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Abstract Bacteria living in marine sediment play crucial
roles in the benthic—pelagic interface coupling process.
However, the complexity of the marine environment and
the abundance of interfering materials hamper metapro-
teomic research of the marine mudfiat environment. In this
study, a modified sequential protein extraction method was
used for marine mudflat sediment metaproteomic investi-
gation. For marine sediment samples in cultured clam
mudflat, more than 1000 protein spots were visualized in a
two-dimensional gel electrophoresis map and 78 % of 194
randomly selected spots were successfully identified by
mass spectrometry. We further applied this method to
compare long-term clam aquaculture and natural mudflat
sediment and identified 53 altered proteins from different
microbe resources, which belonged to different functional
categories or metabolic pathways. We found that proteins
involved in stress/defense response process, ATP regener-
ation and protein folding more inclined to increase
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abundance while arginine biosynthesis and signal trans-
duction process related proteins preferred to decrease in
clam cultured mudfiat sediment. Meanwhile, proteins were
abundant in pathogens of bivalves, such as Vibrio and
Photobacterium, and decreased in Acinetobacter, after
about 8 months clam cultured. Furthermore, the terminal
restriction fragment length polymorphism assay was per-
formed to compare microbial community composition
between sediments mentioned above. Results showed that
the top three enrich genera in natural sediment were Cy-
tophaga, Butyrivibrio and Spirochaeta, while Cytophaga,
Spirochaeta and Azoarcus were found enrichment in long-
term mudflat aquaculture sediment.

Keywords Marine mudflat sediment - Metaproteomics -
Mudflat aquaculture - Bacterial community

Introduction

Mudflat accounts for a certain proportion of marine sedi-
ment and is considered ideal for the development
of aquaculture (Karthik et al. 2005). It is well known that
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mudflat aquaculture is developing rapidly and becoming a
major mainstay in many coastal cities. However, owing to
the extreme physical and chemical characteristics of mar-
ine sediment, the biota of this vast habitat is largely
unknown, especially for microbes which play crucial roles
in the benthic—pelagic interface coupling process and fuel
material cycling (Findlay and Watling 1998). To date, the
extensive aquaculture has resulted in decreased produc-
tivity of food and environmental deterioration of natural
resource, which contribute to economic loss and marine
pollution (Gray 2002; Wang and Wall 2010; Wang et al.
2010). The stability of the mudflat sediment microbial
community likely has a large effect on the balance between
the marine ecosystem and aquaculture benefits. Therefore,
a thorough understanding of the microbial community in
marine mudflat aquaculture is necessary (Lomstein et al.
2012).

Recently, metaproteomic approaches have been rec-
ognized as a promising strategy to investigate the com-
position and function of the environmental microbial
community in situ, such as in soil, freshwater, acid mine
drainage, marine water, wastewater and marine cold seep
sediment (Siggins et al. 2012; Stokke et al. 2012;
VerBerkmoes et al. 2009). Among these researches,
sample preparation is a key procedure for further
microbial community analysis. Thus, many proteins
extraction methods were developed such as SDS alone,
SDS-TCA, SDS-phenol, NaOH-phenol and citrate—
phenol extraction (Abram et al. 2009; Chen et al. 2009;
Chourey et al. 2010; Erickson et al. 2010; Pierre-Alain
et al. 2007; Wang et al. 2011a). All these researches
largely improved our understanding of the microbial
community in marine sediment. However, due to the
complexity of the marine environment and the abundance
of interfering materials, the structure and function of
environmental microbial communities in marine sedi-
ment, especially in mudflat aquaculture sediment, is
poorly understood.

In this study, we introduced a protein extraction method
for mudflat sediment proteomics analysis, which was
modified from our previous crop soil metaproteomic study
(Wang et al. 2011a). Our results showed that this method
was suitable for obtaining the extra- and intracellular pro-
teins from marine sediment too. Then, altered proteins
between natural mudflat and long-term mudflat aquaculture
marine sediments were identified and compared by two-
dimensional gel electrophoresis (2-DE) combined with
MALDI TOF-TOF. Furthermore, the composition and
structure of the whole microbial community in mudflat
aquaculture marine sediments was analyzed by using the
terminal restriction fragment length polymorphism
(T-RFLP).

@ Springer

Materials and methods
Marine mudflat sediment samples collection

Marine sediment samples were collected from long-term
mudflat aquaculture areas which cultivated clam (Meretrix
meretrix) from January to August 2012 using a five-point
sampling strategy that includes the four corners and the
center of an aquatic farm. The site was located in Putian, a
city located in the southeastern Chinese province of Fujian
(25.18N, 119.08E). The samples were collected from the
top sediment (0—-10 cm) and mixed thoroughly. The sam-
ples were sealed and immediately stored at 4 °C. The
natural marine sediment (25.19N, 119.09E) was collected
using the same method at a nearby mudflat aquaculture
area that was never used for mudflat aquaculture.

