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A B S T R A C T

During the past few decades, contamination of sediments by persistent toxic substances (PTSs) has been observed
in estuarine and coastal areas on the west coast of South Korea. The contaminants are suspected to cause
toxicities in aquatic biota, but little is known about their ecological effects, particularly on benthic microbial
communities. In this study, an eDNA-based assessment was applied along with classic assessments of exposure,
such as chemistry and in vitro bioassays, to evaluate condition of benthic bacterial communities subjected to
PTSs. Two strategies were adopted for the study. One was to conduct a comprehensive assessment in space (by
comparing seawater and freshwater sites at five coastal regions) and in time (by following change over a 5-y
period). Although we found that bacterial composition varied among and within years, some phyla, such as
Proteobacteria (28.7%), Actinobacteria (13.1%), Firmicutes (12.7%), and Chloroflexi (12.5%) were consistently
dominated across the study regions. Certain bacterial groups, such as Firmicutes and Verrucomicrobia have been
linked to contamination at some sites in the study area and at specific points in time. Bacterial communities were
not significantly correlated with salinity or AhR- and ER-mediated potencies, whereas concentrations of PAHs,
APs, and certain metals (Cd and Hg) exhibited significant associations to the structure of bacterial communities
at the phylum level. In fact, the relative abundance of microbes in the phylum Planctomycetes was significantly
and negatively correlated with concentrations of PAHs and metals. Thus, the relative abundance of
Planctomycetes could be used as an indicator of sedimentary contamination by PAHs and/or metals. Based on
our correlation analyses, Cd and ER-mediated potencies were associated more with bacterial abundances at the
class taxonomic level than were other PTSs and metals. Overall, the eDNA-based assessment was useful by
augmenting more traditional measures of exposure and responses in a sediment triad approach and has potential
as a more rapid screening tool.

1. Introduction

The west coast of South Korea, along with nearby rivers/estuaries, is
part of the Yellow Sea region, a region that has become highly urba-
nized and industrialized (Jeon et al., 2017). Various types of anthro-
pogenic contaminants from agricultural, industrial, and domestic

activities have been discharged into coastal sediment, which is the final
sink for those contaminants (Khim and Hong, 2014). Based on results of
previous toxicological studies, concentrations of persistent toxic sub-
stances (PTSs) in sediments off the west coast of South Korea, were
deemed to pose risks to biota (Hong et al., 2012; Jeon et al., 2017; Khim
et al., 1999). PTSs, such as polycyclic aromatic hydrocarbons (PAHs),
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alkylphenols (APs), metals, and metalloids, accumulating in coastal
sediments can adversely affect aquatic and/or benthic ecosystems at all
levels of biological organization from molecules to communities (Fent,
2001).

To evaluate of quality of sediments contaminated by PTSs, con-
ventional sediment assessments use chemical analyses combined with
determination of toxicological effects. However, this approach focuses
on a limited suite of ecotoxicological effects and often lacks ecological
relevance. In addition, the conventional approach cannot capture ef-
fects on populations and communities in natural ecosystems (de Castro-
Català et al., 2016). Therefore, to comprehensively evaluate sediment
quality, a triad approach was applied, wherein physicochemical data,
such as salinity, pH, and concentrations of contaminants, toxicological
data, and benthic community structure data are concurrently examined
(Lee et al., 2018). However, few studies have addressed ecological as-
sociation between concentrations of PTSs and benthic communities
(Lee et al., 2018; Yoon et al., 2017).

Within benthic communities, microbial communities play an im-
portant role in biogeochemical cycling (Fischer and Pusch, 2001), de-
composition of contaminants, and in providing other functions neces-
sary for sustaining aquatic ecosystems (Reed and Martiny, 2013; Xie
et al., 2017). Microbial communities, including bacteria, are extremely
sensitive to changes in physicochemical conditions, such as tempera-
ture, pH, salinity, and concentrations of contaminants (Gibbons et al.,
2014; Herlemann et al., 2011; Xie et al., 2016, 2017). Bacteria respond
rapidly to changing environmental conditions and adapt their degree of
activity, diversity, or community structure (Xie et al., 2016, 2017). This
means that the composition of in situ bacterial communities can po-
tentially be used to monitor key elements of sediment quality. However,
despite their potential importance in indicating sediment quality,
characteristics of in situ bacterial communities have been neglected in
conventional sediment quality assessment approaches (Torsvik et al.,
2002).

More than 99% of microorganisms that have been observed in
nature cannot generally be cultivated or phenotypically identified with
standard culture techniques. However, with environmental DNA
(eDNA) metabarcoding, most microbial communities can be identified
(Amann et al., 1995). Thus, approaches that use metagenomic level
analysis to characterize the complexity of microbial ecosystems in se-
diments could provide a rapid and efficient way to identify and monitor
benthic microbial communities and enumerate individual taxa
(Gibbons et al., 2014; Sharmin et al., 2013). Improvements in methods
for metabarcoding eDNA, in concert with advances in bioinformatics
analysis, could provide a promising approach for improving ecological
risk assessments (Zhang, 2019).

