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Abstract

Solid or liquid waste containing a high concentration of nicotine can pollute sediment in rivers and lakes, and may destroy the ecological
balance if it is directly discharged into the environment without any treatment. In this study, the polymerase chain reaction (PCR) and denaturing
gradient gel electrophoresis (DGGE) method was used to analyze the variation of the microbial community structure in the control and nicotine-
contaminated sediment samples with nicotine concentration and time of exposure. The results demonstrated that the growth of some bacterial
species in the nicotine-contaminated sediment samples was inhibited during the exposure. Some bacteria decreased in species diversity and in
quantity with the increase of nicotine concentration or time of exposure, while other bacteria were enriched under the effect of nicotine, and their
DGGE bands changed from undertones to deep colors. The microbial community structure, however, showed a wide variation in the nicotine-
contaminated sediment samples, especially in the sediment samples treated with high-concentration nicotine. The Jaccard index was only 35.1%
between the initial sediment sample and the sediment sample with a nicotine concentration of 0.030 pg/g after 28 d of exposure. Diversity
indices showed that the contaminated groups had a similar trend over time. The diversity indices of contaminated groups all decreased in the first
7 d after exposure, then increased until day 42. It has been found that nicotine decreased the diversity of the microbial community in the
sediment.
© 2015 Hohai University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Nicotine (1-methyl-2-(3-pyridyl)-pyrrolidine, C;oH4N5>) is
the principal alkaloid accumulated in most Nicotiana species,
and the toxic aspects of nicotine are well known (Doolittle
et al., 1995). Because of its harmfulness, nicotine has been
classified as a chemical in the Toxic Release Inventory by the
U.S. Environmental Protection Agency since 1994 (Blake,
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1994). Moreover, waste in which the nicotine content ex-
ceeds 500 mg/kg dry weight (d.w.), is classified as a toxic and
hazardous waste in European Union Regulation and laws in
many countries.

Furthermore, the tobacco-manufacturing process and all the
activities using tobacco often produce large amounts of solid
or liquid waste containing nicotine. Nicotine in tobacco waste
easily enters the aquatic environment, due to its high solubility
in water (Kaiser et al., 1996; Wang et al., 2001). Nicotine
concentration has been detected in U.S. estuaries at levels
from 2.5 x 107%t0 6 x 1074 mg/L (Benotti and Brownawell,
2007); in Spanish rivers at levels up to 1.9 x 107 mg/L
(Valcarcel et al., 2011); and in U.K. groundwater at levels up
to 8.1 x 1072 mg/L (Stuart et al., 2012). A global investigation
showed an average nicotine concentration of 1.9 x 10~ mg/L
in the drinking water of 30 cities (Boleda et al., 2011).
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Therefore, it should be noted that nicotine is widely distributed
in water, and present in high concentrations. Nicotine-
contaminated waste may become a considerable threat to the
environment, imperiling the health of human beings and the
ecological balance as well, if it is directly discharged into the
environment without any treatment (Piotrowska-Cyplik et al.,
2009).

China leads the world in tobacco production, with an
annual production of 3.0 million tons of tobacco leaf and a
planting area of 1.365 million hectares in 2010. Therefore, in
China, a large quantity of tobacco waste, which has been
estimated to be about 1.0 million tons every year, with an
average nicotine content of 18 g/kg d.w., is becoming a serious
ecological problem (Zheng and Yu, 2004).

Nicotine enters soil and sediment via eluviation, and in-
fluences sediment texture and fertility owing to its heterocyclic
structure (Civilini et al., 1997; Wang et al., 2005). Once into
sediment, it influences many groups of microorganisms
through degradation and toxicological effects (Yuan et al.,
2006). In bacteria, pyridine and pyrrolidine pathways are
two common nicotine degradation pathways (Brandsch, 2006;
Tang et al., 2013). In addition, a variant of the pyridine and
pyrrolidine pathway (the VPP pathway) also exists (Wang
et al., 2012; Ma et al., 2014). Most previous research has
concentrated on single types of nicotine-degrading bacteria.
However, few studies have investigated the actual influence of
nicotine on microorganisms in sediment.

In this study, we explored the effect of nicotine pollution on
the shift in the microbial community structure in the sediment
from the aspects of nicotine concentration and time of expo-
sure. Partial 16S rDNA genes were amplified from the sedi-
ment microbial community DNA with a polymerase chain
reaction (PCR), using primers that bind to evolutionarily
conserved regions within these genes in the eubacteria. The
diversity of PCR-amplified products was transformed into
genetic fingerprints using DGGE.

