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Abstract: A large fraction of mercury contaminant in the environment is from industrial production,
and it potentially impairs human health once entering the food chain. Millions of people reside in the
Pearl River Delta region, and water quality in the estuary directly affects their drinking water safety.
Considering the highly intense anthropogenic activities and industrial productions, we attempted
to measure the sediment mercury concentration in the Pearl River estuary. In this work, samples
of a creek sediment within this region were collected and mercury concentrations were quantified.
Total mercury, simultaneously extracted mercury, methylmercury, and bio-accumulated mercury
were individually assayed. Results indicated that total mercury concentrations of investigated sites
ranged from 1.073 to 4.450 µg/g dry sediment. The mercury in the sediment also transformed into
more toxic methylmercury, which then adversely affected benthos biodiversity. Correlation analysis
revealed that, mercury was accumulated into benthic microorganisms, mainly through the uptake of
methylmercury. High concentrations of acid-volatile sulfide in the sediment indicated the presence
of active sulfate-reducing bacteria, which could also catalytically transform inorganic mercury into
methylmercury. Correlation analysis further showed that sulfate-reducing bacteria activity accounted
for methylmercury formation.
Keywords: methylmercury; sulfate-reducing bacteria; acid-volatile sulfide; Pearl River estuary;
estuarine sediment

1. Introduction
Mercury contamination is a global issue due to its significant toxic effects on human health, and
its cytotoxicity being higher than many other heavy metals. One of the most notorious instances
is the outbreak of Minamata disease in Japan in 1956 that caused profound concern about mercury
contamination around the world [1–3]. Most mercury emitted in the environment is from anthropogenic
activity, such as fossil fuel power plants [4–6]. Later investigations revealed that different forms
of mercury exhibit quite different levels of toxicity. Among them, mercury with a methyl group
(methylmercury, MeHg) is the most toxic species, the toxicity of which is around 50–100 times higher
than that of inorganic mercury [7–9]. Moreover, methylmercury is highly lipophilic [10,11], which allows
methylmercury to easily transfer through food chain and accumulate in the human body [12,13]. For
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example, it has been extensively reported that various benthic organisms could efficiently take up and
accumulate methylmercury from bulk solution [14–17]. Once entering human body, methylmercury
can cause central nervous system poisoning and may even lead to death [18–20]. Therefore, the
migration and transformation of mercury in the environment are persistently investigated [21,22].
In a natural environment, methylation of mercury primarily occurs in sediments, mediated by a
range of terminal electron-accepting anaerobic microbes possessing an hgc gene cluster, such as sulfateand iron-reducing bacteria (SRB and FeRB) [23,24] and, to some extent, methanogens [25]. These
microbes catalyze the conversion of mercury into methylmercury, via donation of a methyl group to
the mercury ion. About 1% of sediment methylmercury can be released into the bulk water during
water fluctuations [26]. The release of methylmercury from sediments is a slow process [27], which
explains the high levels of methylmercury in river water and aquatic organisms after many years of
mercury pollution.
In the Pearl River estuary region (Guangdong Province, China), the river network is densely
populated and interlaced, making it one of the most abundant water resources in China. However,
along with the economic development of Pearl River Delta, many cases of water pollution by heavy
metals have been reported [28–31]. The decrease of water quality in Pearl River estuary directly affects
the drinking water safety for millions of downstream residents. However, the mercury contamination
in the Pearl River estuary is seldomly reported, and data of recent years in particular are lacking. In this
study, we investigated mercury content in the sediments of the Pearl River estuary, since anthropogenic
activities are highly intensive in this area. Our primary goal is to reveal that mercury pollution is
a noticeable issue that might affect the safety of human health via drinking water and food chain
accumulation. This study will lead to a renewed understanding of mercury contamination in this area.
2. Materials and Methods
2.1. Study Area
The field study was performed in Southwest Creek, located near Guangzhou city, which belongs
to part of the Pearl River estuary in Southern China. As the second largest river of the North River in
Guangdong Province, the water quality of Southwest Creek affects much of the Guangzhou section
of the Pearl River upstream. In addition, Southwest Creek also undertakes other functions, such
as irrigation, navigation and landscape, which highlights its importance to the Guangzhou–Foshan
Economic Circle and the Pearl River Delta. This area is mostly polluted with trace metals, hydrophobic
organic contaminants and eutrophication resulting from pollution from industrial, domestic and
agricultural wastewater, which is receiving great attention. The composite average pollution index of
the 12 main rivers in Guangzhou city is 0.44, while Southwest Creek reaches a critical level of pollution
with an index of 1.21, ranking it in first place for its pollution level out of all the rivers of Guangzhou
city [32].
This study selects the most representative section (Fenggang section) of Southwest Creek, which
is located in the upper reach of the Southwest Creek, and has the highest pollution index (2.25) [32].
The Fenggang section, inflowing from Southwest Creek without any large-scale sewage treatment
plant, has poor industrial wastewater collection and treatment facilities. It is difficult to monitor so
many small factories. Consequently, a large amount of sewage and waste passes directly from drains
into the river, contaminating it with a large amount of pollutants which pose a serious threat to the
environmental quality of the Fenggang section. The Fenggang section indicates the water quality
at the interface of Southwest Creek: The North River water upstream from the Southwest Sluice is
good quality, while the downstream water quality begins to deteriorate from the start of the Fenggang
section because of sewage contamination. As a result, 13 sampling stations were selected for our study
covering the majority of the creek, as shown in Figure 1.

