamy et al. (2016) observed dominant PAH degraders, including
Stenotrophomonas, Burkholderia and Pseudomonas, and suggested har-
vesting indigenous heavy-metal tolerant PAH degraders from field-
contaminated sites that may possess high degradation ability and tol-
erance to adverse conditions. However, studies on the indigenous PAH
metabolic network of the microbial community and their relationships
with organic and inorganic pollutants in long-term contaminated
marine sediments remain scarce.

The main objectives of our study are (1) to explore the diversity and
distribution of the microbial community, identify PAH degraders and
estimate the PAH-degrading potential; (2) to characterize the environ-
mental and pollutant gradients; and (3) to evaluate the impact of pol-
lutants and environmental parameters on microbial communities and
PAH degraders, as well as their implications for bioremediation in the
densely populated Yangtze Estuary.
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Fig. 1. Location and salinities of overlying waters for 11 sampling sites in the Yangtze Estuary and adjacent coastal areas of China. Section I includes XP, QYK, LHK,
SDK, WSK and BLG, corresponds to low-salinity areas and is classified as freshwater areas; Section II includes CY and DH, corresponds to mid-salinity areas and is
classified as transition areas; Section III includes LCG, FX and JS, corresponds to high-salinity areas and is classified as seawater areas.

2. Materials and methods
2.1. Sediment sampling

The Yangtze River belongs to the World's Top 10 Rivers at Risk by
the World Wide Fund for Nature (Yin et al., 2015). The Yangtze Estuary
accepts approximately 90% of terrestrial substances input into the East
China Sea and is the main water source of metropolitan Shanghai (Yin
et al., 2015). Surface sediments were collected using a stainless steel
grab from the nearshore zone of the Yangtze estuarine and adjacent
coastal areas. Eleven typical sampling locations were chosen based on
the characteristics of the estuarine tidal ecosystem and historical re-
search context (Xu et al., 1997). Sites XP, DH and BLG are located on
the intertidal flat and are affected mainly by the Yangtze River and the
East China Sea. QYK, LHK, WSK and CY, adjacent to the mouth of the
urban river, are also influenced by urban river runoff. SDK is situated
downstream from a wastewater treatment plant and is often affected by
domestic sewage. LCG, FX and JS are located along the north bank of
Hangzhou Bay and have strong hydrodynamic effects. Sampling was
performed in October of 2015 and July of 2016 (Fig. 1). At each lo-
cation, three 2m? areas were chosen and surface sediment samples
were collected in triplicate. Samples were put in sterile aluminum
boxes, stored in an incubator box with ice, and transported to the la-
boratory within 8h for immediate pretreatments and chemical ana-
lyses.

In the laboratory, each sediment sample was homogenized in an
aseptic environment. Subsequently, one part of the homogeneous
sample was stored at 4 °C for measurements of PAHs, heavy metals and
physiochemical properties, while the other portion was stored at
—80 °C for the immediate DNA extraction, 16S rRNA gene and PAH-
degradation gene analysis. Based on the salinity gradients (Fig. 1), we
classified the sampling locations as freshwater areas (XP, QYK, LHK,
SDK, WSK and BLG), transition areas (CY and DH) and seawater areas
(LCG, FX and JS).

2.2. Physicochemical properties

pH, total organic carbon (TOC), total nitrogen (TN), total phos-
phorus (TP) and grain size of sediments were analyzed using the
methods from Li et al. (2015), the specification for marine monitoring

(GB 17378.5-2007) (Administration of Quality Supervision, Inspection
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and Quarantine, 2008), Liu et al. (2014), Murphy and Riley (1962) and
Dale et al. (2019), respectively. The procedures were detailed in the
Supplementary information S1-2.2.