From the 1970s to the early 1990s, many sea dikes (estuary dams)
and landfill projects occurred along the west coast of South Korea
(Fig. 1). As a result, most major rivers and estuaries along the west coast
have been disconnected from the open sea, leading to different salinity
regimes on the two sides of the dams. Salinity is thought to be the major
factor affecting bacterial community composition (Campbell and
Kirchman, 2013; Wu et al., 2006), more important than the influence of
temperature or pH (Lozupone and Knight, 2007). Several studies on
shifts in bacterial community composition along aquatic salinity gra-
dients have substantiated the influence of salinity on bacterial compo-
sition (Campbell and Kirchman, 2013; Kan et al., 2008; Kirchman et al.,
2005). However, most of these gradient studies were conducted in one
region and/or over a short duration. To bridge the multiple environ-
mental variables including salinity and chemical contaminants, in vitro
toxicological tests, and bacterial communities in the assessment of se-
diment quality, a comprehensive five-year field study on the west coast
of South Korea had been conducted. We investigated effects of salinity
and concentrations of toxic chemicals on bacterial composition in se-
diments. The toxic chemicals included dioxin-like and estrogenic che-
mical pollutants, measured as aryl hydrocarbon receptor (AhR)-medi-
ated potencies and estrogen receptor (ER)-mediated potencies, because

those endpoints represent a large spectrum of dioxin-like and estrogenic
chemicals that might exist in contaminated sediments (Hong et al.,
2016; Lee et al., 2017).

Specific objectives of the present study were to: (1) characterize
spatio-temporal distributions of benthic bacterial communities in se-
diments along the west coast of South Korea; (2) compare in situ bac-
terial communities and endpoints of chemical analyses and in vitro
bioassays; and (3) identify bacterial taxa indicative of specific en-
vironmental variables.

2. Materials and methods

2.1. Study area and sediment collection

Surface sediments were collected during May, annually between
2010 and 2014 from 15 sites (11 seawater sites and 4 freshwater sites)
in five coastal regions from rivers, estuaries, and open sea along the
west coast of South Korea. The five regions include Lakes Sihwa (Region
A), Asan & Sapgyo (Region B), as well as the Taean Coast (Region C),
and estuaries of the Geum River (Region D) and Yeongsan River
(Region E) (Fig. 1 and Table S1).

The inside of the estuary dams or sea dikes (i.e., landward) is
composed of freshwater except for Lake Sihwa, which has a tidal power
plant that has allowed tides to pass through since its construction in
2011 (Fig. 1 and Table S1). In contrast, seaward sides of dikes are
saline. Sediments were immediately transported, at 4 °C, to the la-
boratory and stored at –20 °C until analyses. Samples were freeze-dried
and ground with a mortar and pestle prior to analyses.

2.2. Next generation sequencing and bioinformatics analyses

Total DNA was extracted from 0.25 g aliquots of each homogenized
surface sediment by use of a Power Soil DNA Kit (MoBio Laboratories
Inc., CA, USA). Detailed descriptions for amplifying bacterial 16s rRNA
genes (V3 fragment) have been previously published (Xie et al., 2016).
Triplicate PCR reactions were performed for each sample to minimize
potential PCR bias. Products of PCR were checked, purified and quan-
tified. All purified products of PCR were pooled equally for subsequent
sequencing. Sequencing adapters were linked to purified DNA frag-
ments with the ION proton sequencer (Life Technologies, CA, USA)
following the manufacturer's instructions.

Low quality raw reads (mean quality score < 20, scanning
window = 50) and sequences which contained ambiguous ‘N’ and were
shorter than 100 bp but longer than 180 bp in length were discarded by
using the Quantitative Insights into Microbial Ecology toolkit (Caporaso
et al., 2010). Chimeras were removed and clustered operational taxo-
nomic units (OTUs) with a similarity cutoff of 97% following the UP-
ARSE pipeline method (Edgar, 2013). Taxonomy of bacterial OTUs was
assigned to representative sequences by use of the Ribosomal Database
Project classifier against the Greengenes database (DeSantis et al.,
2006; Wang et al., 2007). Observed OTUs were rarefied at equal se-
quencing depth to reduce biases resulting from differences in sequen-
cing depth. Alpha-diversity (Shannon indices) was calculated on all
twenty equal-depth rarefactions and then averaged them.