2. Materials and methods
2.1. Experimental sediment samples

The sediment samples were taken from the Nanjing section
of the Yangtze River. After air-drying, the sediment samples
were ground into smaller particles using a mill, and sieved
with a 2 mm-size sieve to remove plant material, macrofauna,
and stones. The pH values of sediment samples were measured
in water suspension with a soil to solution ratio of 1:5 (weight
to volume ratio) using a PHS-2C pH meter with a glass
electrode. The organic matter and total nitrogen contents in the
sediment samples were measured with the K,Cr,O, and
digestion-distillation standard methods, respectively (Sciubba
et al., 2013). The NO;-N content was detected with the
spectrophotometric method using phenol disulfonic acid (Bai
et al., 2010). The available P, Mg, K, and Ca contents in the
sediment samples were analyzed using an atomic absorption
spectrophotometer (Angino, 2012). Table 1 lists some physical
and chemical properties of the sediment samples.

Table 1

Main physical and chemical properties of sediment samples.
Parameter Value
Organic matter content (%) 2.599 + 0.102
Total nitrogen content (%) 0.144 0 + 0.000 8
Available P content (mg/kg) 51.40 + 1.06
Available Mg content (mg/kg) 23.11 + 0.81
pH value 7.73 + 0.04
Available K content (mg/kg) 204.50 + 3.56
Available Ca content (mg/kg) 63.40 + 2.04
NO; -N content (g/kg) 0.51 + 0.02

2.2. Experimental design and operation

The experimental setup consisted of plastic barrels, whose
top diameter, bottom diameter, and height were 179, 134, and
161 mm, respectively. A 10 cm-height conical gravel pile with
a 25° slope was placed at the bottom of each barrel. Four
layers of plastic woven meshes covered the gravel pile, and
two polyethylene pipes (with an inner diameter of 1.0 cm and
a length of 20 cm) passed through the plastic woven meshes
and gravel to the bottom of each barrel at the center of the
barrel. Then, 1.5 kg of sediment was loaded, and 500 mL of
deionized water was added through polyethylene pipes to
saturate the system. Six barrels were divided into three groups
(each group containing two biological repeats). After exposure
at 28°C for two weeks, doses of 100 mL of solution with
different nicotine concentrations were added to each barrel to
attain final concentrations of 0, 0.008, and 0.030 png/g,
respectively. A 10 mL well-mixed sample in each barrel was
collected with the five-point method (a 2 mL sample was
collected at each point), without compensation, after 0, 7, 14,
28, and 42 d of exposure. The samples were stored at —80°C
for molecular biological analysis.

2.3. DNA extraction and PCR-DGGE analysis

The DNA of the total sediment community was extracted
using the method described by Duan and Min (2004). DNA
purification was conducted using the Wizard DNA clean-up
system (Promega, USA). The yield and quality of sediment-
extracted DNA were assessed using a supermicro spectro-
photometer (Kaiao, China).

The method used was based on that of Damiani et al.
(1996) with some modifications. A PCR mixture with a vol-
ume of 50 pL. contained 1.0 pL of template DNA (or PCR
products), 0.2 pmol/L of each primer, 5 U of Taq polymerase,
1.0 uL of 10x PCR buffer, 200 pmol/L of ANTP, 37.5 mmol/L
of magnesium chloride, and sterile deionized water.
The primers used for the first reaction of nested PCR were
BSF8/20 (5-AGAGT TTGAT CCTGG CTCAG-3') and
BSR1541/20 (5-AAGGA GGTGA TCCAG CCGCA-3)
(Devereux and Willis, 1995). The touchdown PCR amplifi-
cation included the initial denaturation at 95°C for 5 min,
followed by nine touchdown cycles, at 95°C for 60 s, 58°C
(decreased by 0.5°C per cycle) for 50 s, and 72°C for 120 s,
then 21 cycles of 95°C for 60 s, 54°C for 50 s, and 72°C for
120 s, and, finally, a final elongation at 72°C for 10 min.
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Using the PCR products from the first reaction as a tem-
plate, the V3 variable region of 16S rDNA genes was ampli-
fied using the primer pair 338F with a GC-clamp (5'-CGCCC
GCCGC GCGCG GCGGG CGGGG CGGGG GCACG
GGGGG ACTCC TACGG GAGGC A-3') and 518R (5'-
ATTAC CGCGG CTGCT GG-3") (C)vreas et al., 1997). PCR
amplification was performed at 95°C for 5 min, with ten
touchdown cycles, at 95°C for 60 s, 56°C (decreased by 0.5°C
per cycle) for 60 s, and 72°C for 120 s, then an additional 15
cycles, at 94°C for 60 s, 51°C for 60 s, and 72°C for 120 s,
followed by a final elongation at 72°C for 10 min. DNA and
PCR products were confirmed by 10 g/L (weight to volume
ratio) agarose gel electrophoresis, followed by staining with
ethidium bromide (Nalin et al., 1999). Strong bands of the V3
variable region of the 16S rDNA gene PCR products of
approximately 240 bp were subjected to DGGE analysis.

