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Abstract As lead is one of the most hazardous heavy metals
in river ecosystem, the influence of exogenous lead pollution
on enzyme activities and organic matter degradation in the
surface of river sediment with high moisture content were
studied at laboratory scale. The dynamic changes of urease,
catalase, protease activities, organic matter content, and ex-
changeable or ethylenediaminetetraacetic acid (EDTA)-ex-
tractable Pb concentration in sediment were monitored during
different levels of exogenous lead infiltrating into sediment.
At the early stage of incubation, the activities of catalase and
protease were inhibited, whereas the urease activities were
enhanced with different levels of exogenous lead. Organic
matter content in polluted sediment with exogenous lead
was lower than control and correlated with enzyme activities.
In addition, the effects of lead on the three enzyme activities
were strongly time-dependent and catalase activities showed
lower significant difference (P<0.05) than urease and prote-
ase. Correlations between catalase activities and EDTA-
extractable Pb in the experiment were significantly negative.
The present findings will improve the understandings about
the ecotoxicological mechanisms in sediment.
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Introduction

With the development of the industrial production, large
amount of heavy metal pollutants have been discharged
into rivers. That represents a long-term health hazard to
animals, plants, and humans (Zeng et al. 2006; Zhu et al.
2013). Lead is a widespread heavy metal existing in envi-
ronment. Mankind is faced with the risk of lead contamina-
tion on a global scale (Finster et al. 2004; Feng et al. 2004).
Major anthropogenic sources of lead include base metal
mining, ore processing, and smelting; battery manufactur-
ing; uncontrolled disposal of Pb-containing products, such
as spent batteries and computer parts; Pb-based paints; and
the continuous use of lead in ammunition and fishing tackle
(Sun et al. 2011). All of the above anthropogenic activities
could increase environmental lead concentration to a level
that is potentially toxic to various organisms (Johnson et al.
1995; Munoz et al. 2012).

Ecological system of river sediments are frequently sub-
jected to stress factors involving large inputs of organic matter
(OM), heavy metals, and biological activity in the benthic
compartment. Sediments are generally considered as sinks
for heavy metals and metalloids in river ecosystem (Barceló
2007; Yao et al. 2007; Mishra et al. 2008; Mao et al. 2014).
Lead can be absorbed onto sediments and released again un-
der certain conditions. With respect to the potential release of
lead from sediments, changes of pH, salinity, redox potential
conditions, and resuspension of polluted sediments are prima-
ry factors (Ho et al. 2012; Zhang et al. 2014). The free lead ion
(Pb2+) is considered to be the most toxic form in sediments
and the total amount of Pb in sediments cannot predict the
bioavailability and toxicity of lead (Pagnanelli et al. 2004;
Clozel et al. 2006). There are numerous complexities that
affect Pb accumulation and transportation in river sediments.
These include varying pH, changes of redox potential over
time and space, organic carbon bonding sites, effect of benthic
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organisms, and other potential ligands presenting in the sedi-
ments. The toxicity and concentration of Pb2+ in sediments
vary with dissolved organic compounds, hydroxide, carbon-
ate, chloride, and hardness (calcium and magnesium) (Luoma
and Davies 1983; Rinklebe and Shaheen 2014; Li et al. 2014).
Furthermore, the biological magnification of Pb is unobvious
in organisms (Mikac et al. 2001). Therefore, it is essential to
control lead pollution and understand the mobility and poten-
tial ecological risks of lead.

