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• The isolate, Streptomyces sp. D3, was ca-
pable of degrading DDT, PCB77and
PCNB.

• Culture-dependent and -independent
provide two extremely distinct views.

• Pseudomonas, the frequently isolated
only represented the 12th most abun-
dant OTU.

• The most abundant bacterial OTU
Pseudorhodoferax was observed by se-
quencing.
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Microcosms for enrichment of DDT degrading microorganisms were monitored using culture-dependent and
-independent methods. Culture dependent methods isolated several strains with DDT degradation potential,
Pseudomonas species being the most frequent. One isolate, Streptomyces sp. strain D3, had a degradation rate of
77% with 20 mg L−1 of DDT after 7 days incubation, D3 also had degradation rates of 75% and 30% for PCB77
(3,3′,4,4′-tetrachloro biphenyl) and PCNB (pentachloronitrobenzene) respectively. Culture-independent high-
throughput sequencing identified a different subset of the microbial community within the enrichment micro-
cosms to the culture dependent method. Pseudomonas, the most frequently isolated strain, only represented
the 12th most abundant operational taxonomic unit in the sequencing dataset (relative abundance 0.9%). The
most frequently observed bacterial genus in the culture-independent analysis did not correspond with those re-
covered by culture-dependent methods. These results suggested that deep sequencing followed by a targeted
isolation approach might provide an advantageous route to bioremediation studies.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The organochlorine 1,1,1-trichloro-2,2-bis(4-chlorophenyl) ethane
(DDT) is a colorless, tasteless and an almost odorless compound that
was the most extensively used insecticide globally until the 1960s
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(Bolan, 2012; Simonich and Hites, 1995; Sudharshan et al., 2012). DDT
was the first synthesized insecticide, enabled large agricultural produc-
tion increases, as well as the control of mosquito-borne malaria and ty-
phus (Kim et al., 2016). However, the toxicity and persistence of DDT in
the environment has led an almost international ban of its use (World
Health Organization, 1989). In the environment, DDTs residues are com-
prised of the DDT isomers p,p′-DDT and o,p′-DDT, aswell as the DDT deg-
radation products DDE (2,2-bis(p-chlorophenyl)-1,1-dichlorethylene)
and DDD (1,1-dichloro-2,2-bis(p-chlorophenyl)ethane) (Wang et al.,
2016a). Even though the use of DDT has been banned since 1972 in the
United States and 1983 in China, respectively, DDTs still pose an environ-
mental risk due to persistence (Kamanavalli and Ninnekar, 2004). In
some regions of China, the DDTs concentration in soils still exceed soil
quality standards due to previous accumulation and slow degradation
(Feng et al., 2003; Shi et al., 2005; Zhong et al., 2011). DDTs also continue
to accumulate in the food chain and has been found in human adipose
and breast milk (Dimitriadou et al., 2016). Other man-made organochlo-
rine compounds, such as polychlorinated biphenyls (PCBs) and
pentachloronitrobenzene (PCNB), also persist in soils and have become
serious environmental problems (Hu et al., 2008; Li and Yang, 2013).
Thus, degradation enhancement strategies of organochlorine compounds
in general and DDT specifically is still of great importance.