3.1. Mercury Measurement and Speciation in Sediment Sites
Sediment sampling sites are presented in Figure 1, and associated characterizations are
summarized in Table 1. As shown, site F was the most contaminated, as the dissolved oxygen and
pH were below the minimum permissible level. Moreover, the COD (chemical oxygen demand) of
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both sites K and F exceeded the maximum standard value of 40 mg/L [39].

Figure 1. Map of investigation site for sediments sampling. 23◦ N and 112◦ E are labelled, and arrows
Figure 1.
Map
investigation
site for sediments sampling. 23° N and 112° E are labelled, and arrows
indicate
the
flowofdirection
of water.
indicate the flow direction of water.

2.2. Sediment Sample Collection
In general, the water quality varied markedly in their characteristics. For example, compared to
All glassware and plasticware were cleaned by soaking in 10% HNO3 (v/v) for 24 h, followed by
upstream water, the downstream waters are largely polluted. Water in the main stems is less polluted
soaking and rinsing with deionized water (Milli-Q). Sampling was done during pre-monsoon time,
by comparison with branching channels. Site F can be regarded as a transitional zone in the water
August 2011. Sediment samples were collected at 13 locations proportional to their relative abundance.
quality in Southwest Creek: The upstream is relatively clean, while the downstream water quality
There was an upper limit on the size of the sediments: They were not allowed to exceed sand grain
starting from site F begins to deteriorate due to the influence of sewage. In recent years, with the
size due to the absence of acid-volatile sulfide (AVS). Only sandy or smaller grain samples were tested,
development of the regional economy and society, Fenggang Creek has gradually become a polluting
rather than proportional sampling of various grain sizes when large-diameter sediment grain such as
site of industrial, domestic, and agricultural wastewater (such as Laoliao village and Fenggang
gravel, cobble and boulders, accounted for most sampling sites. At least three parallel sediments were
village as shown in Figure 1), affecting the sediment and environmental data at downstream of site
collected and composited from an area of approximately 2 m2 at each sampling site. For the sake of
F.
minimizing sampling-related artefacts and obtaining accurate field values, sediments were sampled
carefully using 0.57-cm diameter core tubes (Dutch Eijkelkamp Beeker sediment undisturbed sampler
04.23.SB type, Giesbeek of Gelderland, Netherlands) constructed from polyvinyl chloride or stainless
steel. Core tubes were washed with onsite water before and after sampling to remove any residual
sediments. The core tube was vertically inserted into the sediment to a certain depth, between 5 and
8 cm, to collect surficial sediment. Cored sediments were extruded gently into a pan and the upper
5–8 cm sediment sample was collected.
Sterile portions for microbiological analyses were aseptically collected from cores and maintained
◦
at 4 C in the dark until their arrival in laboratory, where they were processed immediately. The top
5–8 cm layer (three samples in parallel) from the sediment–water interface were transferred to plastic
bags and sealed. Then they were homogenized, gently poured (by a stainless steel or plastic spoon
within 30 s) into two 1-L sampling containers that were filled completely with sediment, and in some
cases nitrogen gas, to reduce the likelihood of oxidation and loss of AVS. One container was labelled
with pencil inside the bottle lid, and the other one was labelled with a permanent marker outside the
bottle for reference. Samples were preserved by freezing until returning to the laboratory for further
analysis, which occurred within two weeks after sampling. Prior to analysis, the samples were first
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freeze dried (VirTis Benchtop 6K, Gardiner, NY, USA) and then milled using an agate mortar, followed
by filtering using a 100 mesh sieve. By simultaneous determination, the state of the environment near