Microorganisms in sediment play a key role in the process-
ing of organic carbon, and they are regarded as the major
producers of ectoenzymes on the surface of sediment. Varia-
tions in microbial diversity and community structure can af-
fect organic matter. In turn, organic matter affects the ecosys-
tem function of a river ecosystem. Sinking and deposited or-
ganic matter serves as a high-quality food source, being a
potentially important structuring mechanism in sediment. Or-
ganic matter quality has been described to influence sediment
bacterial community and biomass, density and productivity of
microorganisms (Kirchman et al. 2005; Ikenaga et al. 2010).
Microorganisms are the first to suffer the negative impacts of
lead pollutants when exogenous lead polluted river sediment
and have to cope with toxic Pb during their growth (Zhu et al.
2013; Yang et al. 2014a; Pan and Yu 2011). The exposure
of microorganisms to metals always inhibits microbial
growth and enzyme activities (Yang et al. 2014b). Enzyme
activities in the system of river sediment are reliable indicators
for the rate of biotic transformation processes (Zhou et al.
2005). Urease, catalase, and protease are ubiquitous enzymes
in sediment and participate in the recycling of nutrients.
Urease could catalyze hydrolysis of urea to form carbon diox-
ide and ammonia as a nickel-dependent enzyme (Li et al.
2013; Wightwick et al. 2013). Catalase is an antioxidant
enzyme present in all aerobic organisms. Catalase works as
a detoxification system inside living cells against reactive
oxygen species formed as a by-product of different metabolic
reactions (Mullineaux et al. 2006). It also plays a role in
maintaining redox homeostasis of the cell as a part of the
antioxidant response system. Most sediment microorganisms
can produce proteases to express proteolytic activities, by hy-
drolysis of the peptide bonds that link amino acids together in
the polypeptide chain forming the protein (Valerie et al. 2013).
Proteolysis is an important process with regard to N-cycling in
many ecosystems, as proteolysis is considered to be a
rate-limiting step during N mineralization in sediment
(Weintraub and Schimel 2005). Under unfavorable condi-
tions, protease plays a role in the interactions of sediment
organisms via cleavage of the cell wall proteins and func-
tion in the survival of microorganisms (Simona et al.
2004; Valerie et al. 2013). Microbial enzymes might be
affected by lead due to the potential inhibition to both
enzymatic reactions and complex metabolic processes
(Zhang et al. 2008). In addition, enzyme activities have

been recommended as standard biochemical indicators for
assessing the general condition of sediment microbial
populations (Liang et al. 2003; Munoz et al. 2012) and
enzyme assays can reflect the biological functioning of
sediment organisms.

It is well known that moisture content is a very important
factor in sediment system. Both microbial activity and com-
munity size decrease as the moisture content decreases below
the optimum level (Cho et al. 2001). The rate of the biotrans-
formation processes in river sediment is directly related to the
parameter Bmoisture.^ In addition, there are some connections
between moisture content and enzyme activities. Previous re-
searches reported significant correlations of phosphatase ac-
tivity with changes in moisture over time under field condi-
tions (Speir and Cowling 1991). Hinojosa et al. (2004) ob-
served different enzymes have different responses to moisture
content. Alkaline phosphatase and urease activities signifi-
cantly increased with high level of moisture content, whereas
β-glucosidase did not show any significant changes (Hinojosa
et al. 2004). However, there are only a few studies showing
the importance of pretreatment to standardize moisture level in
enzyme assays in sediment.

The objective of this study was to gain new insights on the
effect of exogenous lead pollution on enzyme activities and
organic matter degradation in the surface of river sediment.
The sediments we used in our experiment were kept at high
moisture content. The dynamic changes of urease, catalase,
protease activities, organic matter content, and exchangeable
or ethylenediaminetetraacetic acid (EDTA)-extractable Pb
concentration in sediment were systematically studied during
different levels of exogenous lead infiltrating into sediment.
An attempt was made to evaluate the relationships between
enzyme activities with cultivated time, different treatments,
and organic matter content in sediment. Furthermore, correla-
tion analyses between exchangeable or EDTA-extractable Pb
concentration and enzyme activities were discussed in detail.
The relationship between organic matter degradation and en-
zyme activities in sediment was studied to enhance our under-
standing of the mechanisms of biogeochemical processes.

Materials and methods

Sediment collection and preparation

Sediment was collected from the surface layer (0–20 cm) of
Xiangjiang River in Changsha of Hunan Province (28° 50′
10″ N, 112° 52′ 56″ E) by using a gravity corer consisting of
an acrylic pipe with 8-cm inner diameter and 100-cm length, a
sediment catcher, and a clear vent. The sediment was brought
to the laboratory and kept at 4 °C (to reduce biological meta-
bolic activity) until acclimation (1 week maximum). In order
to standardize substratum structure, the natural sediments
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were sieved (pore size 10 mm) and homogenized in glass jars
using a clean spatula. A sample of fresh sediment was ana-
lyzed after sediment collection to determine the moisture con-
tent and the organic matter content. Moisture content was
measured by weighing each replicate sample before and after
drying at 105 °C until weight stabilization. The content of
organic matter (OM) was determined after drying at 90 °C
for 48 h and incineration at 550 °C for 4 h. Degradation rates
of organic matter were calculated by the following formula:

D ¼ mi � miþ1 ð1Þ

where mi represent the content of organic matter at each sam-
pling day. And some basic physicochemical properties of the
fresh sediments were analyzed subsequently and the results
were listed in Table 1.