Investigations have demonstrated that bioremediation is a feasible
solution for treating organic contaminants including PCB, PCNB, DDT,
DDE and DDD (Fang et al., 2010; Li and Yang, 2013; Liu et al., 2010;
Wang et al., 2016a). High efficiency degradation strains are a key factor
for bioremediation of organic pollutants. Various genetic engineering
approaches have developed and constructed bacteria relevant for bio-
degradation (Pieper and Reineke, 2000). Molecular engineering has
been utilized to enhance the level of a specific protein, enzyme or met-
abolic pathways in the target bacteria with the goal of increasing degra-
dation rates (Åhman et al., 2002). However, the application of
genetically engineered strains is limited by environmental suitability,
biosecurity and public acceptance (Sivasubramaniam and Franks,
2016). Therefore, promotion of degradation by indigenous strains iso-
lated from soil is still one of the principal means for successful bioreme-
diation of organochlorine compounds. In the past decades, researchers
have isolated strains such as Alcaligenes eutrophus A5, Pseudomonas
sp., Pseudoxanthomonas jiangsuensis that could degrade DDT and associ-
ate metabolites in culture (Kamanavalli and Ninnekar, 2004; Nadeau
et al., 1994; Wang et al., 2011). The process of isolation of DDT
degrading bacteria based on traditional culture-dependent methods in-
clude enrichment cultures with pollutants as carbon and/or energy
sources, followed by separation and purification with selective plating
medium. However, this method is generally less targeted and limited
due to the complexmicrobial interactions in soil ecosystems, lack of un-
derstanding for microflora and inability to cultivate a majority of the
bacteria from the natural environment in the laboratory (Giovannoni
et al., 1990; Hugenholtz et al., 1998).

The rapid development of high-throughput sequencing technology
has enabled a comprehensive culture independent evaluation of themi-
crobial community composition in complex environments (Andersson
et al., 2010). For instance, high-throughput sequencinghas been utilized
for the investigation of microbial community structure in depth and in
various environmental samples including: marine water; soil; human
distal intestine and; wastewater treatment plants (Claesson et al.,
2009; Qian et al., 2011; Roesch et al., 2007; Ye and Zhang, 2013). Com-
pared with culture-dependent methods, culture-independent methods
based on community DNA analysis and include a significantly larger
fraction of microorganisms from the environment (Vaz-Moreira et al.,
2011). In recent years, some studies have compared the gap between
culture-dependent and culture-independent of microbial communities.
Stefani et al. (2015) paired culture-independent with culture-
dependent techniques to analyze the bacterial and fungal communities
from hydrocarbon-contaminated soils. None of the bacteria isolated
using several types of culturing media were representative of the
major bacterial operational taxonomic units (OTUs) recovered by 454-
pyrosequencing. Similar results were also observed in fresh water
sample, soil samples and Montasio cheese manufacturing (Carraro
et al., 2011; Vaz-Moreira et al., 2011; Shade et al., 2012). While
high-throughput sequencing has typically been applied to analyze
microbial communities in the environment, community enrichment
during the isolation of contaminate degrading strains is seldom
reported.

In order to gain a comprehensive community overview during the
enrichment for DDTs degraders, with the goal of improving strain isola-
tion in the future, a culture-independent high-throughput sequencing
(Illumina sequencing)wasused to investigate themicrobial community
in depth. An extensive understand of the microbial community compo-
sition during enrichment has the potential to guide the isolation of deg-
radation strains by traditional culture-dependent methods and thus
improve outcomes. To the best of our knowledge, this is the first study
to compare the structure and dynamics of microbial communities dur-
ing the process of enrichment cultures using high-throughput sequenc-
ing, reporting the gap between culture-independent and culture-
dependent analyses of microbial communities within enrichment
cultures.
2. Materials and methods

2.1. Chemicals and growth medium

DDTandDTT standard solutionswere purchased fromEast Chemical
Co., Ltd., Taixing, Jiangsu China and J&K Scientific Ltd., Beijing, China, re-
spectively. All organic solvents and chemicals were chromatographic or
analytical grade.

