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New technologies are providing unprecedented knowledge into microbial community structure and
functions. Even though nucleic acid based approaches provide a lot of information, metaproteomics
could provide a high-resolution representation of genotypic and phenotypic traits of distinct microbial
communities. Analyzing the metagenome from different microbial ecosystems, metaproteomics has been
applied to seawater, human guts, activated sludge, acid mine drainage biofilm, and soil. Although these
studies employed different approaches, they elucidated that metaproteomics could provide a link
among microbial community structure, function, physiology, interaction, ecology, and evolution. These
approaches are reviewed here to help gain insights into the function of microbial community in

ecosystems.
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Marine
(seawater)

Environmental samples

Biofilm, etc

Activated
sludge

Samples collection, extraction, and preparation: seawater [membrane, tangential flow (concentration with centrifugation)],
cell washing and cell lysis or disruption [sonication, homogenization, bead beating (bead mill), French press]

Gel-based

[ 1-D & 2-D PAGE ’

Protein isolation

. e N
(separation) Image analysis,
spot/band excision,
in-gel trypsin digestion
‘ J
f 2\
] MALDI-ToF-MS(/MS),
Various types of MALDI-ToF-ToF-MS,
mass spectrometry Q-ToF-MS,
MS/MS spectra )

‘ Trypsin digestion ’
|
S
2-D nano-LC [Strong
cation exchange reverse
phase (SCX-RP) etc.]

- | J
4 A
LCQ-MS, LTQ-MS,
ESI-MS/MS,

MS/MS spectra
\- J

Protein
identification

Peptide mass fingerprint,
Mascot or sequest database search,
Metagenome sequences

de novo peptide sequence,
Homology search for related
protein sequences,
BLAST, MS BLAST database search

Fig. 1. Metaproteomic analysis strategies. Abbreviations: 1-D and 2-D PAGE, one and two-dimensional polyacrylamide gel electrophoresis;
2-D-nano-LC, two-dimensional nano liquid chromatography; MS, mass spectrometry; LCQ, liquid chromatography electrospray 3D quadrupole
ion trap; LTQ, liquid chromatography electrospray 2D linear ion trap; ESI, electrospray ionization, MALDI-ToF, matrix-assisted laser desorption-