Experimental design

A stock solution containing 1.0 g/l Pb (II) was prepared by
dissolving Pb(NO3)2 in ultra-pure water. The exact concentra-
tion of the stock solution was determined by flame atomic
absorption spectrometry (Perkin-Elmer AA700, USA). All
of the other inorganic chemicals were of analytical grade
and were purchased from Shanghai First Reagent Co., China.
Test solutions were prepared by diluting the stock solution to

the desired Pb (II) concentrations of 0, 10, 50, 100, 200, 500,
and 1,000 mg/l, respectively. The experiment was carried out
in 500-ml flasks containing 300-g portions of homogenized
sediment. Flasks were labeled as S0 (control), S1 (10 mg/l),
S2 (50 mg/l), S3 (100mg/l), S4 (200mg/l), S5 (500mg/l), and
S6 (1,000 mg/l). The moisture content of homogenized sedi-
ment in each flask was adjusted to 70 %. After 7 days of
incubation, the sediments were supplemented and mixed with
100 ml of 0, 10, 50, 100, 200, 500, and 1,000 mg/l Pb (II)
solutions, respectively. They were used to simulate different
degrees of exogenous lead pollution. To avoid the effects of
sampling on sediment, three similar flasks for each concentra-
tion were prepared in the same way. Each replicate sediment
sample was mixed thoroughly. Perforated plastic covers were
used to restrict evaporation and permit gas exchange. Each
flask was performed in water-bathing constant temperature
vibrator under 50 rpm at 20 °C for 45 days. The moisture
content was maintained at the initial level by using deionized
water in the entire incubation period. Subsamples were col-
lected from the flasks periodically after the addition of exog-
enous lead (1, 3, 7, 10, 15, 20, 30, and 45 days). Subsamples
from flasks of the same treatment were combined and then
analyzed in three replicates. After each sampling, the weight
of sediment in the flask reduced and the moisture content
remained unchanged. The pH was in the range 7.5–7.9 in
the whole experiment.

Table 1 Physicochemical characteristics analysis of the used sediment

Temperature
(°C)

Moisture content
(%)

pH Organic matter
(g/g)

Total nitrogen
(g/kg)

Total phosphorus
(g/kg)

Soluble–exchangeable
Pb (mg/kg)

EDTA-extractable
Pb (mg/kg)

20 71.6 7.64 0.058 2.14 0.173 11.840 58.03

days of incubation

day 1 day3 day7 day10 day15 day 20 day 30 day45
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Fig. 1 The effect of lead on
urease activity (milligrams of
NH4–N per gram of sediment per
hour): during the different
incubation periods with Pb
addition. The bars represent the
standard deviations of the means
(n=3)
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Sediment enzymes activity assays

Enzyme assays were analyzed to reflect microbial activity and
represent a range of processes involved in nutrient cycling and
decomposition. Sediment enzyme activities were assayed in
triplicate air-dried pooled samples as described by Li et al.
(2008). The urease activity in the sediment was measured by
colorimetric method using toluene and 10 % urea. In this
procedure, a solution of urea (10 %) and citrate buffer
(pH 7) were added to sample in hermetically sealed flasks
and then incubated for 24 h at 37 °C. The ammonium content
of the centrifuged extracts was determined by a modified in-
dophenol blue reaction. Catalase activity was measured by the
titrimetric method using potassium permanganate (KMnO4)
titration. In the procedure, a solution of peroxide (0.3 %
H2O2) was added to sediment as substrate and vibrated for
20 min, then filtered for titration. Protease activity was deter-
mined by the content of amino acid. Two grams of sediment
sample was incubated for 24 h at 30 °C with 0.5 ml of toluene
and 10 ml of phosphate buffer (pH 7.4) containing 1 % (w/v)
of gelafusal. After incubation, the mixture was filtered and
5 mm of the supernatant was treated with 0.5 ml of sulfuric
acid solution (0.1 N) and 3 ml of sodium sulfate (20 %),
followed by addition of 1.0 ml of ninhydrin (2 %, w/v). After
boiling water bath for 10 min, mixture was measured at
560 nm in a spectrophotometer.