2.3. Analyses of chemicals and toxicological tests

Concentrations of 15 PAHs and six APs and in vitro ecotoxicological
assays [H4IIE-luc bioassay for determining AhR-mediated potencies
(presented as %BaPmax) and MVLN bioassay for determining ER-medi-
ated potencies (presented as %E2max)] were obtained for sediments
collected from the same locations during 2010 to 2014, Jeon et al.
(2017). Concentrations of eight metals (Cd, Cr, Cu, Hg, Li, Ni, Pb, and
Zn) and one metalloid (As) were also reported for the sediments in a
previous study by Kim (2020). Metals and metalloids were expressed in
sum of hazard quotients (ΣHQmetal) by Ryu et al. (2016). All prior
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chemical measurements and toxicological results are summarized in
Fig. S1 of Supplementary Materials.

2.4. Statistics analyses

SPSS 23.0 (SPSS INC., Chicago, IL) and PRIMER 6 statistical soft-
ware (PRIMER-E Ltd, Plymouth, UK) with the PERMANOVA + add-on
package (Clarke and Gorley, 2006; Lozupone and Knight, 2005) were
used to perform statistical analyses. We set statistical significance at
p < 0.05. The bacterial community with phyla data was reduced by
eliminating species that contributed<1% of total abundance. Abun-
dance was log-transformed [ln (x + 1)] and normalized to balance it
across the recorded taxa in the measure of similarity (Clarke and
Warwick, 2001). The nonparametric Mann-Whitney U (M–W) and
Kruskal-Wallis (K-W) with Bonferroni correction were used to detect
significant differential features between the salinity, sampled regions,
and years. Subsequently, to perform categorize of bacterial assemblage
composition, cluster analysis (CA) was performed using a Bray–Curtis
similarity matrix (Legendre and Legendre, 2012).

All environmental variables including ΣPAHs, ΣAPs, metals and
metalloid (including ΣHQs), and toxicological results were log-trans-
formed and normalized following procedures by Xie et al. (2017).
Discriminating chemical and toxicological results by sampled year was
confirmed by canonical analysis of principal coordinates (CAP) with
Euclidean distance matrix. Next, principal coordinate analysis (PCoA)
applied to the distance matrix to enable comparisons of biota among
sedimentary environments. This allowed assessment of potential

interactions between environmental variables and compositions of
bacterial communities, at the phylum taxonomic level, based on the
Bray-Curtis similarity matrix and Spearman's rank correlation coeffi-
cients (Lozupone and Knight, 2005). PCoA is useful for reducing and
representing patterns present in distance matrices by displaying dis-
similarities among objects (Gower, 1966). Finally, to identify specific
bacterial taxa that may have responded to the various variables mea-
sured, Spearman's rank correlation coefficients were developed for as-
sociations between results of chemical and toxicological data and the
abundance of bacteria with phylum/class data.

3. Results and discussion

3.1. Description of next generation sequencing data

A total of 4,634,661 bacterial 16s, V3 sequences were obtained for
sediments along the west coast of South Korea. Sequences with low
quality, short lengths, PCR bias, lack of annotated references or lineage
filtering were discarded (Bragg et al., 2013). Due to low sequencing
depth, samples collected in 2012 were discarded. After our quality
check of raw reads, there remained a total of 2,464,770 reads for fur-
ther analyses. From those remaining filtered raw reads, the number of
5,001 bacterial OTUs which represented 49 phyla, were discovered.
According to rarefaction curves for bacterial communities, most of the
abundant bacterial OTUs were saturated from more than 80,000 se-
quences per sample (Fig. S2).

Fig. 1. Pictures and satellite images of sampled sites from five regions of the west coast of South Korea and brief summary of activities related to sampling each
region. Panels: (A) Lake Sihwa (LS), (B) Lakes Sapgyo (SG) and Asan (AS), (C) Taean coast, including Sinduri (SD), Manlipo (ML), Anmyundo (AM), (D) Geum River
(GG) Estuary, and (E) Youngsan River (YS) Estuary.
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3.2. Spatiotemporal distributions of bacterial communities with phylum
taxonomic level

At the level of phyla, compositions of bacterial communities varied
among sediments and were dominated by Proteobacteria (mean
28.7%), Actinobacteria (13.1%), Firmicutes (12.7%), Chloroflexi
(12.5%), Planctomycetes (8.7%), Bacteroidetes (8.2%),
Verrucomicrobia (4.2%), Acidobacteria (3.7%), and
Gemmatimonadetes (1.5%) (Fig. 2a). As expected, Proteobacteria were
the most abundant bacterial phylum from all sediments collected from
along the west coast of South Korea between 2010 and 2014. A similar
pattern of compositions for bacterial communities in sediments has
been observed by several previous studies conducted around the world
(Xie et al., 2016; King et al., 2015; Gibbons et al., 2014). These domi-
nant phyla are free-living and also include a number of nitrogen-fixing
bacteria (Sharmin et al., 2013; Li et al., 2009).

