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Abstract. Mass spectrometry based analysis of proteins isand carbon are significant for C and N cycles of terrestrial
widely used to study cellular processes in model organismsecosystems and undergo variations in season and depth pro-
However, it has not yet routinely been applied in environ- file. The composition and origin of DOM may depend on
mental research. Based on observations that protein can reathe organisms living in a given environment (Michalzik and
ily be detected as a component of dissolved organic matteMatzner, 1999; Kaiser et al., 2001). Dissolved organic mat-
(DOM), this article gives an example about the possible useer has so far been well studied with respect to tidéhC

of protein analysis in ecology and environmental sciences foands1®N origin and their basic chemical structure (Michalzik
cusing on different terrestrial ecosystems. At this stage, therand Matzner, 1999; Gleixner et al., 2001; Kaiser et al.,
are two areas of interest: (1) the identification of phyloge-2001). N NMR analysis has demonstrated that a signifi-
netic groups contributing to the environmental protein pool, cant amount of nitrogen is present in amide form (Almen-
and (2) identification of the organismic origin of specific en- dros et al., 1991), and thus possibly as protein. Recent NRM
zymes that are important for ecosystem processes. In this panalyses of DOM in wetlands indicate that protein-like com-
per, mass spectrometric protein analysis was applied to idenponents are produced in situ and can contribute up to 30%
tify proteins from decomposing plant material and DOM of in total DOM (Lu et al., 2003). Characterization of different
soil leachates and surface water samples derived from difmolecular weight fractions of dissolved organic matter us-
ferent environments. It is concluded, that mass spectrometing fluorescence detections also clearly indicate the presence
ric protein analysis is capable of distinguishing phylogeneticof proteins (Her et al., 2003). However, not much is actu-
origin of proteins from litter protein extracts, leachates of ally known about this protein component of DOM. Analysis
different soil horizons, and from various sources of terres-of these proteins, i.e. characterization of their identity, their
trial surface water. Current limitation is imposed by the lim- phylogenetic origin, their functions, and spatial distribution
ited knowledge of complete genomes of soil organisms. Thecould link ecosystem biology to biogeochemical processes.
protein analysis allows to relate protein presence to biogeoThe analysis of proteins in environmental samples so far has
chemical processes, and to identify the source organisms famainly been pursued in marine biology involving the detec-
specific active enzymes. Further applications, such as in poltion of specific proteins by immunological techniques, and
lution research are conceivable. In summary, the analysis oN-terminal sequencing of isolated proteins (Keil and Kirch-
proteins opens a new area of research between the fields afian, 1993; Tanoue, 1996; Tanoue et al., 1996; Suzuki et al.,
microbiology and biogeochemistry. 1997; Yamada and Tanoue, 2003). Molecular fluoroscopy
and chemical analysis has identified amino acids and protein
traces also in lake sediment (Wu and Tanoue, 2002; Wu et
al., 2003), suggesting that protein indeed is a significant pro-
portion also of terrestrial DOM. However, the protein from
terrestrial sources of DOM so far have not been considered
gor in-depth analyses.

1 Introduction

Dissolved organic matter (DOM) plays an important role in
the carbon biogeochemistry coupling terrestrial and aquati . ]
carbon pools. These pools of dissolved organic nitrogen Protein mass spectrometry is one of the fastest develop-
ing research areas, and contributes substantially to our un-
Correspondence tdV. X. Schulze derstanding of organisms at the cellular level (Aebersold
(waltraud@bmb.sdu.dk) and Mann, 2003; Tyers and Mann, 2003). Recently there
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Table 1. Summary of the samples analyzed in this study, nitrate concentrations are given as a measure of microbiat Setivipjes for
Figs. 2 and 3b samples for Fig. 5; samples for Fig. & samples for Fig. 7, n.d.: no measurements.

dissolved total NO5 climatic sampling sampling soil type

organic carbon (mg L1 region season depth

carbon (mgg™h (month) (cm)