Lead extraction and analysis

The soluble–exchangeable and EDTA-extractable Pb concen-
tration were determined as follows: (i) Soluble exchangeable:
The 1 g air-dried sediment which passed through 100 meshes
sieve was extracted for 2 h with 8 ml of 1 M MgCl2 (pH 7.0)
with continuous agitation. (ii) EDTA extractable: The 5 g air-
dried sediment which passed through 100 meshes sieve was
extracted for 1 h with 25 ml of 0.05 M EDTA ammonium
solution (pH 7.0) with occasional agitation. Separation was
effected by centrifuging and Pb concentrations in the super-
natant were determined by an atomic absorption spectrometer
(Huang et al. 2006). All the measurements were carried out in
triplicate.

Statistical analysis

Data were the means of three replicates, the standard devia-
tions were used to analyze experimental data. The standard
errors of means were below 1.2 % (n=3). Statistical analyses
were performed using the software package SPSS 19.0 for
Windows (SPSS, Germany). One-way analysis of variance
(ANOVA) and test of homogeneity of variances were used
to determine differences of urease activities, catalase activi-
ties, protease activities and the degradation rates of organic
matter among the treatment groups. We used Tukey’s b test T
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for multiple comparisons between different treatments when
test of homogeneity of variance was not significant and
Games–Howell post hoc test for the case of equal variance
not assumed when appropriate. Two-way ANOVA was used
to test the individual effect of time and treatment, and the
interaction effect between them. Differences were considered
statistically significant at P<0.05. Linear correlation analyses
used to determine the relationships between enzyme activities
and the concentration of soluble–exchangeable Pb or EDTA-
extractable Pb and content of organic matter, respectively.

Results and discussion

Effect of exogenous lead in sediment on urease activities

Figure 1 demonstrates dynamic changes of urease activities
during incubation time with different initial Pb concentrations
in sediments. The urease activities with exogenous lead pol-
lution were higher than control on day 1 and day 3 and lower
than control on day 7 except S1 and S3. Urease activities for
both low and high concentrations of exogenous lead were
significantly lower than control on day 10 except S2. The
lowest urease activity was found in S6 on day 10. Stimulation
of urease activities were observed in sediments with medium
and high concentrations of exogenous lead on day 15, day 20,
and day 30. The urease activities at five concentrations studied
were lower than control except S1 on day 45. Statistical anal-
ysis of data by one-way ANOVA and two-way ANOVA
showed urease that indicated significant differences
(P<0.05) in the exposure time and different treatments

(Table 2). Significant interaction effects of both time and treat-
ment on urease activities were observed statistically (Table 2).

Several studies have indicated that urease activities de-
creased with the increasing Pb concentrations (Pan et al.
2011; Hinojosa et al. 2008; Liang et al. 2003). However, in
this study, it was found that exogenous lead did not cause
inhibition of urease activities in high-dose experiment
(Fig. 1). Rather, the high concentrations of exogenous lead
caused a significant increase in urease activity 1 day after
application, although this effect was not apparent in the day
3 and day 7 samples (Fig. 1). This might be an indication of a
direct effect on sediment microorganisms resulting in a short-
term increase in enzyme concentration due to their release
from dying cells (Yan et al. 2013; Modolo et al. 2015). In this
study, we found that exogenous lead had a stimulating effect
on urease even at the highest concentration and that urease
activity in S1 was higher than control on day 45. This was
consistent with previous researches that sediment containing
low levels of metals has a stimulating effect on microbial
activity (Fliessch et al. 1994; Pan et al. 2011). Urease activities
showed significant changes with exposure time. It was noticed
that the urease activities in sediment with medium and high
concentrations of exogenous lead increased after day 10. A
proper mechanism to explain this situation may be the ageing
phenomenon of heavy metal, the tolerance and adaptation of
microorganism to the sorption of Pb, which change the bio-
availability of Pb (Huang et al. 2010; Munoz et al. 2012). The
small percentage of available Pb existing in sediment can in-
fluence the metabolic activities of microorganisms. Due to
long-time processes (ageing), the bioavailability of Pb de-
creased with time and exogenous lead associated with natural
organic matter and the penetration of exogenous lead into