2.3. Characterization of microbial diversity and quantification of PAH-
degrading genes

2.3.1. DNA extraction, PCR amplification and Illumina MiSeq sequencing

Genomic DNA was extracted in triplicate from surface sediment
samples using the EZNA® Soil DNA Kit (Omega Bio-tek, Norcross, GA,
U.S.). After mixing the triplicate DNA isolates together, the V3-V4 re-
gions of the bacterial 16S ribosomal RNA gene were amplified using
barcoded primers 338F (5-ACTCCTACGGGAGGCAGCA-3’) and 806R
(5’-GGACTACHVGGGTWTCTAAT-3") by PCR (denaturation at 95 °C for
3 min, followed by 28 cycles at 95 °C for 30's, 55 °C for 30s, and 72 °C
for 455, and a final extension at 72 °C for 10 min). PCR amplifications
were conducted in triplicate 20 uL mixtures (4 uL of 5 x FastPfu Buffer,
2 uL of 2.5 mM dNTPs, 0.8 pL of each primer of 5uM, 0.4 uL of FastPfu
Polymerase and 10ng of template DNA). Purified amplicons were
pooled in equimolar concentrations and paired-end sequenced
(2 x 300) or (2 x 250) on an Illumina MiSeq platform (Illumina, San
Diego, USA) by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai,
China). The raw reads were deposited into the NCBI Sequence Read
Archive (SRA) database (Accession Number: SRP115975).

2.3.2. Real-time quantitative PCR

The real-time quantitative PCR (QPCR) was performed by the ABI 7500
Real-Time PCR system (Applied Biosystems, Canada). The abundance of
total bacteria represented by the 16S rRNA gene was quantified using
primers 341F (5-CCTACGGGAGGCAGCAG-3")/534R (5’-TTACCGCGGCT
GCTGGCAC-3) (Koike et al., 2007). The abundance of PAH degraders
(PAH-RHDa gene) was quantified by primers for gram-positive (GP) PAH-
RHD(gp; F (5-CGGCGCCGACAAYTTYGINGG-3) and PAH-PHD(gp; R
(5’-GGGGAACACGGTGCCRTGDATRAA-3) and gram-negative (GN) PAH-
RHD(gn; F (5-GAGATGCATACCACGTKGGTTGGA-3") and PAH-RHD(gy;
R (5"-AGCTGTTGTTCGGGAAGAYWGTGCMGTT-3) (Cebron et al., 2008).
The procedures for PCR amplification, plasmid construction and qPCR are
given in the Supplementary information (S1-2.3.2). The abundances of the
16S rRNA gene and PAH-RHDa gene were calculated separately based on
their standard curves (Table S1).
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2.3.3. Bioinformatic analyses

Raw fastq sequencing data were quality-filtered by Trimmomatic
software (version 3.0) (Bolger et al., 2014) and merged by fast length
adjustment of short reads (FLASH) software (version 1.2.7) (Magoc and
Salzberg, 2011). Based on a threshold of 97% similarity, operational
taxonomic units (OTUs) were clustered using UPARSE (version 7.1
http://drive5.com/uparse/). Chimeric sequences were detected and
removed using UCHIME. The taxonomy of each 16S rRNA gene se-
quence was examined by the Ribosomal Database Project (RDP) Clas-
sifier algorithm (Wang et al., 2007) (http://rdp.cme.msu.edu/) against
the Silva (SSU123) 16S rRNA database using a confidence threshold of
70%. Alpha-diversity indices, including community richness indices
(Chao, Ace), community diversity indices (Shannon, Simpson), and the
sequencing depth index (Good's coverage), were calculated using MO-
THUR v.1.30.1 software (Schloss et al., 2011). A heatmap (Jami et al.,
2013) reflecting the similarity and difference of the community com-
position of multiple samples at the taxonomic level of phylum and
genus, respectively, was calculated using the vegan package and
pheatmap package in R (Hou et al., 2016). To identify microbial
lineages with significant differences between different groups of sam-
ples at various taxonomic levels, linear discriminate analysis (LDA)
effect size (LEFSe) (Segata et al., 2011; Zhang et al., 2013) was applied.
The significant abundance differences between two groups of PAH de-
graders were analyzed by the Welch's t-test (Ruxton, 2006). A rank-
based nonparametric Kruskal-Wallis H test was used to determine if
there are significant abundance differences among three groups of PAH
degraders (Arboleya et al., 2016). Correlation heatmap analysis visually
displays the obtained numerical matrix into the heatmap by calculating
the Spearman's correlation between environmental factors and selected
genera or other taxonomic levels (Yang et al., 2018). The co-occurrence
and interaction patterns of PAH degraders were investigated through
network analysis using Spearman's coefficient to indicate the relation-
ship among bacteria (Rees et al., 2018). To identify the correlations
between environmental factors and the microbial community, re-
dundancy analysis (RDA) was performed using the R base vegan
packages (Sheik et al., 2012). The significance of RDA analysis was
determined by 999 Monte Carlo permutest analysis (P < 0.05). The
length of an environmental parameter arrow in the RDA plot represents
the strength of the correlation of that parameter to the community
composition. The acute angle between an environmental parameter and
a sample community indicates a positive relation between them, while
the obtuse angle between a parameter and a community suggests a
negative correlation between them (Wang et al., 2017).