(mg L™t
surface water samples
rain wateP 1.740.5 temperate November surface
peat bog lake  30.1 temperate June surface
acidic creeR n.d. temperate November surface
stream low-d 16.9 arctic August surface
stream higﬁ*d 23.3 arctic July surface
snowmel®-d 17.8 arctic May surface
soil leachate samples
beech forest® 20.2+5.8 75 145 temperate July 5 cambisol
beech forest 175 13 2.8 temperate January 5 cambisol
beech forest 8.2+2.7 63 0.5 temperate July 90 cambisol
beech forest 7.3 10 0.5 temperate January 90 cambisol
spruce forest 25.2£6.0 48 4.4 temperate April 5 dystric cambisol
pine forest 39.2+9.8 377 n.d. temperate July 5 arenosol
sphagnum bdg n.d. n.d. 0.8 temperate November 50 histosol
larch forest N 40.14+2.9 n.d. n.d. arctic August 5 gelic podzol
larch forest§  55.4+3.4 n.d. n.d. arctic August 5 gelic podzol
larch forestd 16 n.d. n.d. arctic August 40, gelic podzol

above
permafrost

have been considerable efforts to extend genomic and prosoil particles was analyzed. There it was shown that a large
teomic analyses beyond the boundary of organisms. Theseumber of proteins is present in soil leachates, and that they
approaches were termed meta-genomics or meta-proteomicsan mirror the phylogenetic groups present in ecosystems.
They involve isolation and sequencing of random DNA sam-Thus, the approach has been referred to as “proteomic fin-
ples extracted from environments, such as oceans and sajerprinting” (Schulze et al., 2005).

(Tyson et al., 2004; Venter et al., 2004), as well as charac-
terizations of proteins from bacterial communities in waste BY further pursuing the analysis of “proteomic finger-
water sludges (Wilmes and Bond, 2004). In contrast to DNAPrints”, this paper presents taxonomic and functional infor-
and RNA, proteins combine information about the taxonomymation of the protein component of DOM from contrasting
of the active pool of organisms with a catalytic function. By environmental sources. The paper focuses on (i) analysis
directly analyzing the protein component of organic matter,Of organisms contributing to decomposition of plant mate-
we can conclude about the identity of the organisms conJial, (i) a comparison of taxonomic units present in different
tributing to the DOM pool, and at the same time also under-Surface waters, and (iii) comparison of taxonomic units in
stand the functional contribution of certain proteins to bio- DOM from leachates of different soil types. Furthermore,
geochemical processes. In a pioneer study, the protein confunctional information was exploited by classifying identi-

position of DOM from different soil layers and from organic fied proteins according to (iv) size and (v) cellular function.
It is concluded that routine analysis of proteins from DOM

Biogeosciences, 2, 786, 2005
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2 Methods

Fig. 2. Size distribution of identified proteins from DOM leachates
of a beech forest on rendzic leptosalA) Size distributions are
shown for proteins from DOM samples two different soil depths
In order to validate the “proteomic fingerprint” method of SlCOng?]?Sr?]gcvrygr:':gcsljgzg?ﬁ Eﬁgrz:;:rd?sqgk;/fjit?c;esr)).slz)r(s)tgirgs from
taxonomic and functional classification, sampling sites were . gel (129%-—4%) of a typical DOM sample and an extract from

Chose.n from arctic and temperate regions comprising dlffer'decomposing plant material. Typical proteins identified are indi-
ent soil types and surface waters.

cated at their approximate position in the gel. The lanes in the gel
are as follows: M, Molecular weight marker; DOM, dissolved or-
ganic matter of a beech forest soil leachate; Extract, protein extract

_ ) from dried brown plant material.
Proteins were extracted from three independent samples col-

lected from four different stages of organic matter decompo-

sition on a permafrost soil near Tura, Central Siberia. The

sampling site was of pale-yellow soils with vegetation dom- Forest, Germany. The lake is only recharged by precipita-
inated by feather mosses. Along a soil depth profile antion and the water level is controlled by natural outflow. The
area of 16c10cm was sampled. Vegetation was separatednean dissolved organic carbon (DOC) of the lake water was
into green and brown parts, and material from litter hori- 25.6+3.2 mg L™ (Kracht and Gleixner, 2000). (i) An acidic
zon and FH horizon was subsequently processed as describ&feek was sampled at the Waldstein, sitérioh, Germany.

in Sect. 2.2. From this sampling site in Siberia, also soillt is a drainage creek to a peatland with organic substrate of
leachate and stream water was collected. All surface wateB0 to 40 cm thickness. (iii) a stream was sampled in a water-
and soil leachate samples are summarized in Table 1. shed located on the western edge of a continuous permafrost
distribution near Tura, Central Siberia (84 N, 100°13 E).