days of incubation

day 1 day 3 day 7 day 10 day 15 day 20 day 30 day 45
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Fig. 2 Changes of catalase
activity in the control without Pb
addition and the treatments with
Pb in concentration of 10, 50,
100, 200, 500, and 1,000 mg/l at
different incubation times.
Vertical bars denote SE (n=3)
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small pores in sediment (Trivedi and Axe 2000; Lock and
Janssen 2003; Huang et al. 2008). In conclusion, the results
indicate that sediment microorganisms are not destroyed by
lead exposure in spite of the observed inhibitory effects.

Changes of catalase activities under Pb stress

The sensitivities of catalase to different levels of exogenous
lead in sediments are shown in Fig. 2. The catalase activities
were lower than control (S0) with increased Pb concentration
during day 1 and day 3 except S2 and S3 (Fig. 2). Whereas
catalase activities in sediments with exogenous lead evidently
increased in contrast to control on day 7, but decreased with
Pb concentration on day 10 except S1. The catalase activity
was inhibited by higher Pb concentrations in the exogenous
Pb treatment when the added Pb concentration reached
100 mg/l, whereas the low Pb concentration from 10 to
50 mg/l activated the enzyme activity on day 10 and day 15.
On day 20 and day 30, the trends were significantly down-
ward; on day 45, the catalase activity showed little difference
with increased Pb concentration, and the lowest point oc-
curred in S3. The results of one-way ANOVA and two-way
ANOVA showed strong effect of time and treatment on cata-
lase activities and interaction effect was significant (Table 3).

The exogenous lead can induce oxidative stress on sedi-
ment microorganisms. The catalase is a significant component
of the cell defense mechanism against oxidative stress, as it
scavenges hydrogen peroxide (H2O2) to oxygen and water.
All aerobic microorganisms have evolved complex inducible
repair mechanisms, in the form of this enzyme, to alleviate the
damaging effects of active oxygen. The exogenous lead might
inhibit the catalase activities by inducing oxidative stress at
the early stage. Furthermore, catalase is typically localized in
peroxisomes. Peroxisomes are essential subcellular organelles
present in almost all eukaryotic cells and are lacking in DNA
and translational machinery (Wolf et al. 2010). The peroxi-
some is considered to be a protective compartment within
eukaryotic cells that shields the surrounding cytoplasm from
many toxic or harmful compounds which are produced and
detoxicated by enzymes within this organelle (Wolf et al.
2010; Pan et al. 2011). The protective effect of peroxisome
in catalase might be the reason why catalase activities in-
creased after inhibition under exogenous lead pollution. At
present, very little information is available on the enzyme
activation mechanism in the presence of Pb. An increase in
the catalase enzyme activity in the presence of Pb was report-
ed and the stimulating effect for the enzyme stemmed from Pb
associated with Fe–Mn oxide (Liu et al. 2003). The observed
activation of calalase in sediment in the presence of Pb prob-
ably was a result of the reaction between the Pb ion in sedi-
ment and the functional groups of catalase. According to
Moreno et al. (1999), the decrease in the microbial indicators
measured with increasing incubation time was presumably T
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due to the depletion of the substrates easily available to
microorganisms.

The responses of sediment protease to different levels of Pb

The responses of protease to different levels of exogenous Pb
in sediments are shown in Fig. 3. Generally, enzyme activities
showed some irregular changes during 45 days following lead
additions. Contrary to urease and catalase activities, we ob-
served in sediment that a significant reduction of protease
activity was detected after exogenous lead treatments on day
1. The protease activities in sediments polluted with low con-
centrations of exogenous lead were higher than control on day
3 and day 7. On day 10, day 15, and day 20, the protease
activities in sediments with application of exogenous lead
were lower than control. The exogenous Pb had no remark-
able enhancement on protease activities before day 20. How-
ever, protease activities of all samples with exogenous
lead application were higher than control. Protease ac-
tivities showed significant difference (P<0.05) under
different times and treatment by one-way ANOVA and
two-way ANOVA (Table 4). There was significant inter-
action effect of both time and treatment on protease
activities statistically.