Yeast mineral salt medium (YMM) was adapted from Xie et al.
(2011). Briefly, YMM medium contained 4.0 g NaNO3, 1.5 g KH2PO4,
0.5 g Na2HPO4, 0.01 g CaCl2, 1 mg FeSO4·7H2O, 0.04 g Yeast extract
and 100 μL trace element solution per liter, adjusted to a pH 7.0 and
autoclaved at 121 °C for 20min, DDT dissolved in acetone and sterilized
by filtration was supplemented in YMM with concentration of
20 mg L−1. Solid medium was prepared using 2% agar. Trace element
solution contains 10 mg H3BO3, 78.2 mg CuSO4, 11.2 mg MnSO4,
10 mgMoO3, and 124.6 mg ZnSO4 per 100mL. Luria-Bertani (LB) medi-
um (Bertani, 1954) was used for strain cultivation and for the measure-
ment of degradation ability of DDT degrading isolates.
2.2. Enrichment and isolation of DDT-degrading microorganisms

A soil-charcoal perfusion apparatus was used to create microcosms
for the enrichment of DDT-degrading microorganisms from long-term
DDT contaminated soil sample as previously describe (Takagi et al.,
2009). Charcoal (3.0 g) was mixed with wet soil sample (3.0 g) and
placed on a glass filter placed in the neck of the perfusion apparatus.
An air pumpwas used to circulate 200mL of sterile YMM supplemented
with 20 mg L−1 DDT at 25 °C as previously described (Harada et al.,
2010). Fresh perfusion fluid (YMM supplemented with 20 mg L−1

DDT) was preserved as controls. The perfusion fluid in the apparatus
was substituted with fresh medium at a weekly interval. After
7 weeks, a mixed microbial population community was considered to
be established when DDT degradation reached a steady state.

At steady state, a piece of charcoal was removed from the perfusion
apparatus, crushed in perfusion fluid (1 mL) and added into sterile
water (9 mL). Serial dilutions of the suspension was prepared (10−1–
10−5) and 100 μL spread plated onto the YMM medium agar supple-
mented with 20 mg L−1 of DDT as the energy and carbon source. After
incubation for 48 h at 30 °C, individual colonies of distinct morphology
were isolated through streak plating on the YMMmedium supplement-
ed with 20 mg L−1 of DDT.
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2.3. Identification of isolated strains

DNA was extracted from purified cultures utilizing the bacterial ge-
nomic DNA Extraction Kit (centrifugal column type, GeneRay Technolo-
gy) as per the manufactures instructions. The 16S rRNA gene was
amplified using primers 8F (5′-AGAGTTTGATCCTGGCTCAG-3′) (Eden
et al., 1991) and 1492R (5′-TACCTTGTTACGACTT-3′) (Jiang et al.,
2006). Amplifications were carried out in 50 μL reaction mixture,
which contained 25 μL Premix Taq™ (a 2× mixture solution of buffer,
DNA polymerase and dNTPs), 1 μL of each primer (10 mM), 1 μL DNA
template (20 ng μL−1) and 22 μL ddH2O. The amplification cycle: initial
denaturation (95 °C 300 s) followed by 30 cycles of denaturation (95 °C
30 s), annealing (55 °C 30 s) and extensions (72 °C 30 s) before a final
extension (72 °C 300 s). Amplified replicate reactionmixeswere pooled
for purification and analyzed by DNA electrophoresis (1.8% Agarose gel,
120 V for 30 min). Amplified product was excised from gel, cleaned up
using AxyPrep DNA Gel Extraction Kit (Axygen Biosciences) and se-
quenced byMajorbio Bio-pharm Technology Co., Ltd. (Shanghai China).

2.4. Monitoring of DDT degradation during enrichment process

The DDTs concentration in the perfusion fluid was determined
weekly by gas chromatography. The standard curves for all compounds
were prepared with ‘external standard’ type. The YMM culture solution
in the perfusion apparatus was collected and replace with fresh media
at specific time points. Organic compounds were extract from 20 mL
enriched culture mediumwith 40 mL n-hexane, then filtered and dilut-
ed for further testing. The concentration of DDT in enrichment culture
solution were analyzed by gas chromatography (Agilent 7890B)
equipped with a 63Ni electron capture detector (GC-ECD) and a
30 m × 0.25 μm × 0.25 μm HP-5 capillary column. Ultra-high purity N2

(99.9999%)was used as the carrier gas. All experimentswere conducted
in triplicated.