Sample preparation

A extraction method was used to extract proteins from
fresh marine sediment sample as previously described,
which was modified by adding a second phenol extraction
and two water-wash steps (Wang et al. 2011a). Briefly,
about 2 g of marine sediment sample was homogenized
and extracted by shaking for 1 h with 5 mL SDS extracting
buffer (1.25 % w/v SDS, 0.1 M Tris—HCI, pH 6.8, 20 mM
DTT) at room temperature (RT) before being centrifuged at
12,000 rpm for 30 min at 4 °C. The supernatants were
filtered through nylon mesh (0.45 mm) and shaken for
15 min with 3 mL buffered phenol (pH 8.0) at RT. After
centrifugation (12,000 rpm, 4 °C) for 30 min, the super-
natants were collected and shaken with 3 mL buffered
phenol (pH 8.0) again. The phenol phases were combined
and washed (by shaking) for 15 min with 3 mL Milli-Q
water. This treatment was repeated twice. Afterwards,
these phases were separated by centrifugation (12,000 rpm,
4 °C) for 30 min. The proteins in the lower phenol phase
were precipitated with a fivefold volume of 0.1 M
ammonium acetate dissolved in methanol at —20 °C
overnight. Proteins were recovered by centrifugation
(12,000 rpm, 4 °C) for 30 min. The pellet was washed
once with cold methanol and twice with cold acetone. The
washed pellet was air-dried and then stored at —80 °C or
solubilized in sample buffer for further use.

2-DE separation of sediment proteins

2-DE PAGE was performed as described previously (Wu
et al. 2011). Briefly, 150 pg sediment proteins were dis-
solved in 7 M urea, 2 M thiourea, 65 mM DTT and 4 %
CHAPS and rehydrated in 24 cm IPG strips (pH 4-7). The
samples were separated by IEF in the first dimension, and
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then 12 % SDS-PAGE in the second dimension. The
preparative gels were stained with CBB R-250 and scanned
with Imagescanlll (Amersham Bioscience, Uppsala, Swe-
den). All data were collected from three independent
replicates and analyzed with the ImageMaster ™ 2D Plat-
inum software 5.0 (Amersham Bioscience, Uppsala, Swe-
den). Significantly changed spots were selected by rate
increased/decreased 1.5 fold or complete appearance and
disappearance.

Protein identification by mass spectrometry

Protein spots of interest were excised manually from gels
for mass spectrometric analysis as described previously
(Lin et al. 2012a). Briefly, each selected spot was digested
by 12.5 pg/mL trypsin (Promega, Madison, WI, USA) and
incubated at 37 °C overnight. A volume of 1 pL of the
solution was spotted onto stainless steel sample target
plates and analyzed by a Bruker UltraFlex III MALDI
TOF/TOF mass spectrometer (Bruker Daltonics, Bremen,
Germany) (Lin et al. 2012b). Mass spectra were obtained
for each sampled spot by accumulation of 600-800 laser
shots in the 800-5000 Da mass range. Both MS and MS/
MS data were interpreted and processed using Flexanalysis
3.0 (Bruker Daltonics, Bremen, Germany) and searched by
MASCOT search engine (v2.3, Matrix Science, London,
UK). Parameters selected included: the NCBInr database in
SwissProt, taxonomy of all entries, trypsin as the digestion
enzyme, at less two missed cleavage site, mass tolerance of
100 ppm, MS/MS mass tolerance of 0.6 Da, car-
bamidomethylation of cysteine for fixed modification, and
methionine oxidation for variable modification. The
MASCOT score (confidence > 95 %) higher 80 was used
as a highly conservative threshold for correct identification.
Proteins that matched at least two MS/MS peptides or three
peptide mass finger printings (PMFs) were subjected to
further identification. The biological functions of identified
proteins were classified according to the published reports.

Complex microbial community analysis by terminal
restriction fragment length polymorphism (T-
RFLP)

Total DNA from collected sediment samples was extracted
by using the high salt/SDS method with the following
modifications (Fang et al. 2013). Bacterial 16S rRNA gene
sequences were amplified with a 6-carboxyfluorescein-la-
beled primer 8F-FAM (5'-AGAGTTTGATCCTGGCT-
CAG-3’) and 926R (5-CCGTCAATTCCTTTRAGTTT-
3’). The reaction mixture consisted of 12.5 pL. Taq PCR
Master Mix (2X) (Sangon, Shanghai, China), 0.8 pL of
each primer (10 uM) and 20 ng template DNA in a final
volume of 25 pL. Cycling conditions were: initial

denaturation and enzyme activation at 94 °C for 5 min,
followed by 35 cycles of denaturation at 94 °C for 1 min,
annealing at 49.5 °C for 45 s, extension at 72 °C for 1 min,
followed by a final 5 min extension at 72 °C. Then, the
purified PCR products were digested with restriction
endonucleases Mspl and Haelll at 37 °C for 5 h, respec-
tively. The length of terminal restriction fragments (T-RFs)
were determined by the ABI 3730xl DNA sequencer
(Applied Biosystems, Foster City, CA, USA) in the
GeneScan mode.