Two samples were obtained, one during early summer base-
flow (“low water”) and one during a midsummer stormflow
Filtered and freeze-dried samples from different terrestrial(“high water”). (iv) snow melt run-off was collected at the
surface water sources were analyzed: (i) Lake Hohloh is alura site, Central Siberia (v) rain water collected in dark rain
brown water peat pond (pH 3.4) in a natural preservation are@ollectors at 1m above ground at the Waldstein, site Coulis-
at the top of a mountain (1000 m above sea level) in the Blacksenhieb, Germany.

2.1 Sampling sites

2.1.1 Organic matter decomposition samples

2.1.2 Surface water sources

www.biogeosciences.net/bg/2/75/ Biogeosciences, 8632005
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2.1.3 Soil leachates separated via SDS-polyacrylamide gel electrophoresis. Af-

ter staining with colloidal coomassie, each lane was cut into
DOM of leachates at 5 cm depth from different soil types slices of approximately equal protein content and proteins in
from temperate and arctic regions were investigated: (i)the slices were in-gel digested using trypsin (Shevchenko et
Leachate from a cambisol was taken form the unmanagedl., 1996). DOM samples were directly digested in-solution
beech forest of the National Park Hainich, Germany, at 430 mafter resuspending pelleted proteins in 6M urea and 2M
elevation. At the sampling site, samples were taken of the Shiourea. Prior to trypsin digestion, proteins were denatured
to 10 cm horizon as well as in 90 cm depth. One sample wawith 1 g DTT per 50ug protein and sulfhydryl groups were
taken in summer (July) and one in winter (January). Soil hu-modified using iodoacetamide (& per 50ug protein). The
mus was of mull type. (ii) Leachate from haplic podzol was trypsin digest was then performed by adding four volumes
taken from the Waldstein, site Coulissenhieb, Germany, aof 50 MM NH4HCOs buffer and trypsin to a final concen-
managed spruce forest growing at an elevation of 750 m. Theration of 1ug per 50ug protein. In all cases, tryptic pep-
organic layer was of mor type. (iii) A sample from arenosol tides were extracted from the gel particles with acetonitrile,
was obtained from a 160 year-dhinus sylvestriorest near  and desalted using C18-based STAGE-tips (Rappsilber et al.,
Seybothenreuth, Germany at 490 m above sea level. Tote2003).
soil carbon concentration was 377 mggand organic floor Mixtures of tryptic peptides were separated by nanoflow
layer was of mor type. (iv) Leachate from a histosol was liquid chromatography (Ishihama et al., 2002) prior to anal-
sampled, from &phagnumbog with Betulaat the Wald-  ysis by high mass-accuracy tandem mass spectrometry (LC
stein, site Kohlerloh, Germany and (v) leachate form gelic MS/MS) on a QSTAR pulsar quadrupole time-of-flight hy-
podzol was obtained from a Siberian larch forest at a northbrid mass spectrometer. Sequences of tryptic peptides were
and south facing slope directly below the organic layer (5 cm)derived by information-dependent acquisition of fragmenta-
and just above permafrost (40 cm). Soil humus was of mortion spectra of multiple-charged peptides (Rappsilber et al.,
type. Equal amounts (10 mg) of freeze-dried DOM were an-2002). Acquired spectra were searched against the NCBI
alyzed as described in Sect. 2.2. protein databasehftp://www.nchi.nim.nih.goy/ using the

Except for the extracts from decomposing plant material,Mascot search algorithm (Perkins et al., 1999). The follow-

the methods described here focus on the analysis of freeng search parameters were applied: maximum of one missed
proteins in organism-free dissolved organic matter. Proteirtrypsin cleavage, cysteine carbamidomethylation, methion-
contents are very low, thus pre-concentration of the samine oxidation, and a maximum 0.2 Da error tolerance in both
ples is necessary. Surface water samples were collected, fithe MS and MS/MS data (40 ppm after dynamic recalibra-
tered through 0.2m, and freeze-dried. Percolating soil wa- tion). Only fully tryptic peptides were considered and all
ter leachate was obtained using glass ceramic suction platesequences were manually verified against the raw mass spec-
Plates were installed at 5 cm soil depth. Water was collectedrometric data using accepted rules for peptide fragmentation
every fortnight and filtered through a Q:2n acetate filter in a quadrupole-TOF hybrid mass spectrometer (Roepstorff
prior to freeze-drying. Prior to analysis, samples were re-and Fohlman, 1984). On average, 30% of the proteins were
hydrated using 50QL of 50 mM Tris-HCI, pH 8. identified by a single tryptic peptide, to all other proteins

more than one tryptic peptide was found.
2.2 Protein extraction from material of decomposition line