ionization time-of-flight; Q-ToF, quadrupole time-of-flight.
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Table 1. Summary of collection, extraction, or preparation methods/techniques used in various metaproteome
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Sources Collection, extraction, or preparation methods/techniques References
Marine
Seawater Solubilization (0.01% SDS), pre-filtration (0.2 um pore size), concentration by tangential flow (24)
(The Gulf of Mexico) ultrafiltration (10 kDa cut off) and methanol/chloroform/water precipitation (seawater: 60 liters)
Seawater Pre-filtration (3 pum pore size), concentration by tangential flow ultrafiltration (30 kDa cut (14)
(Chesapeake Bay, USA) off) and analyze Chesapeake Bay (upper, middle and lower bay) microbial community (0.2 to
3.0 pm, seawater: 5 L)
Seawater Solubilization (dodesyl maltoside), pre-filtration (0.8 um pore size), concentration (10 m, 40 9)
(5 miles offshore liters) by tangential flow ultrafiltration (30 kDa cut off).
Newport, Oregon, USA)
Seawater Concentration [surface water (5 m, 210 L or 240 L) by tangential flow ultrafiltration (30 kDa (30, 31)
(Sargasso sea) cut off). 1] Global and soluble/insoluble protein preparation with bead beating (NH4HCOj3
buffer) 2) Global and soluble/insoluble protein preparation with tetrafluoroethylene
(chemically lysed)
Human
Fecal microbiota (Infant Fecal samples (0.5 g; infant A: at days 8, 24, and 41; infant B: at days 103, 117, and 144). (15)
gastrointestinal tract)  Fecal samples were resuspended in PBS and vortexed with bead beating.
Fecal microbiota (Gut) Two fecal samples (Samples 7 and 8) collected from two healthy female identical twins (born (36)
in 1951). Fecal samples were thawed at +4°C and microbial cells (~100 mg) were extracted
from the bulk fecal material by differential centrifugation. This cell extraction method has
previously been found to result in a highly enriched bacterial fraction from complex samples,
such as soil and chicken feces.
Soil
Rhizosphere Ground in liquid nitrogen and solubilized in 80 mM citric acid, 1% (w/v) C7Bz0 detergent, 7 M 8)
(Arabidopsis halleri) urea, 2 M thiourea, protease inhibitor cocktail, centrifuging at 40,000xg for 2 min and the
supernatant proteins were precipitated and recovered by centrifugation at 20,000xg for 15 min.
Contaminated soil Extraction of proteins from 5 g of soil, removal of humic compounds, precipitation, and 3)
groundwater washing of proteins
(Chlorobenzene)
Sediments Ultrasonication bath (500 ml of sediment), combined pellets (20 mM Tris-HCl; pH 7.5), 4
(Coal hydrogenation and removal of sulfide compounds and washing pellets (repeated washing steps)
benzene plant)
Agriculture soil Sequential extaction method in citrate and SDS buffers (1 g of soil), followed by phenol (6)
extraction
Soil sediment Boiling method and freeze-thaw method (19)
wastewater 1 g of soil, 1 g of sediment, and 10 ml of wastewaer
Soil water Filtered through a 0.2 um acetate filter. Membrane proio to freeze-drying. Bulk soil sampled (27)
Lake water were dried, and passed through a 2-mm sieve. Humic acids and other small molecules were
removed from the soil solution by size exclusion gel filtration over Sepharose 4B
Soil sample Bead beating, sonication, vortex or chemical lysis (1 g of soil). Isolation of microbial cells (29)
before protein extraction
Agriculture soil Direct extraction, phenol buffer protein extraction (10 or 20 g of soil). Seperation of (32)
microorganisms from 10 or 20 g of soil
Activated sludge
Anaerobic sludge Extraction of proteins from 50 ml of sludge. French press protocol and sonication protocol, 1
granules nuclease treatment, protein (supernatants) preparation by centrifugation
Waste activated sludge Extraction of proteins from 3 L of sludge. Base extraction (at pH 10.5) and CER (DOWEX) (21)
extraction, centrifugation, filtration (1.5 um filters), precipitation ((NH4)2SO4)
Aromatoleum Mixed consortium of Aromatoleum aromaticum EbN1 and the enrichment culture UFZ-1. (12)
aromaticum EbN1 Cell harvesting and lysis, protein precipitation (acetone)
Complex activated Extraction of proteins from 2 L of sludge. Precipitation (TCA), denaturation and reduction (38)

sludge community from
lab-scale sequencing
batch reactor (SBR)

(6 M guanidine, 10 mM DTT), digestion (trypsin), desalting, filtration, concentration
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Table 1. Continued

Sources

Collection, extraction, or preparation methods/techniques

References

Activated sludge from
lab-scale SBR

Extraction of proteins from 2 L of sludge. Washing (0.9% w/v NaCl), cell lysis (French
press, UTCHAPS lysis buffer), precipitation (TCA), washing (50 mM Tris and 80% v/v

(39, 43)

acetone), resuspending (low-, high-stringency buffers)

Activated sludge from

Extraction of proteins from 2 L of sludge. Washing (0.9% w/v NaCl), cell lysis (French (41)

lab-scale SBR press, UTCHAPS lysis buffer), precipitation (TCA), washing (50 mM Tris and 80% v/v
acetone), resuspending (low-stringency buffer)
Wastewater
Microbial community in a Cell harvesting, washing, resuspending (1st lysis buffer), 1st cell lysis (sonication), (16)

continuous-flow wastewater resuspending (2nd lysis buffer), 2nd cell lysis (sonication), combined protein (supernatants)

treatment bioreactor preparation
Freshwater
Natural freshwater samples Extraction of proteins from 0.6 L of freshwater. Centrifugation, resuspending (0.8% w/v (22)