Relationships between mean, relative abundance salinity, sampled
region, and year were observed (Fig. 2b–e). Although salinity and/or
spatial variability are known to be major contributors to microbial
community structure and function (Xie et al., 2017; Campbell and
Kirchman, 2013; Lozupone and Knight, 2007), in this study mean
compositions of bacteria, as determined at the level of phyla, exhibited
no statistically significant, correlation with salinity (M–W test) or
sampled region (K-W test) (Bonferroni-corrected p < 0.05) (Fig. 2b
and c). This result, which was unexpected, might be due to the fact that
salinity gradients are sometimes temporarily diluted in response to an
input of freshwater from temporally irregular discharges of freshwater
through the sea dikes in our study regions (Noh et al., 2019). Therefore,

a better understanding of patterns in spatial proximity and shared en-
vironment characteristics will require intensive sediment sampling
from along transects that reflect a longer gradient in physicochemical
parameters, such as salinity, pH, and contaminant composition.

Among the dominant phyla, Firmicutes and Verrucomicrobia
showed significant differences in mean relative abundance across the
sampling years (K-W test, Bonferroni-corrected p < 0.05) (Fig. 2d). In
2010, Firmicutes and Verrucomicrobia were distributed at similar level,
but Firmicutes abundance gradually increased over time, whereas
Verrucomicrobia abundance declined over time, with the Firmicutes
eventually becoming 20 times more abundant than Verrucomicrobia by
2013. Firmicutes is quite rare phylum in natural sediments, but is
dominant taxa in sugar cane processing sites (Sharmin et al., 2013).
However, none of the sites we sampled were near sugar cane processing
areas. Verrucomicrobia was related to Planctomycetes and was known
to exist in majority of which are eutrophic or even heavily polluted
(Spring et al., 2016), and were particularly abundant occurrence in
marine environments (Cardman et al., 2014). Several reports of Ver-
rucomicrobia occurring in extreme environments, such as in sulfide-
rich water and sediments, have been published (Freitas et al., 2012;
Spring et al., 2016).

Mean values of Shannon indices from all sites bacterial communities
were significantly greater in 2013 and 2014 than in the 2010 (K-W test,
Bonferroni-corrected p < 0.05) (Fig. 2e). Our results indicate that al-
though only one bacterial community showed a significant increase in
diversity over time at the phylum taxonomic level, population change
could become even more significant if lower level taxa are examined.
Hierarchical clustering of our surface sediment samples also showed a

Fig. 2. The structures of the bacterial communities at phylum taxonomic level in sediments along the west coast of South Korea. Panels: (a) relative abundance of the
dominant bacteria at the phylum level across all samples, statistical comparisons for mean relative abundances at the phylum taxonomic level between (b) salinity,
(c) sampling region, and (d) sampling years, and (e) alpha-diversity estimated with Shannon indices of all sediment samples. Low (< 1%) abundant phyla and
unresolved taxa were indicated as “Others” in panel (a). Mann-Whitney U test for panel (b) and Kruskal-Wallis test for panels (c–e) were obtained with a Bonferroni
corrections. Significance was determined at p values < 0.05 (*).
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separation of bacterial communities by sampling years (2010–11 and
2013–14). High bootstrap values indicated changing environmental
influences on bacterial community over time (Fig. 3a). Changes in
patterns of diversity could have any number of explanations. However,
assuming that sediment contamination favors pollution-tolerant species
over non-tolerant species, then complex communities will respond to
chemical contamination in a magnitude-dependent effect with respect
to toxic pollutants, so that over time microbial communities will in-
crease in diversity as pollution increases (Gillan et al., 2005).

The scatter diagram of CAP of environmental variables (including
chemical contaminants and toxicological parameters) show a pattern
similar to that observed for bacterial communities (Fig. 3b). Our CAP
analysis could partition effects of ‘sampling year’ for the various en-
vironmental variables. We determined temporal trends (which in-
creased, decreased, or did not change) of PTSs and potential toxicity in
sediments along the west coast of South Korea by examining linear
correlations between concentrations (or toxicities) and sampling years
(Fig. S1) (Jeon et al., 2017; Kim et al., 2020). From 2010 to 2014,
temporal distributions of PAHs and APs declined from over time,
whereas concentrations of metals Cd, Cr, and Hg increased. According
to a previous study, PAHs can contribute to reductions in freshwater
and marine biotic diversity (Malaj et al., 2014); thus, variations in
chemical concentrations might indicate variations in the composition of
bacterial communities. In addition, the adverse effects on biota of high
concentrations of some metals are due to the metals’ abilities to block

and inactivate sulfhydryl groups of proteins (Valls and De Lorenzo,
2002). In this study, we found that AhR-mediated potency in sediments
declined over time, whereas ER-mediated potency showed a slightly
increase from 2010 to 2014 (Jeon et al., 2017). Overall, the con-
centrations of metals (Cd, Cr, and Hg) and ER-mediated potencies were
relatively higher during the 2013–14 period than in the 2010–11 period
(Kim et al., 2020).