2.5. Microbial diversity analysis

Bacterial diversity and abundance during the process of enrichment
was investigated through sequencing of the 16S ribosomal RNA gene.
DNA was extract from the DDT long-term contaminated soil sample
used as the original inoculum and weekly from the soil-charcoal perfu-
sion apparatus using FastDNA™ SPIN Kit (MP Biomedicals) according to
manufacturer's protocols. The V4-V5 region of the bacteria 16S ribo-
somal RNA gene was amplified using primers F515 (5′-GTGCCAGC
MGCCGCGG-3′) and R907 (5′-CCGTCAATTCMTTTRAGTTT-3′) (Zhou
et al., 2011). Polymerase chain reaction (PCR) reactionswere performed
in triplicate 50 μLmixture containing 0.8 μL of each primer (5 μM), 10ng
of templateDNA, 2 μL of 2.5mMdNTPs, 0.4 μL of FastPfu Polymerase and
4 μL of 5 × FastPfu Buffer. PCR reaction was conducted as follows: initial
denaturation (95 °C 2min), followed by25 cycles of denaturation (95 °C
30 s), annealing (55 °C 30 s), and extensions (72 °C 30 s) before a final
extension (72 °C 5 min).

Amplicons were extracted from 2% agarose gels and purified using
the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City,
CA, U.S.). Purified amplicons were pooled in equimolar and paired-end
sequenced (2 × 250) on an Illumina MiSeq platform according to the
standard protocols of Majorbio Bio-pharm Technology Co., Ltd. (Shang-
hai China).

2.6. Processing of Illumina MiSeq data

MiSeq sequencing data were analyzed according to Hou et al.
(2015). Bacterial sequences were classified using a Ribosomal Database
Project naïve Bayesian rRNA classifier (RDP) with a confidence of 80%.
At each taxonomic level, relative abundance was calculated as a percent
of all sequences classified in that sample. OTUs were classified at simi-
larities of 97% after normalization to 14,000 sequences per sample.
The a-diversity indices, including observed OTUs, Chao and InvSimpson,
were calculated using MOTHUR 1.33.0.

2.7. Organochlorine compound degradation ability of DDT degrading
isolates

Isolated strains were cultured in LB liquid media at 30 °C until mid-
exponential phase. Cells were harvested and re-suspended in sterile
water to an OD of 1.0 at 600 nm as an inoculant. Triplicate conical
flask containing 20 mL of YMM supplemented with 20 mg L−1 of DDT
were inoculated with 1 mL bacterial suspensions, flask containing
media with DDT inoculated with 1 mL of autoclave sterilized inoculum
acted as controls. The samples were cultured in the dark at 30 °C with
shaking for 7 days. The liquid medium culture (20 mL) was extracted
with 40 mL hexane by shaking vigorously. The organic extract was
dried over anhydrous sodium sulfate and then diluted gradient for GC-
ECD analysis. The strain with highest degradation efficiency, as deter-
mined by the degradation rate, was selected for further study.

Bacterial suspensions with highest DDT degradation efficiency, pre-
pared as above, inoculated into YMMmedia in triplicate containingwith
20 mg L−1 of PCB 77 or 40 mg L−1 PCNB and cultured in the dark at
30 °C with shaking, uninoculated YMM media with PCB77 or PCNB
was utilized as control. After 7 days, PCB77 and PCNB was extracted as
per DDT, and concentrations determined by GC-ECD.

The oven temperature program for DDTwas as follows: injector and
detector temperatures 200 °C and 300 °C respectively, initial run tem-
perature 80 °C, ramped at 50 °C min−1 to 210 °C, then ramped at
1 °C min−1 to 220 °C and held for 1 min, and finally ramped at
2 °C min−1 to 230 °C. Split injection was applied (1 μL, 10:1). The
oven temperature program for PCNBwas as follows: injector and detec-
tor temperatures 260 °C and 310 °C respectively, initial run temperature
80 °C andheld for 0.5min, ramped at 40 °Cmin−1 to 210 °C and held for
0.5 min, ramped at 6 °C min−1 to 230 °C and held for 1 min, finally
ramped at 40 °Cmin−1 to 280 °C and held for 0.5min. The oven temper-
ature program for PCB77 was conducted according to Wang et al.
(2016b).