2.4 Taxonomic and functional classification
Plant material and detritus was dried and pulverized. Equal
amounts (20 mg) of powder was extracted using HD®f The protein sequence derived from MS/MS spectra of tryp-
50 mM Tris-HCI, pH 8, 150 mM NacCl, 1% Nonident P-40 tic peptides bears taxonomic information of the organism
under heavy mixing for 10 min. Extracts were then processedf origin. In most cases in this study, the sequences ob-
as described in Sect. 2.4. These protein extracts represent th@ned from tryptic peptides were unique to a specific group
protein composition before adsorption to soil particles andof organisms or even single species (Shevchenko et al.,
thus are not directly comparable to the protein composition2001; Rappsilber and Mann, 2002). Since full sequence

of organism-free soil leachates. information is available only for a limited number of or-
ganisms, the identified proteins were grouped according
2.3 Sample preparation and analysis by LC-MS to broader taxonomic levels following the nomenclature of

the NCBI taxonomy browsemhftp://www.ncbi.nim.nih.gov/
Humic acids, phenolic compounds, and other smallTaxonomy/taxonomyhome.htl/ Especially for bacteria,
molecules were removed from the DOM solution by gel fil- vast genomic information is available which readily allows
tration over Sepharose 4B, fractions were collected up to ao distinguish finer categories. This was carried out in one
molecule size of 4 kDa. Protein containing fractions were example. For the aim of this study, it is not necessary to re-
combined, protein was concentrated by ethanol precipitationcover a full proteome for any organism, rather it is sufficient
Proteins from extracts of decomposing plant material wereto recover one protein per organism that contains species

Biogeosciences, 2, 786, 2005 www.biogeosciences.net/bg/2/75/
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specific information. Information about protein size for all Beech forest: classification of bacterial proteins
identified proteins was obtained from the NCBI database

. H H [ ribosomal
(http.//www.ncb!.nlm.nlh'..go)z' ' - | - transcription
For taxonomic classification, proteins originating from [ [} membrane
bacteria, archaea, and viruses were not separated into furthe _ - g ﬁ;:gmzncal

subgroups. Proteins from eukaryotes were sorted by their% [TIITD other

origin from green plants, metazoa, fungi, and “unicellular
eukaryota” containing all those taxa that do not belong to the
three major groups of eukaryota. Proteins from plants were
further grouped into “algae” and “vascular plants”. Proteins
from metazoans were classified into platyhelminthes, proto-
stomia (annelid worms, insects, and mollusks), nematoda,
and vertebrata (mammals, birds, reptiles amphibians, fish).
In some cases, tryptic peptides identified regions of proteins
which are highly conserved among organisms from different ) o ] o -
taxonomic groups. These proteins were designated as “n(ﬁlg. 3. Functional classification of the ba.cterlal proteins |dept|f|ed
e 1m . from leachates of a beech forest on rendzic leptosol for two different
classified”. Protein sequences were analyzed for redundancgOiI depths (5 cm and 90 cm) and seasons (summer and winter)
by pairwise alignment of all identified protein sequences. Se- '
quences with an identity greater than 95% were considered
identical. The functional attributes of the identified proteins
were assigned following the Enzyme Commission Classifi-

fra

beech forest soil layer and season

cation Scheme (see Fig. 3). and 51.8 kDa for human (Cagney et al., 2003). The size dis-
o _ tribution also corresponds with the most prominent bands on
2.5 Statistical analysis a SDS-Gel being visible between 68 and 25kDa. In sam-

ples from decomposing plant material, Rubisco is the domi-
d h ic distributi ¢ ) " nant protein, while DOC samples contain ribosomal proteins,
Squared test. The taxonomic distribution of protein entries o mprane porins or cytoskeletal proteins as distinct bands

in th'e NCB,I database'were used asa reference. : besides a much weaker band of Rubisco (Fig. 2B).
Hierarchical clustering was achieved by correlation-based

grouping using the dChip softwarat{p://www.dchip.org). Bacterial proteins identified from DOM of a beech forest
Different sampling sites were grouped according to the relajgachate (see Table 1) in this study were classified according
tive abundance of different taxonomic groups. to their cellular function. Most proteins identified were ri-
bosomal proteins, followed by an additional large group of
metabolic enzymes (Fig. 3). The apparent changes in the
abundance of ribosomal proteins that can be observed be-
tween DOM samples from summer and winter cannot readily
be explained and needs further investigation. It can be specu-
The “proteomic fingerprint” is based on the classification lated that the ribosomal proteins may indicate differences in
of proteins into their taxonomic groups of origin. In the bacterial activity.