Despite the spatial differences, the temporal variability of con-
taminants and toxicological results showed the dominant role con-
taminants have in shaping the structures of bacterial communities in
sediments on the west coast of South Korea (Fig. 3). When we plotted
integrated results from chemical, toxicological, and microbiological
data with PCoA (Fig. 3c), we found that 59.9% of the variability in the
composition of the bacterial assemblages in sediments could be ex-
plained by the first two principal component axes (PCoA1 and PCoA2)
(Fig. 3c). Bacterial phyla were divided into two groups in the dis-
tribution by the PCoA diagram (year 2010–11 and year 2013–14).
Distributions of Firmicutes were correlated with profiles of con-
taminants/toxicological measured during 2013–14, whereas Verruco-
microbia were greatly correlated with 2010–11 samples, which corre-
sponds to the above results. Observed correlations cannot be
constructed to indicate causation of either the effects of factors or of
dissimilarities between individual sample points, but they do provide
insight into where additional work can be focused to determine cau-
sation (Clarke and Gorley, 2006).

Fig. 3. Classifications of sampled sites based on environmental conditions and biotic composition. Panels: (a) bacterial composition along the west coast of South
Korea based on a Bray–Curtis dendrogram of 16S rDNA sequences clustered into OTUs at 97% similarity, followed by orange colored background bars indicating the
designated group, (b) scatter diagram of canonical analysis of principal coordinates (CAP) with Euclidean distance matrix, including results of 15 PAHs, 6 APs, and 9
metals and metalloid, and AhR- and ER-mediated potencies grouped by year, (c) Principal coordinates analysis (PCoA) ordinations (first two principal coordinates are
displayed) based on Bray-Curtis dissimilarity, showing similarity in community composition between samples. Data are Phylum taxonomic level and have been log-
transformed [ln(x + 1)]. Blue vectors (Spearman correlation test) point in the direction of the increased values for any given variable. Sediments with similar
environmental profiles or bacterial compositions are located near each other on the diagram.
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Due to heterogeneity of estuarine and coastal environments, sedi-
ment characteristics and rate of discharge of the river, which correlated
most strongly with bacterial communities (Crump and Hobbie, 2005),
can vary slightly from year to year, even if the same sites are monitored
in the same season each year. However, according to previous study,
TOC and TN did not show a large difference over the years (Kim et al.,
2020), the effect of changes of PTSs is more effective than that from the
differences in sediment properties in terms of spatiotemporal hetero-
geneity of samples. Due to the inherent heterogeneity of sediments in
estuaries and coastal environments, sediment characteristics and river-
flow rates, which correlated most strongly with bacterial communities
compositions (Crump and Hobbie, 2005), can vary slightly from year to
year, even at the same in the same season each year. However, ac-
cording to a recent study by Kim et al. (2020), the values of TOC and TN
do not show significant differences among years and changes over time
in coastal sediments are due more to differences in spatiotemporal
heterogeneity of PTSs than to differences in the heterogeneity of sedi-
ment properties.

3.3. Temporal variation in the bacterial communities at the class & family
taxonomic levels

Analysis of data presented here at the class and family taxonomic
levels provided deeper understanding of factors related to the compo-
sition of the dominant fraction of bacterial communities in sediments.
For all sampled years, the relative abundances of the top five classes at
each site were presented in Fig. 4a. Although the four most frequently

occurring classes were Gammaproteobacteria, followed by Anaeroli-
neae, Alphaproteobacteria, and Deltaproteobacteria, the highest re-
lative abundances for all sampled years were Bacilli (24.1%), followed
by Gammaproteobacteria (17.5%), Acidimicrobiia (13.6%), and Anae-
rolineae (13.3%) (Fig. 4a). This result is consistent with several pre-
vious studies that characterized microbial communities in sediments
(Hullar et al., 2006; Crump and Hobbie, 2005). Although the relative
abundance of Gammaproteobacteia was highest in 2013, we found no
significant difference among sampled years and steadily dominant.
However, at the family taxonomic level, OM60, Halomonadaceae, Pis-
cirickettsiaceae, and Thiotrichaceae were significantly different relative
to abundance among sampled years. Among these four families, only
Halomonadaceae abundance increased over time, while OM60, Piscir-
ickettsiaceae, and Thiotrichaceae decreased over time. A study by Feris
et al. (2003) suggested that the presence of Gammaproteobacteria in
sediments is positively associated with metal concentrations, whereas
Gaboyer et al. (2014) suggested that Halomonadaceae may be tolerant
to metals such as Cd, Cr, Cu, and Ag. Among the environmental factors,
the concentrations of metals (Cd, Cr, and Hg) increased in sediments
over time, especially Cd (significantly increased) and Halomonadaceae,
which is tolerant of Cd have become more abundant.