2.4. Analysis of PAHs and heavy metals

The 16 USEPA priority PAHs (listed in the Supplement S1-2.4) were
extracted from sediments using an accelerated solvent extractor
(ASE350, Dionex, USA) and quantified by a gas chromatograph (7890A,
Agilent, USA) coupled with a mass spectrometer (5977B, Agilent, USA).
Spiked blanks (diatomite and pure copper powder, the supporting
media of the extraction cells of the ASE) with 16 PAH standards were
examined to assess the PAH losses during the experimental procedure,
and the recoveries of 16 PAHs ranged from 72% to 106%. The PAH
concentrations from two seasons were published in our previous study
(Chen et al., 2018) while the analyses presented here were new. More
details about PAH analysis procedures are given in our previous reports
(Chen et al., 2018; Wu et al., 2018).

Sediment samples were digested in a graphite digestion instrument
using a mixture of concentrated HClI-HNO3-HF-HClO,4. Concentrations
of Cr, Cu, Ni and Zn were measured by atomic absorption spectrometry
(AA-6601F Model, Shimadzu Ltd., Japan), and Pb was measured using
an ICP-MS (X-Series II Model, Thermo Fisher Scientific, USA). The
concentrations of As and Hg were determined by atomic fluorescence
spectrometry (AFS-930 Model, Haiguang, China) with an aqua regia
digestion system from DB51/T 836-2008 of China. Blank tests, parallel
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tests, and standard recovery tests were applied to ensure quality control
with relative deviations of parallel experiments less than + 10%.
Satisfactory recoveries were obtained for 95%-105%.

3. Results and discussion

3.1. The composition, diversity and distribution of the sedimentary
microbial community and PAH degraders

After filtering out the low-quality reads, a total of 963,716 quality
sequences from 22 samples from two seasons were retained. The se-
quence lengths were in the range of 279-541 bp, with a mean of 441 bp.
In total, 6553 OTUs were identified, with 298 OTUs on average per
sample. The OTU- and Shannon index-based rarefaction curves (Figs. S3
and S4) indicated that the depths of sequencing for bacteria were sui-
table for evaluating microbial diversity. As shown in Table S6, Good's
coverage estimations revealed that 94% to 97% of the species were
covered by sequencing in all samples. Ace, Chao, Shannon and Simpson
indices showed that bacteria at 10CY had the highest biodiversity,
while bacteria at 7SDK had the lowest diversity.