present study, only 12 different taxonomic categories were . o )
distinguished (see Sect. 2.5). In samples with 20 or more_ Protein synthe5|s (i.e. ribosomes) and energy metabolism
proteins identified the number of distinguished taxonomic(i-€- metabolic enzymes) are also the two most abundant cate-
groups ranged from six to ten independent of protein numbe@0ries of protein function in living organisms (The Arabidop-
(Fig. 1). Only in one case, all 12 distinguished taxonomic SiS Geénome Initiative, 2000), indicating that the DOM pro-
units were recognized. The taxonomic classification takerf€in analysis indeed reflects the protein composition of cells
here is rather broad, as the genomic sequence informatiofom contributing organisms. Among the bacterial mem-

Taxonomic protein distributions were compared using a Chi-

3 Results

3.1 Phylogenetic groups and protein amount

available in databases is still limiting. brane proteins identified in this study, porin, subunits of ABC
type branched chain amino acid transport systems, and sub-
3.2 Protein size distribution and protein function units of the ATP-synthase were the most common. This is in

agreement with recent immunochemical studies of dissolved
The size distribution of proteins identified from DOM of soil proteins in ocean waters (Yamada and Tanoue, 2003) and
leachates of a European beech forest (see Table 1) peaks attwo-dimensional gel electrophoresis/MALDI-TOF analy-
about 40 kDa (Fig. 2A) and was independent of soil depthsis of bacterial communities on activated waste water sludge
and season. The size distribution found here is in agreemer{tVilmes and Bond, 2004). In both studies, also porins were
with calculated average protein sizes tor coli of 35kDa  identified as the most abundant membrane proteins.

www.biogeosciences.net/bg/2/75/ Biogeosciences, 8632005
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rain bacteria acidic creek
bacteria
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virus
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_

virus
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virus
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Fig. 4. Phylogenetic distribution of proteins extracted from decom-

posing plant material at different layers ranging from a green moss
layer to the FH horizon. Areas of the pie charts represent the num-
ber of proteins identified. Numbers of proteins identified are stated
next to the pie charts, which are drawn in proportional size to the
number of proteins. stream

low water high water snowmelt

fungi

3.3 Analysis of organisms contributing to decomposition
of plant material fungi

bacteria

/ ‘plantae
| plantae i

‘b@‘,’_'

Proteins were extracted from four different stages of organic & A

matter decomposition, such as green plant material, brown
plant material, litter horizon (LH), and fermentation horizon [Tl 53
(FH). As expected, plant proteins were found to make up
the largest fraction in extracts from green layers, but the secrig. 5. Phylogenetic distribution of proteins identified in different
ond largest fraction of proteins is bacterial proteins (Fig. 4).sources of surface water, such as rain collected in a rain collector,
Among the plant proteins, a high number of proteins specifica peat bog lake, an acidic creek in a bog area, and a stream at low
to mosses were identified, such as moss-specific isoforms afnd high water and water collected from snowmelt. Numbers of
RubisCO, ATP-synthase, and glyceraldehyde-3-phosphaterroteins identified are stated next to the pie charts, which are drawn
dehydrogenase (data not shown). in proportional size to the number of proteins.

The fraction of plant proteins decreased with decomposi-
tion, while the fraction of fungal proteins increased in deeper

9

) X . . groups. In contrast, after a summer stormflow, seven-times
litter layers. In the L and FH horizons, fungi and bacteria more proteins were detected. The soluble proteins in the

were the dominating taxonomic origins of proteins. Among DOM of the stream water at stormflow were dominated by
the fungal proteins, proteins from basidiomycetes were only . . .