Classes Bacilli and Clostridia in the Phylum Firmicutes exhibited
significantly different abundances by year (Fig. 3b). Within the Phylum
Verrucomicrobia, the dominant classes were Verrucomicrobiae and
Verruco-5, followed by Spartobacteria and Pedosphaerae (Fig. 3b).
Opitutae and Methylacidiphilae were present, but occurred at relatively
lower abundances than the other classes (Fig. 3b). According to

Fig. 4. Structures of bacterial communities (at class taxonomic level) in sediments along the west coast of South Korea. Panels: (a) the five most abundant bacteria at
each site were marked for all sampled years, (b) mean relative abundance of bacteria (at the class taxonomic level) that showed differences at phylum taxonomic
level, (c) mean relative abundance of bacteria (at the class taxonomic level) that showed no difference at the phylum taxonomic level. The Kruskal-Wallis test,
followed by a Bonferroni correction, was performed on data in by panels (b)–(c). Significance was determined at p values < 0.05 (*).
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previous studies and consistent with our results, Opitutae is sig-
nificantly more frequent in the water column, whereas Verrucomicro-
biae is more common in marine sediments and to some extent in lakes
(Freitas et al., 2012; Arnds et al., 2010; Allgaier and Grossart, 2006).
Among the classes of bacteria that exhibited a significant difference in
abundance by year, the relative abundances of Bacilli and Actino-
bacteria showed relatively increasing pattern over time, while abun-
dances of Anaerolineae, Deltaproteobacteria, Phycisphaera, Verruco-5,
and Bacterodia showed relatively decreasing pattern over time (Fig. 4b
and c).

Desulfobacteraceae and Syntrophobacteraceae, which include
Deltaproteobacteia, were significantly different in abundance between
year 2010 and 2014 (p < 0.05). The relative abundance of these two
bacterial communities is shown to decrease, which was consistent with
the temporal pattern in PAHs concentrations. In previous studies,
Deltaproteobacteia has been mostly observed in sites highly con-
taminated by PAHs and has been shown to be crucial in the anaerobic
degradation of organic contaminants and the cycling of sulfur com-
pounds (Quero et al., 2015; Sun et al., 2013). Overall, we found that
four families of bacteria (Anaerolinaceae, Desulfobacteraceae, Piscirick-
ettsiaceae, and Spirochaetaceae) were more concentrated in sediments
during the 2010–11 period that in the 2013–14 period (Table S2).
Anaerolinaceae, Desulfobacteraceae, and Piscirickettsiaceae have been
found to be positively associated with residual oils in sediments, which
indicates relatively great concentrations of PAHs being associated (Xie
et al., 2018). Furthermore, presence of Anaerolinaceae and Desulfo-
bacteraceae indicates the biodegradation of petroleum hydrocarbons
(Xie et al., 2018). In the presence of PTSs, these two bacterial families
might metabolize PAHs, APs, and metals, resulting in the possible re-
moval of these chemical species from sediments (Chariton et al., 2010;
Genderjahn et al., 2018; Lee et al., 2019; Zhang et al., 2017).

3.4. Correlation and response between microbial communities and
environmental variables

Significant Spearman’s rank correlation between the relative abun-
dance of bacterial individual taxa and the concentration/value of en-
vironmental variables facilitated our detection of potential bioindica-
tors of environmental contaminants. Among the measured
environmental variables, each bacterial abundance based on phyla
were more significantly related to concentrations of ΣPAHs, ΣAPs, and
metals (i.e., Cd and Hg) than were AhR- and ER-mediated potencies
(Fig. 5a). The concentrations of ΣPAHs negatively correlated with the

abundance of Planctomycetes. Abundance of Firmicutes was positively
correlated with concentrations of Cd, whereas abundances of Plancto-
mycetes and Verrucomicrobia were negatively correlated with con-
centrations of Cd. In addition, abundances of Chloroflexi were posi-
tively correlated with concentrations of Hg, but negatively correlated
with abundances of Planctomycetes. Overall, we speculate that metals
have greater influences on shaping structures of microbial communities
in sediments than do other variables measured in this study. Responses
to changes in concentrations of metals can reduce abundances of less
metal-tolerant species in sediments and thus allow other, more-tolerant
species to dominate, which in turn reduces biodiversity. In particular,
adverse effects on biota of high concentrations of some metals are due
to their abilities to block and inactivate sulfhydryl groups of proteins
(Valls and De Lorenzo, 2002). Otherwise, non-linear correlations
showed between abundant phyla Actinobacteria and Proteobacteria
and environmental variables. Because these two phyla were the most
abundant in the sediments, the variance at lower bacterial levels are
offset, making it difficult to determine relationships between bacterial
abundances and environmental variables.