the sampling sites, such as water depth, water temperature and other indicators, were also recorded.
2.3. Determination of the Total Mercury in Sediment Samples
After collection of sediments, the samples were freeze dried (VirTis Benchtop 6K) and then milled
using an agate mortar, followed by passing through a 100 mesh sieve. Total mercury (HgTot ) was
determined using atomic absorption spectrometry, which has been extensively reported [33–35]. 5 g
sediment samples were put into 10 mL water. The solution was heated at 95 ◦ C for 5 min, and then
ultrapure water (5 mL), and BrCl (1 mL) were added. After digestion for 30 min, the solution was
made up to a total volume of 25 mL by the addition of ultrapure water before sealing the flask, and
then stood for over 24 h. After the addition of 200 µL of 200 g/L hydroxylamine hydrochloride, 5 mL
samples were transported into another bottle and mixed with 1 mL SnCl2 (100 g/L). The total mercury
in the sediment was determined by measuring the mixture using atomic absorption spectrometry
double optical path mercury analyzer (Shanghai Huaguang, F732-S, Shanghai, China). The absorbance
measured at 253.7 nm is proportional to the mercury content in the sample. To reduce sampling-related
artefacts, three sediments at each sampling site were collected from an area of approximately 2 m2 .
Most variables show a coefficient of variation of ± 5% and therefore are described as an average value
± standard deviation. The HgTot content is expressed as µg/g dry sediment.
2.4. Determination of the Simultaneously Extracted Mercury in Sediment Samples
Simultaneously extracted mercury (HgSEM ) was analyzed by a modified diffusion method [36].
Briefly, sediments were dissolved with 1 M HCl, and simultaneously extracted mercury concentrations
were measured in the sediment suspension after filtration over a 0.45 µm nitrocellulose membrane.
Mercury concentration was detected using inductively coupled plasma mass spectrometry (ICP-MS).
The HgSEM content is expressed as µg/g dry sediment.
2.5. Determination of the Methylmercury Content in the Sediment Samples
The methylmercury (MeHg) concentration in the sediment was measured with ethylation combined
with gas chromatography–cold atomic fluorescence method (ethylation-GC-CVAFS) [37]. 2.5000 g of
dry sediment was weighed and recorded as m0 before being placed into a 30 mL capped centrifugal
tube, followed by the addition of 3.0 mL of a CuSO4 solution (2 M) and 7.5 mL HNO3 (75%, v/v), and
the total weight was recorded as m1 . 10 mL of CH2 Cl2 was added to the mixture and the weight
recorded as m2 . The mixture was then shaken for 30 min at 350 rpm before being centrifuged for
another 15 min at 3000 rpm. The organic layer was transferred into a 200 mL Teflon distilling flask
(of which the weight was recorded as m3 ), and the total weight was recorded as m4 followed by the
addition of 45 mL of ultrapure water. The Teflon distilling flask containing the CH2 Cl2 layer was
heated to 60–70 ◦ C for 1 h and then flushed with nitrogen at 80 ◦ C until the evaporation of CH2 Cl2
was complete. 50 mL of ultrapure water was added to the residue and the volume was recorded
as V1 . From this solution, a 5 mL sample was taken into another capped glass vial and the volume
was recorded as V2 followed by the addition of ultrapure water to give a final volume of 40 mL.
The reaction solution was adjusted to pH 4.5 followed by the addition of 40 µL of tetraethyl boride
sodium reagent (1%, m/v). The procedure was repeated until there were no air bubbles in the glass vial.
During the entire process, inorganic Hg2+ bound with sodium tetraethylborate to generate a gaseous
dimethylmercury; meanwhile, methylmercury was transformed into a gaseous form. Finally, samples
in the glass vial were introduced into the automatic methylmercury analyzer (with a nitrogen flow rate
of 200–300 mL/min and an argon flow rate of 450 mL/min), and M (pg) was recorded by the machine.
Equation (1) used to calculate the concentration of methylmercury in the sample is shown below. The
MeHg content is expressed as ng/g dry sediment.
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C=