(The Kir lake, Dijon,
Burgundy, France)

Freshwater samples
(San Diego creek, USA)

Biofilm
Microbial biofilm
(The Richmond mine at
Iron Mountain, near

NaCl), cell extraction (Nycodenz density gradient), washing (0.8% w/v NaCl, H>O), cell
harvesting, cell lysis (sonication), protein purification and concentration (cleanup kit)

Extraction of proteins from 15 L of sludge. Cell harvesting, resuspending, cell lysis (20)
(sonication), protein (supernatants) preparation by centrifugation

Pink biofilms grew on the surface of sulfuric acid-rich (pH ~0.8), ~42°C solutions that (25)
contain near-molar concentrations of Fe and millimolar concentrations of Zn, Cu, and As.
Leptospirillum group II dominated the sample, but it also contained Leptospirillum group

Redding, California, USA) 1II, Sulfobacillus, and Archaea related to Ferroplasma acidarmanus and “G-plasma”

Jobtele] sfkzAdME BAYE 2R oA o
T 245 Huslsly] 93 e e WEol
=] tH(Table 4).

al

Y L

X 5O
S E 2

o

olZto] HEIZRE|QUA HF7

Klaassens 5ol 2Jal|A] Q17| wElZ 2 E|g #2440 XS0
Z o]FoF =], 4o} vjdE-2] Tl AL bead beating (15)
I 28 4482, 36) WHOE FE2HJ oM, gel-based W
Hog BEXAMEQcKTables 1 and 2). AlA¥ole] A EZRE]
Helz 2 ee E4743 Zhl v]AYE2] bifidobacteriaZ} F<
S7kstel 893 117990 242} 45% 9k 63%7HA] $-38h=
o2 w3 o, Bifidobacterium infantist B. longum]
2 98 tiAl A=) FSk= transaldolase”} 7 =
e Aog UEPHTH15). Verberkmoes 5-& A2 HjA
25E wElrEHE0] 50% oldo] djd WY, oy
A BslE tialedl sk PAE el @A ds Hell
3, 30% ool Izt WHEkge] THE g JERels,
scavenger receptor cycteine-rich (SRCR) ©Hi&, g=uks- 5
of Tfsh= ATt FrEe TNAEAS Y WTHTable 4).

0 O . ok

>

E2o| HEIZRHQYA X7

EcfollA giiAs FEsh=d] oA 7P Fofsor & A
2 B2 HES fU1ES FUEY] 850 AARd A
th3, 27). = W tigk g 71 AF dE B9, EY
o gRE 84 dulde]l & H|5HI freeze-thaw, bead
beating W'Ho] k. EES A AS}7] 98 SDS, phenol F
= e Z28S AE3PIE FKe, 19, 27, 29, 32).

rlo

EF ajde I o] A, Brmo] Bold B4l &

2
gt oj#d2o] Ut} Chen 52 dyro] oz Aish= T
@A glomaling 7E3}7] 91814 immunoblotting WH-2-
AREEIATHE). s LGAlCA AEiE ofr 1t
(Arabidopsis halleri)®] T35 et 382 &3 @y
e T FadAl g ol =H] B B B o
o] Za3t IS k= ASE YIS HTHTable 4).

o:
Ee)

EYE X2 HEIZZEH QA A7

Wilmes 5-& 3|54 3h&e]x] 9hS7]|22E] vElZ2y)
=9 7= B T4 IS Tt < AA - HA drHA
2 AIRKEIATH39, 41, 43). o5 &EF vElZZE Qu~

e B3l <) Aol Bofshe Wl wolArt s,
AP £, 2SN A A2 HefFITHE AL
g 3IATH38)

324 AdEeA weTIERE dEA e FE5 Sl
of7kA] WEe] Al=EaL, Zh g W Table 1°]]
fofsidlth vlElZ 2 oYX Y& =Yor S A
o3k A& slrAlE] 37 5 A AlA A Al ERlisk=
etz = EEol thet AEH E40] 7oz A=
Rl AAel k= vd=e] AE7E BeiA|aL, o] Z2E|
ek 314 Fske] 1 AlA 3Gl gk ASZ< olsl7t 7t
5ot EATK(Table 4).