Results
2DE profile of marine sediment

Acquiring high quality protein is the first important step for
metaproteomics analysis. We firstly tested the C—S-P-M
method (citrate buffer, SDS, and phenol extraction) in
marine sediment as our previously article used in crop soil,
while only showed about 300 spots with many horizontal
streaking in gel (data not show). Thus, a modified protein
extraction method was established with an additional
phenol extraction procedure for further protein extraction
in this study (Fig. 1). Approximately 1000 separated pro-
tein spots from marine long-term mudflat aquaculture
sediment were visualized (Fig. 2a). Proteins of both high
and low molecular weights were obtained, which con-
firmed that our method showed no discrimination in protein
extraction. Mass spectrometric analysis was conducted for
further protein identification. It should be mentioned that
one of the purpose of this study is to validate an extraction
method for mudflat sediment research, we did not identify
all of the visualized 2DE spots by MALDI TOF-TOF MS/
MS. A total of 98 spots were identified by MALDI PMF
combined with MS/MS, 32 spots by MS/MS alone, and 21
spots by MALDI PMF alone (Tables S1, S2, S3). Thus, a
total 151 of 194 randomly selected protein spots were
successfully identified with high resolution and repeata-
bility in Coomassie blue stained 2-DE gels.

Further functional analysis revealed that these proteins
could be sorted into eight categories based on their bio-
logical functions (Fig. 2b). The categories are stress and
defense responses (20 %), TCA pathway (12 %), protein
synthesis (11 %), amino acid metabolism (9 %), signal
transduction (4 %), ATP regeneration (4 %), unknown
functions (18 %) and others (22 %). Identified proteins also
showed various origins. They could be classified into nine
groups according to the best matching microbial sources
(Fig. 2¢), that is, Vibrio (35 %), Acinetobacter (16 %),
Shewanella (10 %), Photobacterium (10 %), Pseudomonas
(5 %), Lysinibacillus (3 %), Bacillus (2 %), Nitrosomonas
(2 %) and others (1.3 %). The various biological functions
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Fig. 1 Schematic
representation of the protein
extraction procedure from
marine sediment

Fig. 2 2-DE profile of proteins
extracted from marine long-
term mudflat aquaculture
sediment and analysis. a 150 pg
of protein was loaded on a

24 cm IPG strip with a linear
gradient of in the range pH 4-7
and separated by SDS PAGE in
the second dimension;

b biological functional
categories of marine long-term
mudflat aquaculture sediment
according to mass spectrometry
identification result; ¢ they
could be classified into nine
groups according to the best
matching microbial species
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and species of identified proteins further confirmed that this
protein extraction method is suitable for metaproteomic
research from complex marine sediment.

Differential expression of proteins between long-
term mudflat aquaculture and natural sediments

Using the modified protein extraction method described
above, we further compared the differential expression of
proteins from the microbial community between long-term
mudflat aquaculture and natural mudflat marine sediment.
A total of 53 altered proteins including 35 increase and 18
decrease abundance were identified between the two
groups (Table 1; Fig. 3a, b). Compared to the natural
mudflat sediment, up to 29.4 % increasing abundance of
best matching proteins were belong to Photobacterium,
including P. damselae (6 %), P. profundum (17 %) and
Photobacterium sp. (16 %), up to 23.5 % belong to Vibrio.,
including V. cholera (6 %), V. coralliilyticus (6 %), V.
furnissii (9 %) and V. vulnificus (2.9 %), about 17.6 %
were Shewanella sp. which included S. amazonensis (6 %),
S. denitrificans (2.9 %), S. oneidensis (2.9 %) and She-
wanella sp. (6 %, Fig. 3c). Most of them are fish pathogen
and indicate the survival environment for M. meretrix
getting worse after 8 months cultivated. Meanwhile, major
decreasing abundance of proteins were belong to Acineto-
bacter (up to 60 %) including A. baumannii (53 %) and
Acinetobacter sp. (7 %), which are human pathogens and
cause serious multidrug resistant problem in hospital while
looks harmless to most of fish (Fig. 3d; Qureshi et al.
2015). Interesting, two protein enzymes (Deoxyribose
phosphate aldolase and Ornithine carbamoyltransferase)
were decreased while GroEL, OmpU and ABC transporter
PotD were increased in Vibrio. That suggests the stress
response or nutrition transport proteins are more suscepti-
ble to over-express and intrinsic metabolic level of Vibrio
may prefer to decrease in long-term aquaculture mudflat.
The former concept was proofed by the biological func-
tions analysis of altered proteins (Fig. 3e). Total 10 unique
proteins (OmpU, OmpA, thiol specific antioxidant, putative
superoxide dismutase, DnaK, Hsp90, Hsp60, GroEL, porin,
putative immunogenic protein) related with stress/defense
response process increased in long-term mudflat while only
2 decreased (OmpA and superoxide dismutase), which
account for 30.3 and 13.3 % in total altered proteins,
respectively. Besides this, we also found ATP regeneration
(ATP synthase F1, ATP synthase subunit B, FOF1 ATP
synthase subunit beta and ATP synthase beta chain) and
protein folding related proteins more inclined to increase
and arginine biosynthesis related proteins preferred to
decrease. In general, activate the stress/defense response
system, make sure the correct protein folding, supply
plentiful ATP source and maintain the intrinsic metabolic