The degradation rate was calculated according to the following
equation: Degradation rate (%) = (C0 − C) / C0 × 100%, where C0 and
C are the initial and residual concentration of organochlorine com-
pounds at the time indicated, respectively.

2.8. Data analysis

Statistical analysis was conductedwith SPSS 17.0 software. Duncan's
multiple range tests were used to compare the means of treatments,
variability in the data was expressed as the standard errors. All analyses
were performed at the p b 0.05 level.

2.9. Nucleotide sequence accession number

The isolated strain Streptomyces sp. D3 was submitted to GenBank,
accession number KX762051. The strain is deposited in the Chinese Cul-
ture Collection Management Committee General Microbiology Center
(CGMCC), accession number is CGMCC No.12904. The Illumina se-
quencing data was submitted to the NCBI Sequence Read Archive data-
base, SRA accession numbers are SRR4162049 for soil, SRR4162050-
SRR4162056 for enrichment culture of every week.

3. Results

3.1. Monitoring of DDT degradation during enrichment process

After being refreshed with YMM containing DDT at 20 mg L−1, the
concentration of DDTs (including DDT, DDE and DDD) decreased and
the corresponding degradation rate increased each week. A a gradually
increase in thedegradation of DDTwas observed over the 7week period



Fig. 1. The variation of concentration for DDTs in the enrichment process over 7 weeks.
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(Fig. 1). In the first four weeks, the DDTs degradation increased from
10% to 45% at a relatively steady rate. At the end of 7 weeks, the degra-
dation rate of DDTs reached 92%.

3.2. Enrichment and isolation of DDT-degrading bacteria

DDT degrading microorganisms enriched within the microcosm
were cultured with selective media from the charcoal and the culture
solution. In this study, 24 strains designated D1-D24 were identified
and grouped into 12 different species with DDT degradation ability
ranging from 0.1 to 77.3% (Table 1). Individual degradation rates were
lower than the mixed community enrichment culture (92%). According
to traditional culture-dependent methods, Pseudomonas and
Phyllobacterium species were predominant after 7 weeks (16.7%
among the isolates), but the maximum DDTs degradation ability was
only 25% and 10%, respectively. However, Streptomyces sp. D3 showed
the highest degradation ability of DDTs (77%). The DDT degradation
ability of isolates was lower than that of the mixed community in the
apparatus at the end of 7 weeks (92%). This phenomenon may be attri-
bute to synergistic effect between the species in mixed culture.

3.3. The dynamic changes at the community level

High throughput sequencing of the perfusion apparatus during en-
richment allowed in depth analysis of the microbial community. After
processing of raw sequence data, a total of 159,093 sequences were an-
alyzed. Samples ranged from 14,309 to 25,546 OTUs classified at simi-
larities of 97% after normalized to 14,000 sequences per sample
(Table 2). The diversity indices, including OTUs, Chao and InvSimpson,
were highest in the original soil inoculum and showed a decrease
Table 1
Identification result of isolated strains based on the 16S rRNA gene sequences analysis and
efficiency of DDTs degradation.