(m2 − m1 )MV2
(pg/g)
( m 4 − m 3 ) m 0 V1

(1)

2.6. Determination of Acid-Volatile Sulfide Content in Sediment Samples
Acid-volatile sulfide (AVS) content was analyzed using a modified diffusion method [36]. Briefly,
sulfides were dissolved from the wet sediments with 1 M HCl and subsequently trapped in 0.5 M
NaOH solution under nitrogen purging. AVS concentrations were determined with a sulfide-specific
electrode and a double-junction reference electrode (Ag 500 and R 502, respectively). The detection limit
was 3 µg/g dry sediment and the standard deviation was below 15%. The AVS content is expressed as
µg/g dry sediment.
2.7. Determination of Sulfate-Reducing Bacteria Amount in Sediment Samples
Sulfate-reducing bacteria (SRB) amount was quantified using the most-probable-number (MPN)
method. 10 g wet sediment samples were suspended in 100 mL of sterile water, shaken at room
temperature for 20 min, and then left to stand for 30 min. Supernatants were serially diluted with a
10-fold step, and total dilutions were 106 times. The diluted samples were transferred using a sterilized
syringe into sterilized Postgate C medium, and then anaerobically cultivated at 30 ◦ C for 21 days.
Flasks with black precipitates showing the growth of SRB were used for SRB enumeration, and the
results were expressed as MPN/g (d.w.), where d.w. means dry weight.
2.8. Determination of Redox Potential and Organic Carbon in the Sediment Samples
Redox potential (Eh) of the sediments was measured with a portable redox potentiometer (AZ8651,
Xiamen Webetop Electronic Technology Co., Ltd., Xiamen, China). Sediment samples were then
grinded and filtered using a 100 mesh nylon mesh. Organic carbon (OC) content was calculated from
the weight loss after heating dried sediments at 550 ◦ C for 3.5 h, multiplied by a factor of 0.58 [38].
Results of acid-volatile sulfide content, sulfate-reducing bacteria amount, redox potential, and organic
carbon of each sampling site are included in Table 1.
Table 1. Water quality of investigation site.
Site

Water
Depth (cm)

Transparency
(cm)

Temperature
(◦ C)

Dissolved
Oxygen (mg/L)

pH

CODCr
(mg/L)