homeostasis, are essential characteristics for surviving in
the competitive ecology of microbial community in long-
term mudflat aquaculture.

The composition and structure of microbial
community in marine mudflat sediments

The T-RFLP phylogenetic assignment tool (PAT) was used
to analyze the bacterial community between long-term
mudflat aquaculture and natural sediments (Fig. 4). In
addition to unclassified bacterial phyla, 15 and 30 gen-
era of bacteria were identified in natural and long-term
mudflat aquaculture sediments, respectively. Several novel
genera of bacteria, such as Enterococcus, Sorangium,
Frankia, Thauera, Nitrosomonas and others appeared in
long-term mudflat aquaculture sediment but were absent
from the natural sediment. The largest genera proportion in
natural sediment was the bacteria belonging to Cytophaga
(26.9 %), followed by Butyrivibrio (7.69 %) and Spir-
ochaeta (7.69 %), while those belonging to Cytophaga
(12.5 %), followed by Spirochaeta (7.14 %), Azoarcus
(5.36 %) and Alicyclobacillus (5.36 %) were found in
highest proportions in long-term mudflat aquaculture sed-
iment. Several bacterial groups which determined by pro-
teomic analysis, such as Acinetobacter and Shewanella,
were not found in the genomic counterpart T-RFLP anal-
ysis, which might be attributed to complete genomic
information available to date on environmental microbes.
Therefore, it is necessary to combine results from different
approaches in order to get as much information as possible.

Discussion

To date, there is an increasing interest to understand the
function of the ecosystem and the structure of microbial
communities directly within their respective environments
(Georges et al. 2014; Narayanasamy et al. 2015). A variety
of powerful molecular analysis tools of environmental
samples, mostly based on the analysis of 16S rRNA genes,
have greatly improved our knowledge of the vast array of
microbial compositions and functions (Bowen et al. 2011;
Du et al. 2011; Vandieken and Thamdrup 2013). Recent
studies have shown that the protein expression level of
microorganisms even with similar genomes could cause
significant ecological differences (Kleiner et al. 2012).
Thus, extended marine mudflat aquaculture sediment pro-
tein identification is essential to understand sediment eco-
logical processes and the environmental factors that affect
the function of the marine aquaculture mudflat ecosystem.
Therefore, metaproteomics has become a powerful com-
plement of functional genomics for high throughput
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Fig. 3 Proteomics comparison
and analysis between
aquaculture and natural marine
mudflat sediment. a, b 2-DE
map of natural and long-term
mudflat aquaculture sediment;
¢, d microbial best matching
species categories analysis the
differentially increasing and
decreasing proteins between
two comparative groups,
respectively. e Biological
functional categories analysis

pH4

7 pH4 7

— 116 kDa
— 66

— 45

— 35

— 25

— 18
— 14

the percentage of differentially A

increasing and decreasing

proteins between two Photobacterium
comparative groups. Each profundum

related unique proteins numbers

17%

Others

are showed on the right of bars the

i

Shewanella
amazonensis
6% Shewasr,:‘ella

C

Stress/defense response
ATP regenetation

Protein location

TCA pathway

Protein folding

Singnal transduction

Arginine biosynthesis

analysis on the functional diversity of microbial commu-
nities (Maron et al. 2007).