Number of strains Identification result Percentage
(%)

Degradation rate
(%)

D16, D17, D9, D11 Pseudomonas sp. 16.7 7.1–25.3
D19, D20, D21, D24 Phyllobacterium sp. 16.7 5.3–13.6
D15, D6, D12 Aminobacter sp. 12.5 12.7–17.0
D2, D7, D14 Pseudoxanthomonas sp. 12.5 14.9–23.4
D1, D4, D5 Bacillus sp. 12.5 6.7–12.9
D18 Sphingobacterium sp. 4.2 22.3
D8 Paenibacillus sp. 4.2 6.9
D22 Rhodococcus sp. 4.2 50.2
D23 Achromobacter sp. 4.2 8.4
D3 Streptomyces sp. 4.2 77.3
D13 Ochrobactrum sp. 4.2 0.1
D10 Variovorax sp. 4.2 1.3
until week 4 before rising slightly in weeks 5, 6 and 7 (Table 1). Overall,
a decrease in the diversity of the microbial community during the en-
richment culture process was observed.

Bacterial sequences were classified into 23 phyla (Eubacteria 21 and
Archaea 2). Because of the total reads of Archaea were very low, they
were excluded from further analysis in this study. At the end of
7 weeks, Proteobacteria were identified as the most abundant phyla in
all samples, of which α-proteobacteria and γ-proteobacteria were pre-
ponderant class in soil sample (27% and 33%). However, the abundance
of α-proteobacteria and γ-proteobacteria decreased to 14% and 17%,
and the relative abundance of β-proteobacteria significantly increased
from 6% to 60% (data not shown). The relative abundances of the top
15 genus in each samples varied over time (Fig. 2). The largest differ-
ence was observed between the soil sample and culture medium sam-
ples. Relative abundance of Pseudorhodoferax, Pseudoxanthomonas,
Dokdonella, Aminobacter and Hydrogenophaga all increased during the
experiment, especially, Pseudorhodoferax that reached a relative abun-
dance of 53.8% after 7 weeks.
3.4. Comparison of isolated strains and in depth community sequencing

Pseudorhodoferax became the dominant genus, in terms of relative
abundance, reaching 53.8% at the end of 7 weeks, followed by
Pseudoxanthomonas (11%) and Aminobacter (6%) (Table 3). Using tradi-
tional culture-dependent methods (Table 1), Pseudomonas was the
most frequently isolated, but only represented the 12th most abundant
OTU in the culture-independent methods dataset. In addition, most of
the shared OTUs belong to the genera Pseudoxanthomonas and
Aminobacter. However, Pseudorhodoferax, the most frequently observed
bacterial genus in the culture-independent sequences, cannot be puri-
fied by culture-dependent methods. These results indicated that there
are distinctly difference between culture-independent dataset and
culture-independent sequencing.
Table 2
The number of sequences and calculated diversity indices for each sample at weekly
intervals.

Sample Sequences OTUs Chao Invsimpson

Soil 24697 3340 24650 26.25
1W 16739 2004 8939 14.93
2W 21275 2340 12228 24.77
3W 19966 1843 8406 14.87
4W 14309 811 3325 2.04
5W 25546 1169 5588 6.67
6W 20863 1264 6505 4.95
7W 15698 1174 5420 3.45

Note: W, week.



Fig. 2. The relative abundance of bacterial taxa at genus level at weekly time intervals.
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3.5. Ability of isolated strains to degrade DDT and other organochlorine
compounds

Streptomyces sp. D3, with the highest DDT degradation ability, was
used for further study. The concentrations of the individual DDT compo-
nents and DDTs declined after 7 days inoculation with Streptomyces sp.
D3 (Fig. 3). The concentrations of individual DDT isomers decreased by
88% (o,p-DDT) and 60% (p,p-DDT), resulting in a declined of DDTs from
20.8mg L−1 (control) to 5.7mg L−1, with a degradation efficiency of 77%.

The ability to degrade other organochlorine compounds, such as
PCB77 and PCNB were also investigated. Streptomyces sp. D3 decreased
PCB 77 from 17.9 mg L−1 (control) to 4.4 mg L−1 in 7 days with a deg-
radation efficiency of 75% and PCNB was decreased from 35.0 mg L−1

(control) to 25.0 mg L−1, with a degradation efficiency of 30% (Fig. 4).
These results showed that D3 could degrade PCB77 and PCNB, in addi-
tion to DDT.
4. Discussion

Microorganisms are considered to be the primary source of degrada-
tion of organic pollutants in natural environment. In the present study,
Table 3
OTUs with relative abundance N0.5% at the end of 7 weeks.