3.1.1. Taxonomic composition

The 6553 OTUs belong to 53 phyla, 132 classes and 959 genera. At
different taxonomic levels, the 22 samples showed dissimilar 16S rRNA
profiles (Fig. 2, Fig. S5). The dominant bacterial phyla of all samples
were Proteobacteria, Bacteroidetes, Chloroflexi, Acidobacteria, Firmi-
cutes and Nitrospirae. These six phyla in sum accounted for ~76% to
91% of the reads. Nitrospirae bacteria were not found to be sig-
nificantly correlated with concentrations of chemical pollutants (e.g.,
PAHs) in estuarine sediments in a previous study (Lu et al., 2017). The
abundances of Proteobacteria, Bacteroidetes, Firmicutes, Acidobacteria
and Chloroflexi were also found in soils with long-term contamination
by PAHs and heavy metals (Kuppusamy et al., 2016).

Based on the genes of PAH-RHDa and the reported PAHs degraders
in the literature (Haritash and Kaushik, 2009; Kuppusamy et al., 2016;
Liu et al., 2017; Lee et al., 2018), forty-six genera with potential PAH-
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Fig. 2. Bacterial community structure of 22 sediment samples from the Yangtze
Estuary showing the relative abundance of different phyla within each sample.
Phyla with relative abundances below 1% were combined and indicated as
others. Samples from July are indicated by the prefix “7”, while samples from
October are represented by the prefix “10”.
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Fig. 3. Heatmap of 46 potential PAH degraders at the genus level in sediment samples of the Yangtze Estuary. The color scale at the bottom represents the relative
abundance of one bacterial genus in the bacterial community of each sample. The color bar at the top represents three groups of samples: freshwater areas (10XP,
7XP, 10QYK, 7QYK, 10LHK, 7LHK, 10SDK, 7SDK, 10WSK, 7WSK, 10BLG, and 7BLG), transition areas (10CY, 7CY, 10DH and 7DH) and seawater areas (10LCG,
7LCG, 10FX, 7FX, 10JS and 7JS). The right side shows the genus name of each degrader while the left side exhibits their clustering results.
Xanthomonadales_I._S._uncult. is the abbreviation of Xanthomonadales_Incertae_ Sedis_uncultured. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

degrading capability were identified in the investigated area; they are The spatial abundance variation of degraders (Fig. 4B) showed that
shown in the heatmap (Fig. 3). It reveals that the main degraders in- Bacillus (GP), Vibrio (GN), Marinobacterium (GN) and Alcanivorax (GN)
clude Comamonadaceae_unclassified, Pseudomonas, Flavobacterium, were significantly more abundant in seawater areas, while Novo-
Xanthomonadales_uncultured, Alcaligenaceae_uncultured, and Bacillus. sphingobium (GN), Sphingomonas (GN), Acinetobacter (GN) and Coma-
It has been reported before that Bacillus, Pseudomonas, Escherichia, monas (GN) were significantly more abundant in freshwater and tran-
Mycobacterium, and Enterobacter are important bacteria for remediating sition areas. Moreover, the PAH-RHDa GN and GP gene analyses
cocontaminants of PAHs and heavy metals, indicating that they play a indicated that freshwater sediments contained a higher content of PAH-
key bioremediating role in the PAH and heavy-metal copolluted degrading genes than were found in transition and seawater areas
Yangtze Estuary (Liu et al., 2017). (Fig. 5).

3.1.2. Temporospatial variation of microbiota and PAH degraders 3.2. Abundances of PAH-degrading genes and bacterial genera tolerant to