DGGE analysis was conducted using a D-Code system
(Bio-Rad, USA). The method has been described by Muyzer
et al. (1993). Samples of PCR product were loaded onto
10% (weight to volume ratio) polyacrylamide gels with a
denaturant gradient from 37% to 55%. The electrophoresis
was run in a 1x TAE (Tris/Acetic acid/EDTA) buffer for
300 min at 150 V and 60°C. After electrophoresis, the gels
were stained with silver. The silver-staining procedure was
performed according to the method described by Bassam and
Caetaneo-Anollés (1991). To obtain a clear image, the gel was
photographed with a gel photo system (GelDoc, Bio-Rad,
USA).

2.4. Analysis of DGGE patterns

Digitized DGGE images were analyzed with the Quantity
One image analysis software (version 4.0, Bio-Rad, USA).
This software identifies the bands occupying the same position
in different lanes of a gel. The similarity of two samples was
estimated with information in banding patterns with a Jaccard
index (C)) in each pair of samples (Eq. (1)):

J
T a+b— Jj (1)
where j is the total number of bands in two DGGE gel profiles,
and a and b are the respective number of bands in the two
DGGE gel profiles. The similarity of sediment samples was
examined using the unweighted pair-group method with
arithmetic means (UPGMA) and PhyTools software.
The Shannon-Wiener index (H'), richness (S), and evenness
(E) were calculated to compare the change in bacterial di-
versity based on the DGGE band data. H' is calculated as

- Zpi In p; (2)
i=1

where p; is the importance probability of band i in a gel lane. E
is calculated as H'/InS, and S is the total number of bands in a
gel lane.

3. Results and discussion
3.1. Effect of nicotine on microbial community structure

DGGE profiles of the V3 variable region of 16S rDNA
genes from the sediment samples during different time periods
are shown in Fig. 1. The culture times of a through e were 0, 7,
14, 28, and 42 d, respectively; and a’ through e’ was the rep-
etitions of a through e, respectively. Each of the distinguish-
able bands in the separation pattern represents an individual
bacterial species (Luca et al., 2002). As shown in Fig. 1, some
bacterial species were inhibited in the nicotine-contaminated
sediment samples. With the increase of culture time, the
color of Band 1 and Band 2 in DGGE gel changed from a deep
color to an undertone, and even disappeared in the sediment
samples with a nicotine concentration of 0.030 pg/g. However,
the color of Band 1 and Band 2 in DGGE gel changed from an
undertone to a deep color in sediment samples with a nicotine
concentration of 0.008 pg/g. This indicated that a low nicotine
concentration might stimulate Band 1 and Band 2 bacterial
species. However, when the nicotine concentration was
0.030 pg/g, it was harmful to them. In sediment samples with
a nicotine concentration of 0.030 pg/g, Band 3 and Band 4
were present in the late stage of exposure.

3.2. Similarity analysis

Genetic similarity of microbial community profiles
revealed that there were very large differences in the control
and nicotine-contaminated sediment samples (Fig. 2). The
microbial community structure in the control sample had a
similarity of more than 72% to the initial contaminated sam-
ples during 42 d of exposure (Fig. 3). The microbial com-
munity structure, however, showed a large degree of variation
in the nicotine-contaminated sediment samples, especially in
the sediment samples with high nicotine concentrations. The
Jaccard index was only 61.4% between the initial sample and
the sample with a nicotine concentration of 0.008 ng/g after
42 d of exposure. The sediment sample on day 28 with a
nicotine concentration of 0.030 pg/g only had a similarity of
35.1% to the initial sample. The variation of the microbial
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Fig. 1. DGGE patterns of V3 variable region of 16S rDNA genes from
sediment samples with different nicotine concentrations at different
culture times.
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Fig. 2. Genetic similarity of microbial community profiles obtained
with PCR-DGGE from sediment samples with different nicotine
concentrations at different culture times.

community structure in the sediment samples mostly occurred
during the first week of exposure. As compared with the initial
sediment samples, the Jaccard index decreased by 33.2% in
the sample with a 0.008 pg/g nicotine concentration and
48.9% in the sample with a 0.030 pg/g nicotine concentration,
respectively, while the control sample only decreased by
13.4%. In the nicotine-contaminated sediment samples, the
Jaccard index decreased until day 28, and then increased a
little on day 42. Linear regression showed that there was not a
significant time-effect relationship between the nicotine con-
centration and microbial community structure in the experi-
mental sediment samples.