Genus Sequences Relative abundance (%)

Pseudorhodoferax 8448 53.8
Pseudoxanthomonas 1730 11.0
Aminobacter 858 5.5
Chryseobacterium 500 3.2
Hydrogenophaga 405 2.6
Dokdonella 353 2.2
Hyphomicrobium 300 1.9
Mesorhizobium 196 1.2
Stenotrophomonas 183 1.2
Azospirillum 148 0.9
Ochrobactrum 142 0.9
Pseudomonas 135 0.9
Brevundimonas 103 0.7
Coxiella 101 0.6
Shinella 92 0.6
DDT-degrading microorganisms were isolated with selective medium
using culture-dependentmethod. However, the isolated strains showed
poorer degradation ability than that of the community of enrichment in
the apparatus. Microbial consortia are often reported as more efficient
and effective for biological degradation of pesticides than the individual
strains, due to the range of metabolic and ecosystem level interactions
in mixed communities (Verma et al., 2014). In microbial communities,
microorganisms cooperate to co-metabolize contaminants that individ-
ual microorganism cannot. Kim et al. (2009) observed that the bacteria
of three species (Klebsiella sp., Stenotrophomonas sp. and Acinetobacter
sp.) could degrade phenylephrine (PHE) more efficient as a mixture.
The degradation efficiency in mixed consortia of Acinetobacter sp. and
Stenotrophomonas sp. (about 80%)was higher than a singlemicroorgan-
ism (48.0, 11.0, and 9.0% for Acinetobacter sp., Klebsiella sp., and
Stenotrophomonas sp. respectively). The mixed cultivation of microbes
might be effective in bioremediation, even if the microorganisms have
low degradation efficiency in pure culture. Since microbial interactions
is of great significance in shaping microbial community activity and
structure (Cornforth and Foster, 2013; Foster and Bell, 2012), the devel-
opment of the community is important over time. Therefore, it is
Fig. 3. DDTs degradation ability of Streptomyces sp. D3.



Fig. 4. PCB77 and PCNB degradation ability of Streptomyces sp. D3.
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important to understanding the development of artificially beneficial
microbial communities to degrade organic contaminant at faster rate.

By culture-dependent method, Pseudomonas and Phyllobacterium
were the most frequently obtained bacterial genus, representing per-
centage 16.7% and 16.7% of the isolates, followed by Aminobacter
(12.5%), Pseudoxanthomonas (12.5%) and Bacillus (12.5%). However,
D3 with high degradation efficiency account for only 4.2% of the 24
strains. Isolation on YMM containing DDT may have created a selective
growth conditions that favored these isolates.