. ! . - . “plant proteins, and proteins from a total of eight other phy-
detected in the L and FH layers, while the vast majorltyp P P 9 phy

f funaal proteins was from mveetes. With increasin logenetic groups were identified. The observed increase in
0 gal proteins was irom ascomycetes. creas gprotein abundance was accompanied by an increase in DOC
decomposition, the total number of identified proteins de-

. _ from 16. 1 at low flow levels to 23. 1!
creases and drops to 30% in the FH horizon compared to th fom 16.9mgC at low flow levels to 23.3mgC L at

total ber of proteins identified in th | e intense stormflow. In general, in samples with high DOC
otal number of proteins ldentiied in the green moss fayer. - - ient (Table 1) more proteins were identified. These ex-

amples show that there is a strong variation in the phyloge-
netic origin of proteins as well as total number of proteins

. . . . - contributing to DOM of different surface waters at different
Firstly, rain water contained only very few proteins originat- seasons

ing from bacteria and viruses. However, different surface wa-

ter samples show a vast diversity of protein origin (Fig. 5). A 3.5 protein origin in DOM of soil leachates

peat bog lake was dominated by bacterial proteins, with only

22% of proteins originating from other organisms, mainly Total protein content of the different soil types was highest

viruses, vertebrates, and protostomia. In total, proteins fronin the arenosol, whereas lowest protein amounts were found

seven phylogenetic groups were distinguished. in leachates of the dystric cambisol of sub-monatane central
An acidic creek flowing through a bog also showed a highEuropean spruce forest and the histosol 8plagnumbog

fraction of bacterial proteins. In contrast, the pattern of pro-(Fig. 6A). Bacterial proteins made up the highest fraction in

tein origin and protein amount of a small stream in the forestall investigated soil leachates and reached 80% in leachates

tundra of Siberia was dependent on water flow levels. Atof the arenosol. In the other soil leachates, the fraction of

low baseflow, only small amount of protein was detected,bacterial proteins ranged from 30% to 45%. In leachates of

and these originated only from four different phylogenetic cambisol and dystric cambisol a significant fraction of pro-

3.4 Protein origin in surface waters

Biogeosciences, 2, 786, 2005 www.biogeosciences.net/bg/2/75/
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teins originated from fungi and plants. Nematodal proteins p Central Europe . Siberia
were only found in leachates of temperate forests. Thus, the Lo ot
total protein content and taxonomic distribution of protein in ~ Beechiorst e forest

DOM of soil leachates varies depending on climatic region ey L

and soil type. In addition, seasonal variations have previ- /.
ously been described (Schulze et al., 2005).

Bacterial proteins were analyzed in more detail for the
samples of the pine forest (arenosol) and beech forest (cam
bisol) by distinguishing the bacterial taxonomic classes pro-
teobacteria, actinobacteria, firmicutes, cyanobacteria, anc
“others”. The results show that the leachates of the two soil Beech forest i N
types are significantly different with respect to the bacterial anobactaria s yanciaciata
species contributing to the DOM protein pool (Fig. 6B). Al- Y S mﬂhw
though proteins from proteobacteria were most abundant in
both environments, the beech forest soil leachate containec
higher percentages of proteins from cyanobacteria and fir-
micutes compared to the pine forest on sandy soils. Thi

. L . . %:ig. 6. (A) Phylogenetic distribution of proteins identified from
demonstrates that the protein analysis is suitable of dISplay'DOM leachates of different soil type@B) Detailed taxonomic view

ing composition of the microbial communities contributing of the pacterial proteins of in DOM of the beech forest (cambisol)

to DOM protein also at finer taxonomic resolution (Fig. 6B), and pine forest (arenosol). Numbers of proteins identified are stated
but at the same time covering information about the wholenext to the pie charts, which are drawn in proportional size to the

spectrum of organism groups (Fig. 6A). number of proteins.