A

14

14

22.9

5.3

7.2

20.3

B

20

15

22.7

4.3

7.0

32.3

C

25

0

23.1

2.9

7.2

25.6

D

50

0

22.7

3.2

7.0

21.7

E

30

20

22.7

2.3

6.7

39.7

F

88

10

21.7

0

5.8

80.3

G

80

10

22.1

3.6

5.9

76.9

H

15

15

22.2

2.9

7.1

49.1

I

90

15

22.3

4.7

6.9

29.2

J

12

0

23.1

4.3

6.6

29.1

K

46

17

22.1

2.7

6.8

51.2

L

23

23

22.2

3.7

6.9

22.6

M

100

20

21.9

2.5

7.1

31.2

CODCr denotes the chemical oxygen demand based on dichromate measurement.
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2.9. Determination of Mercury Accumulated in Benthic Organisms
The collected benthic organisms, which are molluscs, annelids, arthropod, and platyhelminthe,
were dried and mashed into powder. The hard shells were removed from certain molluscs before
being smashed into powder. The mashed powders were then weighed. The mercury accumulated in
benthos (HgBio ) was then quantified with the same procedure as HgTot . The HgBio is expressed as µg/g
dry biomass weight.
3. Results and Discussions
3.1. Mercury Measurement and Speciation in Sediment Sites
Sediment sampling sites are presented in Figure 1, and associated characterizations are summarized
in Table 1. As shown, site F was the most contaminated, as the dissolved oxygen and pH were below
the minimum permissible level. Moreover, the COD (chemical oxygen demand) of both sites K and F
exceeded the maximum standard value of 40 mg/L [39].
In general, the water quality varied markedly in their characteristics. For example, compared to
upstream water, the downstream waters are largely polluted. Water in the main stems is less polluted
by comparison with branching channels. Site F can be regarded as a transitional zone in the water
quality in Southwest Creek: The upstream is relatively clean, while the downstream water quality
starting from site F begins to deteriorate due to the influence of sewage. In recent years, with the
development of the regional economy and society, Fenggang Creek has gradually become a polluting
site of industrial, domestic, and agricultural wastewater (such as Laoliao village and Fenggang village
as shown in Figure 1), affecting the sediment and environmental data at downstream of site F.
3.2. Mercury Speciation in the Sediments
To fully assess the mercury pollution of sediments from Southwest Creek and its relevant impact
factors, we started our investigation by measuring the concentration of various mercury species,
including total mercury (HgTot ), simultaneously extracted mercury (HgSEM ), and methylmercury
(MeHg), in the sediments collected from 13 sites located at Southwest Creek.
As shown in Table 2, concentrations of HgTot ranged from 1.073 to 4.450 µg/g dry sediment, with
an average of 2.593 µg/g dry sediment. The highest concentration was observed at site D, and the
lowest concentration was at site E. Site C is located at the junction of main stem of Southwest Creek
and Damian Creek. The highest HgTot concentration observed in site D suggested that there are
mercury-pollution sources around the area of Damian creek. Additionally, the slow-flowing stream
also allowed site D to concentrate large quantities of pollutants such as mercury. In contrast, the lowest
concentration of HgTot detected in site E was because the dam on the Daliangwo creek was opened
periodically, making it difficult for the pollutants to accumulate.
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Table 2. Total mercury (HgTot ), simultaneously extracted mercury (HgSEM ), methylmercury (MeHg) concentrations, acid-volatile sulfide (AVS) content, sulfate-reducing
bacteria (SRB) amount, organic carbon (OC) content, and redox potential (Eh) in the sediment of each sampling site.
Site

HgTot (µg/g)

HgSEM (µg/g)

MeHg (ng/g)

AVS (µg/g)

SRB (MPN/g (d.w.))

OC (%)

Eh (mV)

A

3.631 ± 1.051

0.037 ± 0.025

0.672 ± 0.136

402.56 ± 99.84

4.46 × 104

4.44 ± 1.72

−144 ± 10

B

2.247 ± 0.134

0.091 ± 0.023

0.598 ± 0.108

536.96 ± 263.04

2.07 × 103

8.53 ± 2.83

−106 ± 5

C

1.976 ± 0.976

0.052 ± 0.025

0.566 ± 0.037

294.08 ± 144.32

4.11 × 103

7.28 ± 0.16

−146 ± 2

D

4.450 ± 1.580

0.095 ± 0.075

0.286 ± 0.053

404.80 ± 97.6

1.67 × 103

7.95 ± 0.88

−130 ± 21

E

1.073 ± 0.308

0.545 ± 0.461

0.150 ± 0.019

588.80 ± 344.96

1.87 × 103

4.85 ± 0.84

−126 ± 15

278.72 ± 66.88

2.08 ×

103

4.33 ± 0.15

−108 ± 6

4.40 ×

104

6.83 ± 0.58

−121 ± 20

3.01 ×

103

11.14 ± 4.40

−154 ± 4

2.07 ×

103

3.21 ± 1.06

−134 ± 17

4.56 ×

104

7.18 ± 0.83

−118 ± 16

2.37 ×

103

5.05 ± 0.73

−150 ± 17

3.19 ×

103

4.91 ± 0.66

−152 ± 9

5.20 ×

104

7.51 ± 1.71

−155 ± 8

F
G
H
I
J
K
L
M

1.744 ± 0.716
2.379 ± 0.234
4.244 ± 0.787
2.766 ± 1.237
3.068 ± 0.593
2.830 ± 1.018
2.182 ± 0.687
1.122 ± 0.261

0.090 ± 0.046
0.099 ± 0.031
0.045 ± 0.014
0.624 ± 0.371
0.025 ± 0.010
0.075 ± 0.034
0.109 ± 0.019
0.097 ± 0.054