M=ato| HEIZ2HIIA A7
2|0} Richmond @] Aol AHE A4 B
H|9*acid mine drainage) A4E& pH 0.8 ©]sle] H3} A&



et e u 0] AT Faf

Table 2. Summary of isolation, purification, and identification methods/ techniques used in various metaproteome
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Sources Isolation (separation) and identification methodology/techniques References
Marine
Seawater Detergent (0.01% SDS), gel-based: 1-D PAGE and 1-D-LC-MS/MS. Gel-free: 1-D and (24)
(the Gulf of Mexico) 2-D-LC-MS/MS. CID spectra. Databases searching with Sequest. de novo sequencing and
sequence Tag search. (peptides and proteins identification)
Seawater Gel-based: 1-D, 2-D PAGE and MALDI-TOF or LC-MS/MS. MALDI and MS/MS spectra. (14)
(Chesapeake Bay) Databases searching with Mascot. de novo sequencing and sequence databases searching
with MS-BLAST (NCBI, peptides and proteins identification).
Seawater (5 miles offshore Detergent (dodesyl maltoside), gel-based: 1-D PAGE, MALDI-MS and tandem MS. )
Newport, Oregon) Databases searching with Mascot.
Seawater Sample cleanup [using C18 solid phase extraction (SPE) column or a strong cation 31)
(Sargasso sea) exchange (SCX) SPE column] and SCX sample fractionation. Gel-free: LC-MS/MS. MS/MS
spectra. Databases searching with Sequest.
Human
Fecal microbiota (Infant Gel-based: 2-D PAGE and MALDI-TOF (MS). Databases searching with BLASTP (NCBI). (15)
gastrointestinal tract) de novo sequencing and sequence Tag search
Fecal microbiota (Gut)  Gel-free: a non-targeted, shotgun mass spectrometry-based whole community proteomics, or (36)
metaproteomics (2-D-LC-MS/MS). MS/MS spectra. Databases searching with Sequest.
Soil
Rhizosphere Cysteine reduction and alkylation, gel-based: 2-D PAGE and nanoflow HPLC ESI-Q-TOF ®)
(Arabidopsis halleri) MS. Gel analysis (PDQuest software v7.3.0, BioRad)
Contaminated soil Gel based: 1-D, 2-D PAGE and 2-D-nano LC (reversed phase, RP)-MS/MS. Database 3)
groundwater searching with Mascot against NCBI or Spectrum Mill
(Chlorobenzene)
Sediments (Coal hydro-  Gel based: 1-D, 2-D PAGE and nano-LC (RP)-ESI-MS, LTQ Orbitrap XL, Database 4
genation and benzene plant) searching with Mascot.
Agriculture soil Gel based: 1-D, 2-D PAGE and immunoblotting 6)
Soil sediment, Wastewater PAGE, fingerprint analysis (19, 32)
Soil water, Lake water  Gel based: 1-D PAGE, hybrid Qstar XL MS, database searching with Mascot. (29)
Activated sludge
Anaerobic sludge granules Sample cleanup (2-D clean up kit), 2-D PAGE, gel analysis (PDQuest-Advanced software v8.0.1) (€))
Waste activated sludge  Gel-based: 1-D PAGE and LC-MS/MS. MS/MS spectra. Databases searching with Mascot. 21)
Aromatoleum aromaticum  Gel-based: 2-D PAGE and MALDI-MS. MS/MS spectra. Databases searching with BioTools (12)
EbN1 v3.0 and Mascot.
Complex activated sludge Gel-free: 2-D LC (SCX-RP)-MS/MS. MS/MS spectra. Databases searching with Sequest. (36)
community
Activated sludge from  Gel-based: 2-D PAGE, MALDI-ToF MS and Q-ToF MS/MS. MS/MS spectra. Databases (43)
lab-scale SBR searching with Mascot.
Activated sludge from 2-D PAGE, gel analysis (PDQuest software v7.3.0) (41)
lab-scale SBR
Activated sludge from  Gel-based: 2-D PAGE, MALDI-ToF MS and Q-ToF MS/MS. MS/MS spectra. Databases 39)
lab-scale SBR searching with Mascot. de novo sequencing and sequence databases searching with BLASTP.
Wastewater
Microbial community in a Gel-based: 2-D PAGE, MALDI-TOF-TOF MS/MS. MS/MS spectra. Databases searching (16)
continuous-flow wastewater with Mascot. de novo sequencing and sequence databases searching with MS-BLAST.
treatment bioreactor
Freshwater
Natural freshwater samples 1-D PAGE, fingerprint analysis (22)
Biofilm
Microbial biofilm (The  Gel-free: using genomic and shotgun mass spectrometry (MS)-based proteomic methods (25)