Protease is a digestive enzyme that hydrolyzes peptide
bonds and distributed in subclasses, depending on the cat-
alytic mechanisms and substrate, as well as pH optimum.
Protein breakdown and recycling depend on the levels of
proteolytic enzymes and are an essential part of the re-
sponse of microorganisms to environmental stress. Under
unfavorable conditions, protease plays a role in the inter-
actions of sediment organisms via cleavage of the cell

wall proteins and function in the survival of microorgan-
isms (Valerie et al. 2013). Our results demonstrated that
the exogenous lead elicited considerable negative effects
on protease activities. The inhibition of protease may be
due to different molecular and cellular toxic effects of
lead, inhibition of DNA repair, oxidative damage, and
cellular apoptosis (Waisberg et al. 2003). Pb can inhibit
protease reactions, which may react with the enzyme–sub-
strate complex, complex the substrate, or combine with
the protein-active groups of the protease (Simona et al.
2004; Pereira and Castro 2014). Sulfhydryl groups of en-
zymes serve as groups or as catalytic sites involved in
maintaining the correct conformation of the protein. The
exogenous Pb may cause destruction of functional S–S
bridges and bind to sulfhydryl groups. In addition, Pb is
able to form complexes with amino acid, which might
lead to inhibition of protease (Munoz et al. 2012; Yang
et al. 2006). In natural sediment, under conditions of bio-
availability, Pb exhibit toxic activity toward sediment bi-
ota which may lead to the decrease of the number and the
activity of sediment microorganisms, thus the decrease on
enzyme activities primarily by direct suppression of mi-
crobial growth in contaminated sediment. In this study,
protease activities with exogenous lead pollution were
higher than control at the end of the incubation (Fig. 3).
This phenomenon is probably due to the addition of
NO3

−1 and the mechanism of microorganism resistance
to Pb. The mechanism of resistance of protease to metal
takes two forms: one is the accumulation in the form of
particular protein–metal association, and the other is
blockage at the level of the cell wall and the systems of
membrane transportation (Hassen et al. 1998). Protease
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Fig. 3 Changes of protease
activity in sediment under
different levels of Pb stresses.
Means of three replicated are
shown at each exposure time.
Vertical bars denote SE (n=3)
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showed enhanced plasticity with regard to the fitness trait
(mass) during environmental stress and the higher lead
load, when it changed.

Correlation analysis between exchangeable
or EDTA-extractable Pb with enzyme activities

The changes of soluble–exchangeable Pb and EDTA-
extractable Pb concentrations are shown in Fig. 4. It was
found that the concentrations of soluble–exchangeable Pb in
sediment with exogenous lead pollution rise from day 1 to day
15 and then declined till the end of the experiment except S6
declined from day 7. The concentrations of EDTA-extractable
Pb increased along with exposure time among all treatments
and achieved the highest in S6 in day 45.

The Pearson coefficients of correlation between lead and
sediment enzyme activities were shown in Table 5. The
Pearson’s correlation analysis revealed that there were nega-
tive correlations between urease activities and EDTA-
extractable Pb in the experiment. The relationships between
catalase activities and EDTA-extractable Pb were significantly
negative in the polluted sediments (P<0.05). The average cor-
relation coefficients among urease and the soluble–exchange-
able Pb or EDTA-extractable Pb were less than 0.50, which
suggested that urease activities did not have close relation-
ships with Pb concentration in the sediment. The number of
catalase activities that correlated with EDTA-extractable Pb
was larger than urease and protease.