0.213 ± 0.041
0.260 ± 0.070
0.347 ± 0.056
0.591 ± 0.187
0.622 ± 0.051
0.081 ± 0.005
0.115 ± 0.032
1.554 ± 0.026

484.8 ± 78.4
351.36 ± 32.64
408 ± 40
550.08 ± 224
140.48 ± 45.12
253.76 ± 67.20
652.16 ± 281.6
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Comparisons of HgTot contents observed in other areas from literature reports (Table 3) show
that the Cishan Estuary in China and Tagus Estuary in Portugal are the most Hg-polluted areas in the
world, with HgTot concentrations ranging from 0.344 to 132.5 mg/kg [40] and 0.01 to 66.7 mg/kg [41]
dry sediment, respectively. HgTot concentrations in Southwest Creek in this study are lower than
those in the Cishan estuary and Tagus estuary; however, the levels are higher than most other studied
areas in the world including the Scheldt estuary in Belgium and the Ore estuary in Sweden. The
HgTot data obtained in this study suggested that Southwest Creek has gradually become a severe
mercury-polluting site due to discharge of industrial, domestic and agricultural wastewater and
therefore should be of great concern. Several conclusions could be drawn from these literatures. First,
most of these areas with mercury pollution are with heavy anthropogenic activities. For example,
Cishan River, Daya Bay, Huangpu River, and Songhua River are among the most economically
developed regions in China, and associations between mercury pollution and anthropogenic activities
were also suggested [40,43,44,46]. Kwokal et al. also reported that the mercury contamination in
Öre estuary (Sweden) was associated with anthropogenic activity [48]. Further, the methylmercury
formation from inorganic mercury was more significant in summer season, because of higher microbial
activity at elevated temperature [41]. Besides, volatilization fluxes of mercury might be different based
on seasonal change [47]. These reports provided solid references for the analysis of mercury species
and transformation and biota uptake.
Table 3. Comparison of total mercury in different rivers sediments.
Study Area
Cishan River (China)
Cishan River (China)
Cishan River (China)
Tagus Estuary (Portugal)
Pearl River Estuary (China)
Daya Bay (China)
Huangpu River (China)
Fugong Mangrove area (China)
Shenzhen Mangrove area (China)
Dongzhaigang Mangrove area (China)
Sanya Mangrove area (China)
Daguansha Mangrove area (China)
Songhua River (China)
Scheldt Estuary (Belgium)
Öre Estuary (Sweden)
North River (China)
Southwest Creek (China)

Sedimentary Hg (µg/g)
Range

Average

0.344–132.500
0.037–16.070
0.215–19.550
0.01–66.7
0.20–0.72
0.03–0.12
0.0479–0.4169
0.17–0.21
0.17–0.19
0.02–0.65
0.02–0.31
0.01–0.04
0.013–1.543
0.14–0.18
0.03–0.12
0.074–3.517
1.073–4.450

52.450
9.241
5.126
0.354
0.07
0.1488

0.610

0.61
2.593

Reference
[40]
[40]
[40]
[41]
[42]
[43]
[44]
[45]
[45]
[45]
[45]
[45]
[46]
[47]
[48]
[49]
This study

As most metals in sediments present as SEM (simultaneously extracted metals) [50–52], the HgSEM
needs to be considered as an important parameter. The HgSEM in all sediments ranged from 0.037 to
0.624 µg/g dry sediments, and average HgSEM was 0.157 µg/g dry sediment, which was much lower
than the averaged HgTot concentration of 2.593 µg/g dry sediment. Apparently, mercury existed in
other phases than those extracted with 1 M HCl (HgSEM ), and one of them was the toxic methylmercury.
All the collected sediment samples were evaluated for their methylmercury concentrations, which
ranged from 0.074 to 1.587 µg/kg dry sediment. The average concentration of methylmercury in this
study is 0.466 µg/kg dry sediment, with the highest concentration observed at site M, and the lowest
concentration at site K.