Richmond mine at Iron
Mountain, near Redding,
California)

(2D-nano-LC MS/MS). MS/MS spectra. Databases searching with BLASTP.
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Table 3. Databases for peptide mass fingerprinting and protein identification

Databases Website References
ExPASy http://www.expasy.ch Mirror Sites (Australia, Brazil, Canada, China, Korea)
PIR-PSD http://pir.georgetown.edu/pirwww/dbinfo/pir_psd.shtml Protein Information Resource
PIR-NREF http://pir.georgetown.edu/pirwww/dbinfo/nref.shtml PIR-PSD, SwissProt, TTEMBL, RefSeq, GenPept,
and PDB
UniProt www.uniprot.org/ Swiss-Prot, TTEMBL, and PIR-PSD

IPI (International
Protein Index)

NCBI (National Center
for Bioinformation
Technology)

MS-Fit
Mascot
Peptident
ProFound

MassSearch

PeptideSearch

PFAM

Phylofacts

MEGAN

Metagenomics RAST
server

CAMERA

Integrated microbial
genomes with microbiome
samples (IMG/M)

Human oral microbiome
database

SEED

Sequest

http://www.ebi.ac.uk/IPI/IPThelp.html

http://www.ncbi.nlm.nih.gov/
http://www.ionsource.com/

http://prospector.ucsf.edu/ prospector/mshome.htm
http://www.matrixscience.com/search_form_select.html
http://us.expasy.org/tools/peptident.html
http://www.unb.br/cbsp/paginiciais/profound.html

http://mendel.ethz.ch:8080/Server/ServerBooklet/
MassSearchEx.html

http://www.narrador.embl-heidelberg.de/GroupPages/
PageLink/peptidesearchpage.html

http://pfam.sanger.ac.uk/
http://phylogenomics.berkeley.edu/phylofacts/index.php
http://www-ab.informatik.uni-tuebingen.de/software/
megan/

http://metagenomics.nmpdr.org/
http://camera.calit2.net

http:// img.jgi.doe.gov/cgi-bin/pub/main.cgi

http://www.homd.org/

http://www.theseed.org/wiki/index.php/Home _of the SEED

http://fields.scripps.edu/sequest/

UniProt, RefSeq, and Ensembl

SwissProt, PIR, PRF, PDB, and translations from
annotated coding regions in GenBank and RefSeq.
MS-BLAST, BLASTP

University of California, San Francisco (USA)
matrixscience

Expasy

The Rockefeller University

CBRG (Computational Biochemistry Research
Group)

Bioanalytical Research Group (Germany)

Collection of protein families using multiple
sequence alignments and hidden Markov models

Structural phylogenomic encyclopedia for protein
functional and structural classification

Metagenome Analysis Software

Automated metagenome analysis using SEED
environment

Data repository and bioinformatics tools resource

Comparative metagenome
analysis and annotation tools

Database on bacteria from
the human oral cavity

Comparative genomics environment

Tandem mass spectrometry data analysis program
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