Analysis of the Illumina Miseq data suggested that the diversity of
microbial community declinedwith time. Conversely, the relative abun-
dance of Pseudorhodoferax, Pseudoxanthomonas, Aminobacter, Dokdonell
and Hydrogenophaga within the community increased, of which
Pseudorhodoferax reached 53.8% and became the dominant genus.
Table 1 and Table 3 show that culture-dependent and -independent
methods provided two extremely different compositions of the micro-
bial consortia. The most abundant bacterial OTU Pseudorhodoferax, re-
covered by sequencing but do not correspond with the isolates
obtained via culturing method. Moreover, Pseudomonas was the most
frequently isolated by traditional culture method, but only represented
the 12th abundant OTU in the culture-independent dataset. Most of the
common OTUs belong to the Pseudoxanthomonas and Aminobacter. This
implied that the microbes selected by traditional culture-dependent
methods are not even representative of those highly competitive spe-
cies in complex environment. This phenomenon was similar to Stefani
et al., (2015) where only a minority of the bacterial OTUs were shared
between identification methods in hydrocarbon-contaminated soils,
none of the microbial isolates were identified as representatives of the
major bacterial OTUs recovered by 454-pyrosequencing. Carraro et al.
(2011) also reported similar results during Montasio cheese
manufacturing generating different cheese microbial community struc-
tures by the culture-dependent approach and the two culture-
independent approaches. The microbes captured by selective culturing
method were in low abundance or absent in the sequencing database,
this phenomenon indicated that the panorama of microbial community
composition in environment couldn't be restored by traditional culture
method. Therefore, we need to produce a general view of microbial
communities by using culture-independent methods, such as high-
throughput sequencing, as well as take into account the limitations as-
sociated with culture mediums. While our selective agar was identical
to that used for growth in the microcosm, we tried to isolate
Pseudorhodoferax and Rhodoferax, but the most abundant bacterial
OTU Pseudorhodoferaxwasnot isolated. The development of amore spe-
cific medium that is suitable for target strain growth and reproduction
will likely have more success in the future.
Streptomyces sp. D3 showed the highest DDT-degrading activity
(77%) after 7 days of incubation, which is higher than most of the
DDT-degrading bacteria reported previously. DDT-degrading microor-
ganisms have been reported tomineralize or cometabolize DDT and an-
alogues such as Alcaligenes sp. KK (cometabolize 66.5% of DDT) (Xie
et al., 2011); and Pseudomonas strain 12–3 (degrade up to 51% DDT in
8 days under liquid culture conditions) (Niu et al., 2012). Streptomyces
sp. D3, isolated in this study, is of interest due to its ability to degrade
PCB77 and PCNB. The degradation rates were 75% at a concentration
of 20 mg L−1 and 30% at a concentration of 40 mg L−1, respectively. In
comparison to othermicroorganisms that degrade PCB 77, the degrada-
tion rates of strain D3was relatively high. Recently, Wang et al. (2016b)
reported that PCB 77 biodegradation efficiency of Sinorhizobiummeliloti
NMwas 66.9% at an initial PCB 77 concentration of 1 mg L−1 in 12 days,
but the efficiency was only 21.5% at an initial concentration of
10mgL−1. In addition, Paenibacillus sp. KBC101 possessed 56% degrada-
tion activity to 10mg L−1 PCB 77 (Sakai et al., 2005),while Streptomyces
sp. D3 showed stronger biodegradation ability than S. meliloti NM and
Paenibacillus sp. KBC101 in a short period (7 days) at a high concentra-
tion (20 mg L−1). In short, D3 showed relatively strong degradation ac-
tivity toward DDT, PCB77 and PCNB, which maybe attribute to the
similar structure of these organochlorine compounds and some com-
mon metabolic pathways. Moreover, it is reported that Streptomyces
could produce dioxygenas, decarboxylase and hydrolase etc. which
could conduct dioxygenation, meta-ring cleavage, hydrolysis reactions
to degrade DDT, PCB (Fang et al., 2014).

5. Conclusions

The isolate, Streptomyces sp. D3 showed the highest DDT degrada-
tion ability and could also metabolize PCB77 and PCNB. The culture-
dependent and culture-independent methods provide two extremely
distinct views of the microbial consortia. By traditional culture method,
Pseudomonas was the most frequently isolated (percentage 16.7%) but
only represented the 12th most abundant OTU in the sequencing
dataset (relative abundance 0.9%). The most abundant bacterial OTU
Pseudorhodoferax (relative abundance 53.8%) observed by sequencing
was not recovered via culturing. This indicated that the traditional
culture-dependent methods cannot fully restore the microbial commu-
nity, thus we should produce a general view of microbial ecology by
high-throughput sequencing and obtain degrading microbes purpose-
fully with specific targeted isolation medium. Furthermore, an under-
standing of the structure and function of microbial community is
essential and maybe achieved through the study of artificial microbial
communities.
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