However, due to the physical and chemical complexity
of marine sediment and the abundant existence of inter-
fering materials, the development of a direct, efficient, and
representative protein extraction from sediment samples
has become one of the most daunting tasks for metapro-
teomic applications (Findlay et al. 1990). In our previous
research, using SDS with phenol phase sequential extrac-
tion method, we successfully visualized about 1000 sepa-
rate spots in stained 2-DE gels and identified 189 spots
representing 122 proteins in crop soil (Wang et al. 2011a).
Since soil in land and sediment in mudflat have partly
similar properties due to the fact that they have both
complex microbial community habitat and contain similar
interfering materials such as humus, we’re looking forward
to the development of this extraction protocol from soil for
application in aquatic sediment protein research. After
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several optimized steps, a modified protein extraction for
marine sediment was established and successfully identi-
fied total 151 proteins by mass spectrometry after 2-DE
separation.

According to bioinformatics analysis, these identified
proteins participated in several important biological pro-
cess, such as signal transduction, TCA pathway, protein
synthesis and stress/defense response. It indicates a com-
plex interrelationship among diverse metabolic pathways
in the marine sediment ecosystem. Additionally, there are
still substantial protein spots failed to be identified by MS
(about 20 %) or have unknown functions (18 %), possibly
due to the incomplete environmental metaproteome data-
bases. An improved availability of protein databases
derived from environmental samples and de novo
sequencing strategies will undoubtedly facilitate protein
identification, environmental metaproteomic analysis and
functional interpretation.
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Fig. 4 Terminal restriction
fragment length polymorphism

munknown
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(T-RFLP) analysis of (/) the
relative abundances of bacterial
taxa in natural sediment and (2)
long-term mudflat aquaculture
sediment
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Furthermore, protein samples from marine long-term
mudflat aquaculture sediment and natural mudflat sedi-
ment were collected and compared by 2-DE combined
with mass spectrometry. A total 53 altered proteins was
identified which are involved in various metabolic
pathways, including TCA pathway, arginine biosynthesis
ATP regeneration, and stress/defense response functions.
Of these altered proteins, some heat shock or chaperone
proteins which relate to stress conditions (such as Hsp90,
GroeL, DnaK) from various microorganisms were found
to be abundant in mudflat aquaculture sediment, indi-
cating environmental ecology deterioration after long-
term mudflat aquaculture (Jarosz and Lindquist 2010;
Selby et al. 2011; Zingaro and Papoutsakis 2012). The
detection of these proteins suggests that protein refolding
may be integral to pathogens survival in sediment as a
response to exposure to environmental stresses (Sowell
et al. 2009).

Meanwhile, outer membrane proteins of gram-negative
bacteria play important roles on the stress/defense process.
OmpU in Vibrio, whose homologue mediates the adhesion
of V. mimicus to host cells and was investigated as a vac-
cine candidate against V. harveyi infection in turbot, was
increased abundance in mudflat aquaculture sediment (Liu
et al. 2015; Wang et al. 2011b). Furthermore, we found an
outer membrane protein, OprD family protein in Photo-
bacterium which best matching P. mendocina (gi:
146306292) increased after aquaculture cultured. It is
interesting that P. mendocina is not a common pathogen in
fisheries and has been implicated as a candidate for the
bioremediation of ecosystems damaged by man-made
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pollutants (Ramos-Gonzalez et al. 2003). Based on the fact
that OprD is a specific porin which facilitates the uptake of
basic amino acids and nutrient, this bacteria may play a
role as a cleaner on the degradation of organic or toxic
compounds in mudflat aquaculture sediment (Tamber and
Hancock 2006; Tamber et al. 2006).

Additionally we found several outer membrane proteins
which construct the base frame of gram-negative bac-
terium, fluctuated in different species as well (Kavaliauskas
et al. 2012). For example, OmpA was found to be abundant
in best matching pathogen S. amazonensis but down-reg-
ulated in A. baumannii. Compared to bacterial community
of nature sediment, most of increasing abundant proteins
was belong to common pathogens of bivalves, such as V.
furnissii, V. cholerae, P. profundum and S. amazonensis in
clam cultured sediment while down-regulated proteins
were found in A. baumannii, which presents harmless to
most of aquatic livestock (Yue et al. 2010). Thus, the
variation tendency of Vibrio sp., Photobacterium sp. and
Acinetobacter may be potential indicators for farmed clam
ecosystem evaluation. Our findings suggest a complex
ecological sediment environment where in various
microorganisms compete with one another for nutrition and
survival after long-term aquaculture.

Acknowledgments This work was sponsored by the National Nat-
ural Science Foundation of China (No. 31200105 41276133,
31470238 and J1210050), the Fujian Agricultural and Forestry
University Foundation for Distinguished Young Scholars (No.
XJQ201201), the Fundamental Research Funds for the Central
Universities (CXB2011020) and the Special Research Foundation for
Public Welfare Marine Program (No. 201005012).