The temporospatial abundance variation of the total microbial pollutants
community was analyzed by LEFSe, and it is shown in the
Supplementary information (Supplementary Fig. S8). As shown in Fig. 5 and Table S8, the abundances of the PAH-RHDa
The seasonal abundance variation of PAH degraders was analyzed GN gene, the PAH-RHDa GP gene and the 16S rRNA gene were in the
by Welch's t-test (Fig. 4A). Among the 15 most abundant degraders, range of 55x10° to 5.8 x 107 copiesg™ !, 1.3x10° to
Flavobacterium (GN) and Polaromonas (GN) were found to be sig- 2.0 x 107 copies g™, and 4.1 x 10® to 5.6 x 10'° copies g~ *, respec-
nificantly more abundant in July than in October. Mycobacterium (acid- tively. The lowest abundances of the 16S rRNA gene and the PAH-
fast organisms) showed a significantly higher abundance in October RHDa gene were observed in DH. The ratios of PAH-RHDa GN genes to
than in July. Fig. 5 shows the gene copy numbers of the 16S rRNA, 16S rRNA genes ranged from 0.009% to 0.215%, while the ratios of
PAH-RHDa GN and PAH-RHDa GP, the ratios of PAH-RHDa GN genes PAH-RHDa GP genes to 16S rRNA genes were in the range of 0.004% to
relative to 16S rRNA genes and the ratios of PAH-RHDa GP genes re- 0.065%. The 16S rRNA gene copy number showed results comparable
lative to 16S rRNA genes. The results revealed that the July samples with our previous study (Guo et al., 2018). The abundance of PAH-

contained more PAH-RHDa GN genes than in October. Therefore, RHDa genes was slightly lower than that in the urban roadside of
LEFSe analysis for microbial community, Welch's t-test for PAH de- Shanghai (Li et al., 2015), which was in the range of 5.7 x 10° to
graders and PAH-degrading gene analysis indicated that the July 6.44 x 107 copies g~ ! in soil and slightly higher than that in soils and
communities possessed higher PAH-degrading potential than those in sediments of France, which ranged from 4.4 x 10* to
October. 4.7 x 107 copies g1 (Cebron et al., 2008).

422



X. Liu, et al.

Marine Pollution Bulletin 142 (2019) 419-427

m Oct
A = July
95% confidence intervals
Flavobacterium it — i © i *0.03554
Pseudomonas [ [ - T 0.504
Bacillus [ ———i 05628
Sphingomonas = —e— 02777
Novosphingobium = e 0.1272
Acinetobacter ™ e 0.1059
Vibrio = —e— 01812
Comamonas o 0.2616 s
Mycobacterium j® o *0.01443 =
Aeromonas P e 0273 ©
Rhizobium [® re 0.1461
Bradyrhizobium P s 0.07246
Marinobacterium ! e 0.3513
Alcanivorax | C 0.4279
Polaromonas k -] * 0.02007
L 1 1 1 1 1 1 1 | . L 1 1 1 1 1 1 1 1 1 1 1 J
0 10 20 30 40 -1%5-10 -5 0 5 10 15 20 25 30 35 40 45
Proportions (%) Difference between proportions (%)
B m Freshwater
M Transition
Flavobacterium _ 0.4313 M Seawater
Bacillus h * 0.03862
Novosphingobium F «0.006983
Sphingomonas F «+0.00966
Vibrio L - 0.03708
Acinetobacter' + 0.02417
-
Comamonas' + 0.02886 <
c
Aeromonas F 0.3619 ®
Rhizobium L 0.7332
Mycobacterium ' 0.6022
Marinobacterium h ** 0.009626
Bradyrhizobium ' 0.2285
Alcanivorax ** 0.002145
Polaromonas 0.6038

1 1 1 1

1 i .

”‘1‘.

15 20

25

30 35

Mean Proportions (%)

Fig. 4. Comparison of the differences in abundance of PAH degraders at the genus level in sediment samples from the Yangtze Estuary. (A) A comparison between
communities from October and from July using Welch's t-test; (B) a comparison among communities from freshwater areas, transition areas and seawater areas using

the Kruskal-Wallis H test.