Water 2019, 11, 1308

9 of 15

3.3. Reduced Benthos Biodiversity Due to Uptake of Methylmercury
We then evaluated the benthos organisms biodiversity of seven selected sites, and the results were
summarized in Table 4. We chose sites A and L as positive control, because Table 1 indicated that the
water of these two sites were totally transparent. Sites D, F, J, K and M were chosen for analysis because
of the low transparency and dissolved oxygen concentration (Table 1), indicating unhealthy water
quality. The benthic organisms in the other six sites were not analyzed. The species of organisms were
identified through the structural and physiological features. We majorly isolated molluscs, annelids,
arthropods, and platyhelminthes. The L, A, and K sites were rich in benthic species, and there were
8 species in L site, 6 species in A site, and 5 species in K site. However, sampling sites of D, J, M and F
contained relatively few benthic species. For example, there were 3 species in site D, 4 species in site J,
3 species in site M, and 2 species in site F. Obviously, the dominant species was Limnodrilus hoffmeisteri
for all sites except site L, ranging from 913 to 14,138 ind/m2 . The Shannon–Wiener diversity index is a
commonly used parameter to indicate species richness [53]. It considers both the number of species and
Water
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Figure 2. (a) Bio-accumulated mercury concentration in the benthic organisms of each sediment, and
correlations between bio-accumulated mercury and (b) total mercury, (c) simultaneously extracted
correlations between bio-accumulated mercury and (b) total mercury, (c) simultaneously extracted
mercury, and (d) methylmercury in each sediment.
mercury, and (d) methylmercury in each sediment.

3.4. Correlation Analysis of Methylmercury Formation
We at first intended to identify vital parameters that affected methylmercury formation in the
sediments. It has been reported that sediment microbes possessing the methylating genes hgcA and
hgcB [25,58], such as SRB, play an important role to convert inorganic mercury ion into
methylmercury. Besides the enzymatic activity of mercury methylation, SRB owns high metabolic
potential of reducing sulfate ion into sulfides through a series of enzymatic activities. This process
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Table 4. Population density of benthic organisms in selected sediments.
Phylum

Species

Population Density of Benthos at Each Site (ind/m2 )
A

D

F

J

K

L

M

Hippeutis cantori

122

0

0

0

30

53

0

Cipangopaludina chinesis

0

0

0

10

10

13

0

Bellamya aeruginosa

41

0

0

0

0

0

0

Alocinma longicornis

10

0

0

0

0

0

0

Katayama nosophora Robson

41

0

0

10

0

0

10

Radix swinhoei

0

0

0

0

10

0

0

Corbicula fluminea

10

0

0

0

0

0

0

Branchiura sowerbyi

0

467

193

152

20

0

203

Limnodrilus hoffmeisteri

913

14,138

7505

3550

2901

13

7677

Nais communis

0

0

0

0

0

13

0

Tylorrhynchus heterochaetus

0

20

0

0

0

0

0

Tanypus chinensis

0

0

0

0

0

13

0

Ephacerella sp.

0

0

0

0

0

13

0

Planocera reticulate

0

0

0

0

0

13

0

Dugesia gonocephala

0

0

0

0

0

26

0

Total number of organisms

1137

14,625

7698

3722

2971

157

7890

Total number of species

6

3

2

4

5

8

3

Shannon–Wiener biodiversity index

1.07

0.22

0.17

0.31

0.21

2.74

0.17

Mollusc

Annelid

Arthropod

Platyhelminthe
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We also attempted to further investigate the source of HgBio . Correlation analyses between HgBio
and HgTot , HgSEM , and MeHg were performed (Figure 2). Results indicated that HgBio showed highest
correlation with MeHg (R2 = 0.7017). This is because methylmercury is highly lipophilic [10,11],
and therefore accounts for the accumulation of mercury into benthic organisms via membrane
transfer [56,57].
3.4. Correlation Analysis of Methylmercury Formation
We at first intended to identify vital parameters that affected methylmercury formation in the
sediments. It has been reported that sediment microbes possessing the methylating genes hgcA and
hgcB [25,58], such as SRB, play an important role to convert inorganic mercury ion into methylmercury.
Besides the enzymatic activity of mercury methylation, SRB owns high metabolic potential of reducing
sulfate ion into sulfides through a series of enzymatic activities. This process involves ATP sulfurylase
(ATPS), APS (adenosine 50 -phosphosulfate) reductase (APSR), and dissimilatory sulfite reductase
(dSIR) [59,60]. In a brief word, sulfate reduction process drives the respirational electron transfer chain,
and mercury methylation process consumes cellular energy and components (Figure 3). In another
scenario, AVS, sulfate reduction product, binds strongly with soluble Hg2+ to form unreactive HgS
and reduces the bioavailability of mercury [61,62]. Hence, mercury methylation frequently occurs with
Water 2019, 6, x FOR PEER REVIEW
12 of 16
sulfate reduction in most sediments.