The effect of Cd on bacteria was statistically discernible at both the
phylum and class taxonomic levels, whereas concentrations of APs and
%E2max, which indicate the presence of estrogenic compounds, were
only discernible at the phylum and class taxonomic levels, respectively.
The abundances of various bacterial taxa were associated with ER-
mediated potencies, whereas associations were not observed relative to
AhR-mediated potencies. These results are consistent with those of
previous studies (Xie et al., 2017). The phyla Acidobacteria and
Planctomycetes both showed a positive correlation with ΣPAHs con-
centrations, whereas at the class taxonomic level, Holophagae (Phylum
Acidobacteria) and Brocadiae (Phylum Planctomycetes) exhibited a
negative association with ΣPAHs concentrations. Like metals, ΣPAHs
can shape the structure of bacterial communities by increasing the re-
lative abundance of Holophagae in a bacterial community. Thus, the
relative abundances of Holophagae and Brocadiae could be used as
potential indicators of the contaminations of PAHs in sediments.

Patterns of response to contaminants varied among bacterial classes.
Bacilli with their ability to reduce soluble and amorphous ferric iron
and other oxidized metal species, were resistant to Cd. However, re-
lationships between abundances of bacteria in communities and con-
centrations of contaminants observed in this study might have been
influenced by confounding factors, such as water depth, redox poten-
tial, pH, organic carbon contents, and grain sizes of sediments, but such
effects can be difficult to differentiate from the toxic effects of the

Fig. 5. Correlations and classifications of bacterial assemblages in sediments along the west coast of South Korea at phyla and class taxonomic levels relative to tested
environmental variables. Panels: (a) correlation results between environmental variables and bacterial communities of phyla taxonomic levels within the depicted
phyla (two phyla that were significantly different among years are depicted in red), (b) pairwise comparisons of environmental variables with a color gradient
denoting Spearman’s rank correlation coefficients with bacterial community structure based on taxonomic classes. The network of panel (a) was filtered to include
only a ‘two-tailed’ p-value < 0.05.
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contaminants (Olson et al., 1990). Further research is needed to in-
vestigate other chemicals that might cause changes in structure of mi-
crobiota communities in sediments. However, our results highlight the
limitations of conventional chemical measurements and the value of the
global molecular ecological indicators for monitoring sediment quality.

4. Conclusions

The present study characterized the diversity and structure of bac-
terial communities and assessed their associations with environmental
variables in sediment samples collected from freshwater and seawater
sites over five years on the west coast of South Korea. At the phylum
taxonomic level, bacterial communities of freshwater sediments did not
significantly differ from communities measured in seawater sediments.
The structures of bacterial assemblages in sediments appear to be in-
fluenced by anthropogenic contaminants and toxicological endpoints.
Cd had a stronger influence in shaping the structure of bacterial com-
munities at the phylum taxonomic level, whereas ER-mediated po-
tencies had stronger influence at the class taxonomic level. Thus, to use
a bacterial assemblage to assess sediment contamination, one should
choose the taxonomic rank at which to analyze the assemblage- (e.g.,
phylum or class) based on the contaminant of interest. However, there
are other environmental variables that we did not measure (e.g., nu-
trients, grain size, etc.) could also affect the composition of benthic
bacterial communities. Because our analysis reveals insights in that
how to identify potential contaminants (biotic stressors) from a com-
munity perspective, future studies should employ other diagnostic ap-
proaches to confirm the identity of stressors that are causing chronic
toxicity in sediment biota. Alternatively, mesocosm studies could be
conducted to identify the contaminants responsible for influencing
biota. Overall, we show that the characterization of in situ bacterial
communities can be useful for monitoring and assessing sediment
quality in an integrated manner.
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Supplementary Tables 

 
Table S1. Latitude/Longitude and region information for each sampling site. 

Province Region Sites Latitude Longitude Year           Remark     Salinity on May 

     2010 2011 2012 2013 2014   Geographical description  
Gyeonggi  
 

Lake  
Shihwa (A)  LS1 N37° 20.093’ E126° 41.370’ √ √ √ √ √   Coastal area, outside of sea dike 30.9 ± 1.8 

    LS2 N37° 19.543’ E126° 39.427’   √     Coastal area, outside of sea dike 32.0 ± 2.0 

    LS3 N37° 18.657’ E126° 36.618’ √       √    Inside of sea dike   32.4 ± 2.2 

    LS4 N37° 19.494’ E126° 39.340’ √        √   Inside of sea dike   31.9 ±2.5 

Chungnam Asan (B) AS1 N36° 53.600’ E126° 54.742’ √   √   √   Inside of sea dike   0.5 ± 0.1 

    AS2 N36° 54.929’ E126° 54.317’ √ √ √ √ √   Coastal area, outside of sea dike 29.0 ± 4.3 

  Sapgyo  (B) SG1 N36° 52.728’ E126° 49.633’ √ √ √ √ √   Inside of sea dike   0.5 ± 0.0 

    SG2 N36° 53.704’ E126° 49.148’ √ √ √ √ √   Coastal area, outside of sea dike 29.1 ± 1.7 