World J Microbiol Biotechnol (2015) 31:1397-1408

1407

Compliance with Ethical Standards

Conflict of interest The authors have declared that no competing
interests exist.

References

Abram F, Gunnigle E, O’Flaherty V (2009) Optimisation of protein
extraction and 2-DE for metaproteomics of microbial commu-
nities from anaerobic wastewater treatment biofilms. Elec-
trophoresis 30(23):4149-4151. doi:10.1002/elps.200900474

Bowen JL, Ward BB, Morrison HG, Hobbie JE, Valiela I, Deegan
LA, Sogin ML (2011) Microbial community composition in
sediments resists perturbation by nutrient enrichment. ISME J
5(9):1540-1548. doi:10.1038/ismej.2011.22

Chen S, Rillig MC, Wang W (2009) Improving soil protein extraction
for metaproteome analysis and glomalin-related soil protein
detection. Proteomics 9(21):4970-4973

Chourey K, Jansson J, VerBerkmoes N, Shah M, Chavarria KL, Tom
LM, Brodie EL, Hettich RL (2010) Direct cellular lysis/protein
extraction protocol for soil metaproteomics. J Proteome Res
9(12):6615-6622

Du J, Xiao K, Huang Y, Li H, Tan H, Cao L, Lu Y, Zhou S (2011)
Seasonal and spatial diversity of microbial communities in
marine sediments of the South China Sea. Antonie Van
Leeuwenhoek 100(3):317-331. doi:10.1007/s10482-011-9587-9

Erickson BK, Mueller RS, VerBerkmoes NC, Shah M, Singer SW,
Thelen MP, Banfield JF, Hettich RL (2010) Computational
prediction and experimental validation of signal peptide cleav-
ages in the extracellular proteome of a natural microbial
community. J Proteome Res 9(5):2148-2159. doi:10.1021/
pr900877a

Fang C, Zhuang Y, Xu T, Li Y, Li Y, Lin W (2013) Changes in rice
allelopathy and rhizosphere microflora by inhibiting rice pheny-
lalanine ammonia-lyase gene expression. J Chem Ecol
39(2):204-212. doi:10.1007/s10886-013-0249-4

Findlay RH, Watling L (1998) Seasonal variation in the structure
of a marine benthic microbial community. Microb Ecol
36(1):23-30

Findlay RH, Trexler MB, Guckert J, White DC (1990) Laboratory
study of disturbance in marine sediments: response of a
microbial community. Mar Ecol Prog Ser Oldend 62(1):121-133

Georges AA, El-Swais H, Craig SE, Li WK, Walsh DA (2014)
Metaproteomic analysis of a winter to spring succession in
coastal northwest Atlantic Ocean microbial plankton. ISME J
8(6):1301-1313. doi:10.1038/isme;j.2013.234

Gray JS (2002) Biomagnification in marine systems: the perspective
of an ecologist. Mar Pollut Bull 45(1-12):46-52

Jarosz DF, Lindquist S (2010) Hsp90 and environmental stress
transform the adaptive value of natural genetic variation. Science
330(6012):1820-1824. doi:10.1126/science.1195487

Karthik M, Suri J, Saharan N, Biradar R (2005) Brackish water
aquaculture site selection in Palghar Taluk, Thane district of
Mabharashtra, India, using the techniques of remote sensing and
geographical information system. Aquacult Eng 32(2):285-302

Kavaliauskas D, Nissen P, Knudsen CR (2012) The busiest of all
ribosomal assistants: elongation factor Tu. Biochemistry
51(13):2642-2651

Kleiner M, Wentrup C, Lott C, Teeling H, Wetzel S, Young J, Chang
YJ, Shah M, VerBerkmoes NC, Zarzycki J, Fuchs G, Markert S,
Hempel K, Voigt B, Becher D, Liebeke M, Lalk M, Albrecht D,
Hecker M, Schweder T, Dubilier N (2012) Metaproteomics of a
gutless marine worm and its symbiotic microbial community

reveal unusual pathways for carbon and energy use. Proc Natl
Acad Sci USA 109(19):E1173-E1182. doi:10.1073/pnas.
1121198109

Lin X, Cook TJ, Zabetian CP, Leverenz JB, Peskind ER, Hu S-C,
Cain KC, Pan C, Edgar JS, Goodlett DR, Racette BA,
Checkoway H, Montine TJ, Shi M, Zhang J (2012a) DJ-1
isoforms in whole blood as potential biomarkers of Parkinson
disease. Sci  Rep 2:954. http://www.nature.com/srep/
2012/121211/srep00954/abs/srep00954.html#supplementary-
information