As shown in the correlation heatmap in Fig. S10, among 46 PAH de-
graders,  Acinetobacter, = Xanthomonadales Incertae_Sedis_uncultured,
Sphingomonas, Alcaligenaceae_uncultured, Pseudomonadales_unclassified
and Moraxellaceae_uncultured were positively correlated with PAHs, Zn,
and Cu and even other heavy metals such as Pb, As, Ni. Novosphingobium
and Comamonas showed positive correlations with PAHs and Hg. These
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PAH degraders tend to be heavy-metal tolerant and have important ap-
plications for bioremediation of PAHs in combined polluted areas. For
example, Sphingomonads can transform heavy metals and utilize nutrients
(Vilchez et al., 2007). Mycobacterium is known to degrade PAHs such as
anthracene and benzo[a]pyrene and relieve the suppression given by
heavy metals such as Cd, Cr and Pb coexisting with PAHs (Liu et al., 2017).
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reader is referred to the web version of this article.)
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3.3. Network analysis of the PAH degraders

The correlation network of PAH degraders (Fig. 6) revealed that the
most correlating degraders were Novosphingobium, Mycobacterium, Co-
mamonas, Bradyrhizobium and Pseudoalteromonas, implying that they
are syntrophic bacteria and play central roles in the degradation of
PAHs. The lower-correlating degraders were Nocardioides, Rhizobium
and Dietzia. Comamonas, Bradyrhizobium, Novosphingobium, Sphingo-
monas, Neptunomonas, Mycobacterium, Acinetobacter, Escherichia-Shigella
and Dietzia were correlated as a group, indicating that they may co-
operate in their metabolic activities, e.g., PAH degradation. Pseu-
doalteromonas, Alcanivorax, Vibrio, Marinobacterium, Nocardioides, Rhi-
zobium and Microbulbifer were connected as another group and showed
coexclusion with the Comamonas group. This may be because degraders
of this group primarily live in high-salinity areas and have functional
connections during their life cycles. Moraxella, Brevundimonas and Ste-
notrophomonas were correlated with each other and had no linkage with
other degraders, indicating that they may form another cooperative
group during the metabolic process of pollutants. Previous studies
found that PAH degraders widely cooperate while metabolizing PAHs,
e.g., during the process of degradation of fluoranthene by a microbial
community: Mycobacterium played a critical role in the initial de-
gradation steps by generating the ring hydroxylating and ring cleavage
dioxygenases; Diaphorobacter produced most of the dehydrogenases;
Hyphomicrobium, Agrobacterium, and Sphingopyxis expressed enzymes
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catalyzing the downstream degradation (Zhao et al., 2016). The study
of the bacterial correlations will provide a better understanding of the
cooperative metabolic mechanisms of PAHs at a community level and
thus help to improve the efficiency of bioremediation.

3.4. Pollution gradients of PAHs and heavy metals

Supplementary Fig. S1 and Table S3 show the total concentrations
and compositions of 16 PAHs (TPAHs) at each sampling site.
Seasonally, the TPAH concentrations of most sites were higher in July
than in October (apart from FX, Fig. S1). Spatially, the TPAH con-
centrations in sediments varied in a pattern as freshwater area
(F) > transition area (T) > seawater area (S) for both seasons. The
trend is similar to that over four seasons shown in our previous study
(Chen et al., 2018). The highest TPAH concentrations were in LHK, SDK
and WSK, which was attributed to the high intensity of anthropogenic
activities, receiving more urban river runoff, and being near effluent
discharge outlets (Liu et al., 2004; Ou et al., 2010; Liu et al., 2012; Chen
et al., 2018). Most individual components obeyed the same distribution
pattern as the TPAHs. Minor exceptions included the concentrations of
BbF, BaP and BghiP, which were especially high in FX in the seawater
area in October and Ant in the transition areas (namely, CY and DH) in
July.

Fig. S2 and Table S5 reveal the concentration ranges and mean
contents (mg kg~ ! d.w.) for seven heavy metals in surface sediments.
Heavy-metal content was higher in July than in October except for Zn.
The spatial distribution of Cr, Ni, Pb, Hg and As concentrations ex-
hibited a pattern as transition areas > freshwater areas > seawater
areas. However, Cu and Zn concentrations showed a decreasing trend as
freshwater areas > transition areas > seawater areas.