Figure 3. Sulfate-reducing bacteria could reduce sulfate ion into sulfide through a series of
Figure 3. Sulfate-reducing bacteria could reduce sulfate ion into sulfide through a series of enzymatic
enzymatic processes [63,64], and could also catalyze the conversion of inorganic mercury ion into
processes [63,64], and could also catalyze the conversion of inorganic mercury ion into
methylmercury [25,58–60,65].
methylmercury [25,58–60,65].

SRB amount in each sediment was then quantified. It was observed that the sediments collected
SRB amount in each sediment was then quantified. It was observed that the sediments collected
from Southwest Creek contained high amount of SRB, ranging from 1.67 × 103 to 5.20 × 104 MPN/g
from Southwest Creek contained high amount of SRB, ranging from 1.67 × 103 to 5.20 × 104 MPN/g
(d.w.) (Table 2). The active presence of SRB in the sediment was primarily due to abundant organic
(d.w.) (Table 2). The active presence of SRB in the sediment was primarily due to abundant organic
carbon that served as nutrition source and electron donors [65]. As a result of SRB metabolic activity,
carbon that served as nutrition source and electron donors [65]. As a result of SRB metabolic activity,
sulfate ion was enzymatically reduced to sulfide. Detected AVS content of all sediments ranged from
sulfate ion was enzymatically reduced to sulfide. Detected AVS content of all sediments ranged from
140.48 to 652.16 µg/g dry sediment (Table 2).
140.48 to 652.16 µg/g dry sediment (Table 2).
The methylmercury formation process was then preliminarily revealed via Pearson correlation
The methylmercury formation process was then preliminarily revealed via Pearson correlation
analysis (Table 5). It was shown that, for all sediment samples, correlation coefficients of methylmercury
analysis (Table 5). It was shown that, for all sediment samples, correlation coefficients of
with AVS and SRB were 0.60 and 0.62, indicating vital role of microbial methylation of mercury. The
methylmercury with AVS and SRB were 0.60 and 0.62, indicating vital role of microbial methylation
role of OC was unclear due to weak correlation.
of mercury. The role of OC was unclear due to weak correlation.
Table 5. Correlation coefficients between investigated parameters.

Parameter
AVS
SRB

AVS
1.00
0.54

SRB
1.00

OC

HgTot

HgSEM

Eh

MeHg
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Table 5. Correlation coefficients between investigated parameters.
Parameter

AVS

SRB

OC

HgTot

HgSEM

Eh

MeHg

AVS
SRB
OC
HgTot
HgSEM
Eh
MeHg

1.00
0.54
0.23
−0.29
0.27
0.31
0.60 *

1.00
0.05
−0.07
−0.27
−0.06
0.62 *

1.00
0.34
−0.51
−0.09
0.12

1.00
−0.31
−0.15
−0.23

1.00
0.14
−0.08

1.00
−0.22

1.00

Note: There are seven parameters in total, each of which has 13 data points. * indicates over 95% confidence level.

4. Conclusions
In this work, we measured the mercury concentrations in the sediment of Southwest Creek in Pearl
River Estuary, China. Results showed that the sampling sites of Pearl River Estuary contained high
content of mercury, and moreover methylmercury was also detected. Methylmercury concentrations
ranged from 0.081 to 1.554 µg/g dry sediment. Sulfate especially plays a complex role in bacterial
methylmercury production. Sulfate promotes the proliferation of SRB to enhance mercury methylation
to form methylmercury. Through correlation analysis, we revealed that SRB activity is most likely
responsible for the methylmercury formation in the sediment. As a result of the methylmercury
formation in the sediments, mercury was transferred and accumulated into the benthos organisms.
This study will evoke public awareness over the mercury contamination in this region.
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