Lin XM, Wang C, Guo C, Tian YM, Li H, Peng XX (2012b)
Differential regulation of OmpC and OmpF by AtpB in
Escherichia coli exposed to nalidixic acid and chlortetracycline.
J Proteomics 75(18):5898-5910

Liu X, Gao H, Xiao N, Liu Y, Li J, Li L (2015) Outer membrane
protein U (OmpU) mediates adhesion of Vibrio mimicus to host
cells via two novel N-terminal motifs. PLoS ONE
10(3):e0119026. doi:10.1371/journal.pone.0119026

Lomstein BA, Langerhuus AT, D’Hondt S, Jorgensen BB, Spivack AJ
(2012) Endospore abundance, microbial growth and necromass
turnover in  deep  sub-seafloor  sediment.  Nature
484(7392):101-104. doi:10.1038/nature 10905

Maron P-A, Ranjard L, Mougel C, Lemanceau P (2007) Metapro-
teomics: a new approach for studying functional microbial
ecology. Microb Ecol 53(3):486-493

Narayanasamy S, Muller EE, Sheik AR, Wilmes P (2015) Integrated
omics for the identification of key functionalities in biological
wastewater treatment microbial communities. Microb Biotech-
nol. doi:10.1111/1751-7915.12255

Pierre-Alain M, Christophe M, Severine S, Houria A, Philippe L,
Lionel R (2007) Protein extraction and fingerprinting
optimization of bacterial communities in natural environ-
ment. Microb Ecol 53(3):426-434. doi:10.1007/s00248-006-
9121-1

Qureshi ZA, Hittle LE, O’Hara JA, Rivera JI, Syed A, Shields RK,
Pasculle AW, Emst RK, Doi Y (2015) Colistin-resistant
Acinetobacter baumannii: beyond carbapenem resistance. Clin
Infect Dis. doi:10.1093/cid/civ048

Ramos-Gonzalez MI, Ben-Bassat A, Campos MJ, Ramos JL (2003)
Genetic engineering of a highly solvent-tolerant Pseudomonas
putida strain for biotransformation of toluene to p-hydroxyben-
zoate. Appl Environ Microbiol 69(9):5120-5127

Selby K, Lindstrom M, Somervuo P, Heap JT, Minton NP, Korkeala
H (2011) Important role of class I heat shock genes hrcA and
dnaK in the heat shock response and the response to pH and
NaCl stress of group I Clostridium botulinum strain ATCC 3502.
Appl Environ Microbiol 77(9):2823-2830. doi:10.1128/AEM.
02633-10

Siggins A, Gunnigle E, Abram F (2012) Exploring mixed microbial
community functioning: recent advances in metaproteomics.
FEMS Microbiol Ecol 80(2):265-280. doi:10.1111/j.1574-6941.
2011.01284.x

Sowell SM, Wilhelm LJ, Norbeck AD, Lipton MS, Nicora CD,
Barofsky DF, Carlson CA, Smith RD, Giovanonni SJ (2009)
Transport functions dominate the SAR11 metaproteome at low-
nutrient extremes in the Sargasso Sea. ISME J 3(1):93-105.
doi:10.1038/ismej.2008.83

Stokke R, Roalkvam I, Lanzen A, Haflidason H, Steen IH (2012)
Integrated metagenomic and metaproteomic analyses of an
ANME-1-dominated community in marine cold seep sediments.
Environ Microbiol 14(5):1333-1346. doi:10.1111/§.1462-2920.
2012.02716.x

Tamber S, Hancock RE (2006) Involvement of two related porins,
OprD and OpdP, in the uptake of arginine by Pseudomonas
aeruginosa. FEMS Microbiol Lett 260(1):23-29. doi:10.1111/j.
1574-6968.2006.00293.x

@ Springer


http://dx.doi.org/10.1002/elps.200900474
http://dx.doi.org/10.1038/ismej.2011.22
http://dx.doi.org/10.1007/s10482-011-9587-9
http://dx.doi.org/10.1021/pr900877a
http://dx.doi.org/10.1021/pr900877a
http://dx.doi.org/10.1007/s10886-013-0249-4
http://dx.doi.org/10.1038/ismej.2013.234
http://dx.doi.org/10.1126/science.1195487
http://dx.doi.org/10.1073/pnas.1121198109
http://dx.doi.org/10.1073/pnas.1121198109
http://www.nature.com/srep/2012/121211/srep00954/abs/srep00954.html%23supplementary-information
http://www.nature.com/srep/2012/121211/srep00954/abs/srep00954.html%23supplementary-information
http://www.nature.com/srep/2012/121211/srep00954/abs/srep00954.html%23supplementary-information
http://dx.doi.org/10.1371/journal.pone.0119026
http://dx.doi.org/10.1038/nature10905
http://dx.doi.org/10.1111/1751-7915.12255
http://dx.doi.org/10.1007/s00248-006-9121-1
http://dx.doi.org/10.1007/s00248-006-9121-1
http://dx.doi.org/10.1093/cid/civ048
http://dx.doi.org/10.1128/AEM.02633-10
http://dx.doi.org/10.1128/AEM.02633-10
http://dx.doi.org/10.1111/j.1574-6941.2011.01284.x
http://dx.doi.org/10.1111/j.1574-6941.2011.01284.x
http://dx.doi.org/10.1038/ismej.2008.83
http://dx.doi.org/10.1111/j.1462-2920.2012.02716.x
http://dx.doi.org/10.1111/j.1462-2920.2012.02716.x
http://dx.doi.org/10.1111/j.1574-6968.2006.00293.x
http://dx.doi.org/10.1111/j.1574-6968.2006.00293.x