With the pollution of exogenous lead in river sediment,
the concentrations of soluble–exchangeable Pb rise at the
early stage. The pollution of exogenous Pb increased Pb
loading in sediments. Therefore, the water-soluble Pb
complexes (which are usually thermodynamically less sta-
ble) increased in the studied sediments (Ayrault et al.
2014). The concentration of soluble–exchangeable Pb de-
creased on account of combination of Pb to clay minerals
and Fe/Mn oxides or carbonate complexes (Usman et al.
2005; Reddy et al. 2010). Pb binding to clay minerals in
sediment could lead to a significant decrease in the water-
soluble and exchangeable varieties of Pb (Usman et al.
2005; Song and Sun 2014). Moreover, Pb had specific
binding sites in the different solid phases within the sed-
iments. Pb at low concentration preferred to undergo com-
plexation reaction with strong binding sites (probably
present in organic matter) in sediments (Chakraborty
et al. 2012). Furthermore, after saturating relatively stron-
ger binding sites, the toxic Pb started to occupy weaker
binding sites with its increasing concentration in the sed-
iments. EDTA as chelating agent has high metal removal
efficiency, especially from bioavailable and labile frac-
tions. Sediment extracting with EDTA first forms com-
plexes with cationic metals, which are thermodynamically
favorable and thus depletes the sediment of loosely boundT
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metals. In addition, EDTA can promote dissolution mech-
anism and partially breaks down the sediment structure,
dissolving organic matter and sediment minerals (Jelusic
and Lestan 2014), and thus indirectly releases more
metals into the sediment solution. One possible explana-
tion for the increasing concentrations of EDTA-
extractable Pb along with exposure time is the kinetic
model proposed by Olson and Shuman (1985), which
was adapted (Lu et a l . 1994; Chakrabor ty and
Chakrabarti 2008; Chakraborty et al. 2012) to investigate
the kinetic speciation of Pb in the coastal and estuarine

sediments. The extraction of metals from the sediment
using EDTA is represented by the following reaction
(charges are omitted for simplicity):

M � Sedimenti þ EDTA→
ki
M � EDTAþ Sedimenti ð2Þ

where i represents different binding sites on the naturally
occurring heterogeneous complexant; M-Sedimenti and
M-EDTA represent a metal ion, M, bound to a sediment
binding site, Sedimenti, and EDTA, respectively. As
shown in Eq. (3), the concentration of metal extracted,
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in sediment. The bars represent
the standard deviations of the
means (n=3)
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cM-EDTA, rises exponentially over time to a limiting val-
ue, as shown in Eq. (3):

cM−EDTA tð Þ ¼
Xn

i¼1

cM−Sedimenti 1� e−ki ⋅t
� � ð3Þ

The model assumes that (1) the reactions are first-order or
pseudo-first-order; (2) the reaction between M and EDTA is
much faster than the dissociation reaction of M-Sedimenti
complexes, so that the dissociation reaction is the rate-
determining step; and (3) the ratio between the concentrations

of complexed metal and free metal is much larger than unity
(Chakraborty et al. 2012).

The activities of sediment enzymes were affected by many
factors, such as moisture, nutrition, temperature, pH, oxygen
content, and the type of pollutants. Free metal ions are con-
sidered to be the most toxic, whereas metals that are com-
plexed with organic compounds may be less available to sed-
iment microbes (Zhang et al. 2001; Fangueiro et al. 2002). In
addition, the tolerance to toxic effects of exogenous lead is
strongly correlated to the concentrations of Pb (Ogilvie and
Grant 2008). On the other hand, sediment microorganisms can
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Fig. 5 The content of organic
matter at different exposure time
under different levels of
exogenous lead in sediment. The
bars represent the standard
deviations of the means (n=3)

Table 5 Correlation between sediment enzyme activities and the concentration of soluble–exchangeable Pb or EDTA-extractable Pb and content of
organic matter

Sediment enzyme Exposure time

Day 1 Day 3 Day 7 Day 10 Day 15 Day 20 Day 30 Day 45

Soluble–exchangeable Pb

Urease −0.020 −0.026 −0.600 −0.627 0.348 0.131 0.007 −0.863*
Catalase −0.305 −0.857* 0.285 0.801* −0.274 −0.725 −0.732 −0.369
Protease −0.835* −0.381 −0.330 −0.218 −0.831* −0.662 0.485 0.413

EDTA-extractable Pb

Urease −0.053 −0.021 −0.729 −0.631 0.338 −0.277 −0.196 −0.831*
Catalase −0.320 −0.903** 0.598 −0.838* −0.253 −0.300 −0.920** −0.236
Protease −0.694 −0.418 0.129 −0.144 −0.575 −0.120 0.298 0.171