Bacterial subgroups Pine forest

other

Proteobacteria
52

201

3.6 From organic material to DOM: taxonomic composi-
tions of DOM along a path through the soil

3.7 Reproducibility of the “proteomic fingerprint”
At the sampling site at Tura, Siberia, DOM samples were
obtained along a path from decomposition (Fig. 4) to soll

leachate and finally to stream water (Figs. 5 and 6). Thisppg brotein analysis of environmental samples will be sub-

system is especially suited to analyze the protein comp05|t|orj160t to variations between sampling sites and sampling times.

of DOM along th's path of organic matter production and In order to be able to interpret the taxonomic distribution of
removal by sorption or degradation. proteins from DOM, the sample-to-sample variability was

Hierarchical clustering was applied to group the proteomicanalyzed. Independent samples from a central European
fingerprints of DOM from different soil leachates and surface peech forest (cambisol, beech forest on limestone in the
water run-offs (Table 1). It became apparent that the twoHainich, Germany, see Fig. 5) were taken at the same time
soil leachates (from a north and south facing slope) group tofrom three different sampling sites in a line 25 m apart from
gether, while proteomic fingerprints of snowmelt runoff and each other. Although 30% more proteins were detected at site
low water flow in a stream show similar patterning. The tax- 2 compared to the other two sites, the pattern of taxonomic
onomic fingerprint of a stream after a high stormflow shows origin of proteins showed no significant differences between
a very distinct pattern, while the soil leachate at 40 cm depthsampling sites (chi-squared test), indicating that the result
just above permafrost groups on a separate branch from togf the protein analysis, the identification and classification is
|ayer soil leachates and surface runoff. While hlghest diver'reproducib|e_ Also the “proteomic fingerprint” of decompos-
sity of protein origin can be found in top layer soil leachates, ing material (Fig. 4) was reproduced from three independent
this diversity is strongly reduced with increasing soil depth, samples with no significant differences in the taxonomic dis-
and the overall protein number is also reduced. Samples withribution of protein origin between them (data not shown). In
high DOC content showed higher numbers of identified pro-addition, all taxonomic distributions presented in Figs. 4 to
teins (Table 1). 6 were significantly different (chi-squared test) from a ran-

Proteins in samples from low level surface water runoff dom distribution of taxonomic units as derived from the all
(snowmelt, low waterflow in a stream) show a high diversity protein entries into the NCBI-protein database. Although the
of taxonomic origin, but are distinct from soil leachates by result may seem surprising, as small scale heterogeneity in
their lower fraction of bacterial proteins. The clustering in- soils would be expected to result in small scale variations
dicates that water flow through the soil and the environmentof microbial communities, the proteomic fingerprint may not
is a critical factor during the generation of DOM and it influ- resolve these variations, as they most probably occur at the
ences the composition of the protein component of DOM. species level.
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Discharge essential components of the protein synthesis machinery in a
stream high il cell, their abundance correlates with the metabolic or growth
Q 6.8 activity of cells (Gao et al., 1994). Therefore, low abundance
of ribosomal proteins in winter DOM samples, may indicate
a lower activity and turnover of bacteria in winter. Thus, the
- functional classification of proteins may possibly be an indi-
cator of organism activity in a given ecosystem.

Detailed interpretation of every difference between the
“proteomic fingerprints” of various water sources and soil
leachates is not possible at this stage. The analysis clearly
shows that each environment has its “fingerprint”, which can

leachate above permafrost

leachate south

leachate be meaningful on a broader scale. For example the drastic in-
nort crease in plant proteins in stream water after a stormflow can
M— be interpreted by the accumulation of fresh plant material
snowmelt IR 20 in the flood. Furthermore, the low amount of protein in the
sevosos SR maia Siberian stream at low water level could indicate that in-situ
- geochemical processes influence the protein composition: At
mw » 32 the Siberian sampling site, water percolates from the organic

layer (shown in Fig. 4) through the mineral soil (shown in

Fig. 7. Hierarchical clustering of proteomic fingerprints of DOM F',g' 6) until it appear§ in the stream (sho_wn in Fig. 5). Alpng
from different sources along the path of water through the soil.thIS path, plant proteins from the organic moss layer disap-
Snowmelt and stream water are surface waters, while leachates weR€2r and proteins from other organisms emerge (summarized
collected at 5 cm and above permafrost at 40 cm. Samples were coif Fig. 7).
lected at the experimental site at Tura, Siberia. The results of the hierarchical clustering of DOM pro-

teomic fingerprints of the Tura sampling site in Siberia sug-

gest that water discharge affects DOM protein origin and
4 Discussion composition, and that the pattern of protein origin changes

along the path from decomposing material to stream water.
This study focuses on a “survey” analysis of the protein com-The effect of discharge on DOM dynamics has already been
ponent of DOM with respect to taxonomic and functional demonstrated by using3C ands'°N signatures as tracers
classification. Therefore, samples from regions displaying(McTiernan et al., 1999), and the Tura watershed path of or-
vast differences in ecosystem biology with respect to climaticganic carbon has been reconstructed usti§ signatures
region and soil type were analyzed. The protein analysis nohnd DOM pyrrolysis products (Prokushkin, manuscript in
only represents a powerful tool for taxonomic classification, preparation).
but also contributes to a chemical characterization of DOM.