The pollution-level comparisons of PAHs and heavy metals with
other areas in the world are detailed in the Supplementary information
(S2-3.4).

3.5. Relationships between the microbial community, PAH degraders, and
gradients of PAH and heavy-metal residues

Fig. 7A shows the relationship between the total bacterial commu-
nity and all 14 measured environmental parameters. Nine environ-
mental factors showed a significant correlation with the community,
namely, TP contents, salinity, TPAHs, Cu, Cr, Pb, TOC, Ni, and pH
values. TP and salinity were the most important environmental para-
meters for explaining the distribution and structure of the bacterial
communities, followed by TPAH concentrations and Cu contents. The
significant correlation of TOC with the bacterial community corre-
sponds to the fact that organic carbon is needed for shaping the mi-
crobial community structure and biogeographic distributions
(Jorgensen et al., 2012; J. Liu et al., 2015). Salinity and geographic
differences (namely, latitude and longitude) were reported to influence
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Fig. 7. Redundancy analysis (RDA) ordination plots showing the relationships between environmental parameters and bacterial communities (A) as well as PAHs
degraders (B) in sediment samples from October and July from the Yangtze Estuary. Arrows represent the direction and magnitude of measured environmental
factors associated with the bacterial communities. Color-coded dots along with site names represent the total bacterial communities or PAH degraders in each sample
of different salinity groups. For the communities of all bacteria (A), fourteen environmental factors were analyzed, and nine factors showed significant correlation
with the distribution and structure of the bacterial communities, namely, total P, salinity, PAHs, Cu, Cr, Pb, TOC, Ni and pH values. For the communities of PAH
degraders (B), among 14 parameters analyzed, salinity, PAH contents, Cu concentrations and pH values significantly impacted the community of PAH degraders and
were plotted. Each figure shows the first two principle dimensions, and all canonical axes were significant (P < 0.05). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

the microbial compositions (Lozupone and Knight, 2007; Liu et al.,
2014). Heavy metals, independent of other contaminants, were a major
regulator of bacterial community compositions (Kuppusamy et al.,
2016). Moreover, the environmental pollutants TP, TPAHs, Cu, Pb, TOC
and Ni showed a positive correlation with bacterial communities in
freshwater areas (except for 7WSK), which had relatively low salinity
and pH values, but showed a negative correlation with communities of
seawater areas (plus 10CY of transition areas), which were of higher
salinity and pH.

For PAH degraders (Fig. 7B), four significant impact factors were
salinity, TPAH concentrations, Cu concentrations and pH values. Sali-
nity was the most important environmental parameter impacting the
structure of the PAH degrader communities. Again, pollutants TPAHs
and Cu positively impacted degraders from most sites of freshwater
areas (except 10XP and 10BLG) but negatively impacted those from
transition areas (except 7CY) and seawater areas (except 7LCG).

Correlation heatmaps of 50 predominant genera from the total
bacterial community (Supplementary Fig. S9) and of 46 PAH-degrader
genera (Fig. S10) similarly reveal that bacteria growing in freshwater
areas of lower salinity showed positive correlations with higher con-
centrations of TPAHs, P, Cu, Zn and some other pollutants. However,
bacteria living primarily in higher salinity areas were mostly negatively
correlated with the content of TPAHs, P, Cu, Zn and other pollutants.
We thus inferred from RDA analyses and correlation heatmaps that the
environmental salinity and pH values in this study negatively regulate
the bioremediation ability and tolerance of bacteria to pollutants such
as PAHs and heavy metals. It was reported previously that pH and
salinity influenced the remediation efficiency of PAHs and heavy metals
(Kastner et al., 1998; Thavamani et al., 2012; Liu et al., 2017). pH alters
the toxicity of heavy metals to microbes by altering the valence states,
redox potential, solubility and bioavailability of metals (Rodea-
Palomares et al., 2009; Smith, 2009). The bioremediation efficiency of
microbes is suppressed by acidic or alkaline pH values (Sandrin and
Maier, 2002; Liu et al., 2017). It is a promising concept to promote the
bioremediation of PAHs and heavy metals in contaminated areas by
adjusting pH and salinity values.