Organic matter

Urease 0.229 −0.800 0.579 −0.271 −0.209 0.181 0.382 0.796*

Catalase 0.737 −0.346 −0.611 −0.037 0.349 0.269 0.955** 0.529

Protease 0.455 −0.561 −0.196 −0.023 −0.053 0.039 −0115 −0.021

* Correlation was significant at the 0.05 level; ** Correlation was significant at the 0.01 level
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become adapted to the effects of exogenous heavy metals if
these toxic elements have been present in the sediment for
long periods of time (Chander and Joergensen 2008;
Gómez-Sagasti et al. 2012).

Impact of exogenous Pb on degradation of organic matter

As shown in Fig. 5, the contents of organic matter in sediment
decreased along with incubation time. The contents of organic
matter in polluted sediments with exogenous lead were lower
than control. Statistical analysis of data by one-way ANOVA
and two-way ANOVA showed significant differences (P<0.05)
in degradation rates of organic matter among treatments (in the
presence of different levels of exogenous lead) till the end of the
experiment (Table 6). Time also had a clear effect on the deg-
radation rates of organic matter, and the interaction effect of
both time and treatment was significant (P<0.05). Under the
condition of exogenous lead pollution, the microbial communi-
ty in sediments survived at the cost of increased degradation of
organic matter during incubation and then entered a regime of
reduced activities and halting of bacterial production (Almeida
et al. 2007). During the degradation of organic matter, the se-
quential utilization of electron acceptors drove the biogeochem-
ical dynamics in sediments. The biodegradation of organic mat-
ter occurred in the order of decreasing energy yield via aerobic
oxidation, nitrate reduction, manganese reduction, iron reduc-
tion, sulfate reduction, and methanogenesis (ElBishlawi et al.
2013). On the other hand, the accumulation of organic matter in
sediments with high moisture content stimulates the develop-
ment of anoxia. The effects of anoxic conditions on the rate of
organic matter decomposition are still controversial. Some re-
searchers found little difference between oxic and anoxic rates
of enzymatic activity (King 1986), while other authors
(Danovaro et al. 2001) detected higher levels of activity in an-
oxic sediment layers.

Enzymes in sediment are strongly connected with impor-
tant sediment properties, such as organic matter, and are phys-
ically and chemically protected by sediment constituents (or-
ganic and inorganic ligands), which interact with trace ele-
ments (Renella et al. 2003). Organic matter also can affect
metal bioavailability and ecotoxicity. In this study, we found
negative correlation between organic matter and protease
(Table 5) and significant correlation between organic matter
and urease on day 45. Significant correlation between organic
matter and catalase was observed on day 30. This phenome-
non may be related with the high capacity of the sediment to
degrade organic matter and/or the ability of the microbial
community to degrade specific compounds (ElBishlawi
et al. 2013). This result indicated that the relationship between
organic matter degradation and enzyme activities in sediment
was more closely. Furthermore, enzyme activity related with
the organic matter degradation may enhance our understand-
ing about the mechanisms of biogeochemical processes. T
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Conclusions

The exogenous lead pollution changed the enzyme activities
in sediments, and the enzyme activities correlated to lead con-
centration and exposure time. At the beginning of experiment,
the activities of catalase and protease were inhibited in the Pb-
contaminated sediment, whereas the urease activities were
enhanced. Low levels of exogenous lead had a stimulating
effect on microbial activity. There were significant negative
correlations between catalase activities and EDTA-extractable
Pb in the experiment, and urease activity may be a sensitive
tool for assessing additive toxic lead to sediment biochemical
parameters. The content of organic matter in sediments with
exogenous lead pollution was lower than control at the end of
experiment. Enzyme activities in sediment can affect the deg-
radation of organic matter, and microorganisms showed
strong tolerance and adaption to exogenous lead pollution.
Further studies on the enzyme kinetics and mechanisms in
heavy metal-contaminated sediment are needed, which would
provide useful information for the development of bioremedi-
ation technologies of contaminated sediment and then to set
up more in-depth analysis to increase progressive understand-
ing of the involved ecotoxicological mechanisms.
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