100
80 \'\‘\,\‘

60

40F \{’f,,_ﬂ

ol ™ With concentration of 0 pg/g
—e—With concentration of 0.008 pg/g
—4—With concentration of 0.030 pg/g

0 7 14 21 28 35 42
Time (d)

Jaccard index (%)

Fig. 3. Jaccard index of microbial communities for sediment samples
with different nicotine concentrations at different culture times.

3.3. Analysis of diversity indices

Diversity indices are useful for investigating the diversity of
microbial communities. The higher the Shannon-Wiener index
is, the greater the diversity of microbial communities is. Two
components contributed to the diversity indices: (1) the total
numbers of species present or species richness (S), and (2) the
distribution of the number of individuals among those different
species, or species evenness (E).

The diversity indices of microbial communities in nicotine-
contaminated groups are shown in Table 2. Group 1 and group
2 are the experimental group and its biological repeat,
respectively. The diversity indices between group 1 and group
2 are extremely similar at the same time and at the same
concentration, demonstrating excellent repeatability. Before
the exposure, the groups with the same concentration showed
homogeneity: H' was between 1.52 and 1.58, S was between
12 and 13, and E was between 0.59 and 0.63. It can be seen
that, before contamination, each system had an essential ho-
mogeneity with stable microbial community structure and
activities. However, the diversity indices of the control group
increased slightly with time. In addition, the contaminated
groups had a similar trend over time, and the diversity indices

Table 2
Diversity indices of microbial communities in groups with different nicotine
concentrations.

Time (d)  Concentration (ng/g)  Group 1 Group 2
H S E H S E

0 0 1.55 12 062 158 13  0.62
0.008 1.56 13 061 152 13 0.59
0.030 152 12 061 157 12 0.63

7 0 1.60 13 062 159 13 0.62
0.008 1.16 10 050 120 11 050
0.030 1.02 9 046 1.14 9 052

14 0 1.64 13 064 166 14 0.63
0.008 131 12 053 138 12 0.56
0.030 125 11 052 132 12 0353

28 0 1.66 14 063 170 14 0.64
0.008 1.83 15 068 1.89 16 0.68
0.030 196 16 071 1.87 16 0.67

42 0 1.68 14 064 174 14 0.66
0.008 229 18 079 242 18 0.84
0.030 236 19 080 233 19 0.79
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all decreased after 7 d of exposure, then increased until day 42.
After 7 d, the group with the nicotine concentration of
0.030 pg/g reached the minimum diversity indices of the
experimental groups. These results reveal that high-
concentration nicotine exposure has a stronger influence on
the diminishment of the microbial community in the first 7 d
than low-concentration nicotine exposure. After 28 d, the di-
versity indices of microbial communities in contaminated
groups were much greater than those of the control groups,
indicating that the increase of diversity of contaminated
groups occurs over a long period of time, nearly three weeks.
Moreover, after exposure, some microbial species quickly
decreased, and, with time, the growth of new species was
promoted, enriching the community structure.

4. Conclusions

The PCR-DGGE method was used to investigate the mi-
crobial community structure in nicotine-contaminated sedi-
ment samples. The contamination of nicotine can greatly
impact the microbial activity and function. Profiles of DGGE
showed that, with the increase of nicotine concentration and
culture time, the toxicity of nicotine to sediment microor-
ganisms increased, resulting in the variation of sediment
bacteria diversity. The Jaccard index showed that the changes
in sediment bacteria community were slight in control groups
but significant in nicotine-contaminated groups, especially in
groups with high nicotine concentration. In addition, it was
revealed by the diversity indices that the diversity of com-
munity structure in nicotine-contaminated groups, decreased
in the first 7 d after exposure, then increased gradually until
day 42. The results also indicated that new species of nicotine-
resistant microbial organisms were enriched in the nicotine-
contaminated sediment environment. The PCR-DGGE
method can provide detailed information about the shift and
diversity in microbial community structure in the sediment
environment. These results will benefit the assessment and
remediation of nicotine-contaminated sediment.
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