The present study revealed that the abundance of PAH-RHDa genes
of GN and GP had significant positive correlations with TPAH con-
centrations (Table S9), which was consistent with previous findings in
soils and sediments (Cebron et al., 2008; Li et al., 2015). Salinity
showed negative correlations with PAH degraders of GN and GP.
Moreover, pH was negatively correlated and TP contents were posi-
tively correlated with GP PAH degraders, while Cu and Hg were posi-
tive controlling factors for GN PAH degraders. Therefore, the Spear-
man's correlation results of genes were consistent with that of RDA and
the correlation heatmap analyses of bacteria. Two lines of evidence
showed that the screening pressure exerted by PAH pollution would
enrich populations capable of degrading PAHs in the environments.
Salinity and pH have a negative impact on the PAH-degrading ability of
bacteria, especially of GP degraders. Heavy metals such as Cu may
enhance the PAH-degrading activity, especially of GN degraders.

3.6. Implications for bioremediation

The copollution of PAHs and heavy metals on the microbial ecology
in estuarine areas is more complex than that for individual pollutants.
The equilibrium between generation and removal of ROS within cells
could be disturbed by stress factors such as salinity, heavy metals, PAHs
and other pollutants, resulting in a sudden increase in ROS levels. ROS,
including superoxide, hydrogen peroxide, hydroxyl radicals and their
reaction products, can react nonspecifically and quickly with biomo-
lecules, such as DNA, proteins, lipids and carbohydrates (Gill and
Tuteja, 2010). Heavy-metal stress causes oxidation by ROS, which im-
pairs enzymatic activity and DNA-protein compounds of microbes and
influences the microbial degradation of PAHs (Gauthier et al., 2014).
On the other hand, some heavy metals could induce microbial secretion
of more proteins at low concentrations due to the excitatory effects of
heavy metal poisons. These heavy metals can also act as cofactors for
proteins to form enzyme-metal-substrate complexes, increasing the
bioactivity of proteins and enhancing the enzymatic degradation of
PAHs. For example, Pb(II) enhances Phe biodegradation at low con-
centrations but decreases Phe biodegradation at excessive
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concentrations (S.-H. Liu et al., 2015). Studies have also shown that
under conditions of PAH-heavy metal complex pollution, heavy metals,
e.g., Cu(ll), can stress the microbial secretion of new degrading en-
zymes and thus change the degradation pathway of PAHs (Chen et al.,
2013).

PAHs can induce the generation of ROS that can exert oxidative
stress on bacteria and influence the microbial adsorption capability of
heavy metals. PAHs can exert a narcotic effect on the lipophilic com-
pounds of microbial cells, which enables heavy metals to infiltrate into
microbial cells more facilely and affect microbial functions (Shen et al.,
2006). On the other hand, PAHs can alter the fluidity of the membranes
and the electrical potential of cells, which inhibits the adsorption of
heavy metals by microbes (Gorria et al., 2006). It is also anticipated
that PAHs could disrupt the metal-ATPase activity, which would impact
the transport of heavy metals (Gauthier et al., 2015). How bacteria
accommodate the combined pollution of PAHs and heavy metals and
detoxify these long-present pollutants remains to be further studied.

Microbes harvested from naturally polluted areas may possess
higher degradation ability and higher tolerance to adverse conditions
such as other pollutants (e.g., heavy metals), the deficiency of nutrients,
and the adverse conditions of higher salinity and pH than microbes
from spiked media (Kuppusamy et al., 2016) and could, therefore,
better bioremediate real contaminated fields.
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