  Taean (C) SD N36° 50.312’ E126° 11.004’ √ √ √ √ √   Coastal area (beach; Sinduri) 32.3 ± 0.1 

    ML N36° 47.027’ E126° 08.185’ √  √  √   Coastal area (beach; Manlipo) 32.0 ± 0.3 

    AM N36° 32.403’ E126° 19.588’ √ √ √ √ √   Coastal area (beach; Anmyundo) 32.4 ± 0.7 

Jeonbuk 
 

Geum  
River (D) GG1 N36° 01.347’ E126° 44.532’ √ √ √ √ √   River, inside of dam   0.2 ± 0.0 

    GG2 N36° 00.510’ E126° 44.117’ √ √ √ √ √   Coastal area, outside of dam 29.8 ± 4.1  

Jeonnam 
 

Yeongsan 
River (E) YS1 N36° 46.930’ E126° 26.648’ √ √ √ √ √   Coastal area, outside of dam 27.9 ± 2.3 

    YS2 N36° 47.198’ E126° 27.767’ √ √ √ √ √   River, inside of dam   0.6 ± 0.3 
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Table S2. The mean relative abundances of the bacterial communities at family level which showed significantly difference by sampling years in 
sediments along the west coast of South Korea. 

    Relative abundance (%)  Bonferroni-corrected p value 
Phylum Class Order Family 2010 2011 2013 2014  10-11 10-13 10-14 11-13 11-14 13-14 

Actinobacteria Actinobacteria Actinomycetales Corynebacteriaceae 0.08 0.58 0.28 0.20   0.00 0.02 0.02 0.05  
   Frankiaceae 0.07 0.08 0.14 0.50        
   Geodermatophilaceae 0.02 0.02 0.06 0.46   0.03     
   Microbacteriaceae 0.12 0.09 0.48 0.84     0.02 0.01  
   Micrococcaceae 0.03 0.08 0.91 0.24   0.01  0.01   
   Micromonosporaceae 0.06 0.07 0.23 1.59      0.04  
   Mycobacteriaceae 0.36 0.82 1.05 0.80     0.02   
   Nocardioidaceae 0.05 0.10 0.30 0.22        
   Sporichthyaceae 0.01 0.03 0.04 0.62        
   Streptomycetaceae 0.03 0.04 0.19 0.22  0.02 0.00 0.01 0.01   
   Streptosporangiaceae 0.00 0.00 0.03 0.55    0.01  0.00  

Chloroflexi Anaerolineae Anaerolineales Anaerolinaceae 1.03 0.68 0.44 0.30    0.03    
Firmicutes Bacilli Bacillales Alicyclobacillaceae 0.04 0.03 0.10 0.43    0.05  0.04  

   Bacillaceae 0.83 1.41 3.95 4.62   0.01 0.00 0.04 0.01  
   Exiguobacteraceae 0.02 0.03 1.02 0.07   0.00 0.01 0.00   
   Paenibacillaceae 0.05 0.02 0.14 0.55    0.05  0.01  
   Planococcaceae 0.95 1.79 7.53 2.68   0.00 0.02 0.00   
  Lactobacillales Carnobacteriaceae 0.01 0.02 2.95 0.09   0.00  0.00   

Planctomycetes Planctomycetia Gemmatales Gemmataceae 0.06 0.15 0.37 0.22   0.05  0.04   
   Isosphaeraceae 0.03 0.08 0.12 0.55    0.02    

Proteobacteria Alphaproteobacteria Rhizobiales Methylobacteriaceae 0.03 0.13 0.15 0.34   0.02 0.00    
 Deltaproteobacteria Desulfobacterales Desulfobacteraceae 2.11 1.74 0.59 0.84    0.04    
  Syntrophobacterales Syntrophobacteraceae 1.04 0.70 0.31 0.31    0.03    
 Gammaproteobacteria Alteromonadales OM60 0.69 0.54 0.17 0.16    0.01    
  Oceanospirillales Halomonadaceae 3.88 4.66 15.88 8.67   0.01  0.02   
  Thiotrichales Piscirickettsiaceae 2.27 2.38 0.62 0.86    0.05    
   Thiotrichaceae 0.41 0.08 0.12 0.07    0.03    

Spirochaetes Spirochaetes Spirochaetales Spirochaetaceae 0.71 0.62 0.16 0.26   0.05 0.04    
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Supplementary Figures 

 

 
 
Fig. S1. Spatial and temporal distributions of persistent toxic substances (PTSs) and potential toxicities in sediments along the west coast of South 

Korea from 2010 to 2014. PTSs include organic pollutants, metals, and the metalloid As. Potential toxicities include AhR- and ER-mediated 
potencies.
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Fig. S2. Rarefaction curves of the observed OTU numbers of bacterial communities (a) by 

salinity and (b) sampling years in sediments. 
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