1408

World J Microbiol Biotechnol (2015) 31:1397-1408

Tamber S, Ochs MM, Hancock RE (2006) Role of the novel OprD
family of porins in nutrient uptake in Pseudomonas aeruginosa.
J Bacteriol 188(1):45-54. doi:10.1128/JB.188.1.45-54.2006

Vandieken V, Thamdrup B (2013) Identification of acetate-oxidizing
bacteria in a coastal marine surface sediment by RNA-stable
isotope probing in anoxic slurries and intact cores. FEMS
Microbiol Ecol 84(2):373-386. doi:10.1111/1574-6941.12069

VerBerkmoes NC, Denef VJ, Hettich RL, Banfield JF (2009) Systems
biology: functional analysis of natural microbial consortia using
community proteomics. Nat Rev Microbiol 7(3):196-205

Wang F, Wall G (2010) Mudflat development in Jiangsu Province,
China: practices and experiences. Ocean Coast Manag
53(11):691-699

Wang G, XieJ, Yin G, YuD, Yu E, Wang H, Gong W (2010) Influences
of aquiculture on ecological environment. Int J Biol 2(2):158-164

Wang HB, Zhang ZX, Li H, He HB, Fang CX, Zhang AJ, Li QS,
Chen RS, Guo XK, Lin HF, Wu LK, Lin S, Chen T, Lin RY,
Peng XX, Lin WX (2011a) Characterization of metaproteomics

@ Springer

in crop rhizospheric soil. J Proteome Res 10(3):932-940. doi:10.
1021/pr100981r

Wang Q, Chen J, Liu R, Jia J (2011b) Identification and evaluation of
an outer membrane protein OmpU from a pathogenic Vibrio
harveyi isolate as vaccine candidate in turbot (Scophthalmus
maximus). Lett Appl Microbiol 53(1):22-29. doi:10.1111/j.1472-
765X.2011.03062.x

Wu L, Wang H, Zhang Z, Lin R, Lin W (2011) Comparative
metaproteomic analysis on consecutively Rehmannia glutinosa-
monocultured rhizosphere soil. PLoS ONE 6(5):e20611. doi:10.
1371/journal.pone.0020611PONE-D-11-02860

Yue X, Liu B, Xiang J, Jia J (2010) Identification and characterization
of the pathogenic effect of a Vibrio parahaemolyticus-related
bacterium isolated from clam Meretrix meretrix with mass
mortality. J Invertebr Pathol 103(2):109-115

Zingaro KA, Papoutsakis ET (2012) Toward a semisynthetic stress
response system to engineer microbial solvent tolerance. MBio
3(5):e00308-12. doi:10.1128/mBi0.00308-12


http://dx.doi.org/10.1128/JB.188.1.45-54.2006
http://dx.doi.org/10.1111/1574-6941.12069
http://dx.doi.org/10.1021/pr100981r
http://dx.doi.org/10.1021/pr100981r
http://dx.doi.org/10.1111/j.1472-765X.2011.03062.x
http://dx.doi.org/10.1111/j.1472-765X.2011.03062.x
http://dx.doi.org/10.1371/journal.pone.0020611PONE-D-11-02860
http://dx.doi.org/10.1371/journal.pone.0020611PONE-D-11-02860
http://dx.doi.org/10.1128/mBio.00308-12

	Metaproteomic analysis of bacterial communities in marine mudflat aquaculture sediment
	Abstract
	Introduction
	Materials and methods
	Marine mudflat sediment samples collection
	Sample preparation
	2-DE separation of sediment proteins
	Protein identification by mass spectrometry
	Complex microbial community analysis by terminal restriction fragment length polymorphism (T-RFLP)

	Results
	2DE profile of marine sediment
	Differential expression of proteins between long-term mudflat aquaculture and natural sediments
	The composition and structure of microbial community in marine mudflat sediments

	Discussion
	Acknowledgments
	References