4.2 Enzymesin DOC
4.1 Interpretation of the “proteomic fingerprint”

A key question remains as to whether any of the proteins with
Although most of the result presented here are not unexenzymatic function identified in DOM is actually functional
pected, the analysis of proteins at different stages of decomand thus actively involved in geochemical processes. En-
posing plant material (Fig. 1) is especially well suited to val- zyme activity tests have so far been mainly applied to charac-
idate the methodology of protein detection and classificationterize microbial communities, often without separating bulk
of taxonomic origin. The high fraction of bacterial proteins soil from dissolved organic matter (Lee et al., 2004; Singh
in protein extracts of green plant material is not surprising asand Rai, 2004). Enzyme activities associated with particu-
bacteria are expected to be present in all environmental saniate organic matter have been well studied (Stemmer et al.,
ples. A thorough analysis of microbial biomass suggestedl998; Sessitsch et al., 2001; Misic et al., 2002).
a ratio of bacteria to fungi of 35% to 65% in the FH layer In contrast, activities of free enzymes in dissolved organic
of a natural beech forest (Ellenberg et al., 1986). The pro-matter are rarely assessed, and focus mainly on the pollution
tein analysis revealed equal amounts of bacterial and fungahrough sewage work outlets (Chappell and Goulder, 1994).
proteins in the FH layer. None of the enzymes identified from DOM in this study were

However, the protein analysis is not a direct measure oftrue extracellular enzymes, but laccase protein sequences

biomass but rather it emphasizes the actual turnover anevere identified by mass spectrometry as being bound to or-
metabolic activity of the respective phylogenetic group. Thisganic particles in soils, but not in free DOM (Schulze et al.,
is concluded from differences in ribosomal protein abun-2005). Moreover, the high proportion of ribosomal proteins
dance in samples from different seasons. As ribosomes arand membrane proteins among the identified proteins, as well
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as the protein size distribution indicate that most of the pro-methyl esters are established tools to study dynamics of sail
teins in DOM are products of natural cell lysis as it occurs microbial communities in response to environmental changes
when cells and organisms die. (Priha et al., 1999; Rich et al., 2003; Steger et al., 2003;
Sorption to inorganic particles may be a mechanism byLeckie et al., 2004). PCR analysis of bacterial communities

which enzymes are enriched at microparticles compared tdas a high resolution of species identification, but is limited
the free DOM solution. However, it yet remains unclear to the analysis of one single taxonomic group, i.e. bacteria or
how these sorptive processes seem to enrich for active exoefingi (Liston et al., 1996; Ritchie et al., 2000; Williamson et
zymes, rather than affecting all proteins in the same manneral., 2000; Lipson et al., 2002). The “proteomic fingerprint”

method described here is a rapid and powerful approach to
4.3 Taxonomic distribution and ecosystem biology resolve taxonomic identity up to the genus or species level,

and it represents all taxonomic units from prokaryotes to eu-
It becomes apparent from this study that the protein com-karyotes. In that respect it is distinct from most other ap-
ponents of DOM from different ecosystems clearly differ in proaches, which focus on specific groups of organisms but
taxonomic composition. Since the protein size distribution seldom obtain a global view of diversity across all taxa in the
in DOM is not different from that of living cells (Cagney et give ecosystem compartment.
al., 2003), degradation and adsorption of proteins to mineral Thus, the protein analysis of DOM described here is an
particles is assumed not to depend on protein size. Samplinportant additional and new way of displaying contribution
preparation and mass spectrometric analysis does not seeotf different organisms to an ecosystem. The environmental
to introduce a bias for certain protein sizes. The proteinprotein analysis has the potential to picture the taxonomic
size distribution observed here corresponds well with analinformation of the complete organismic food web, but may
yses of dissolved organic matter as a function of moleculartbe biased towards emphasis of metabolically active organ-
weight using fluorescence spectrometry. There, protein speisms with a high cellular turnover rate (i.e. bacteria). With
cific fluorescence peaked around 30kDa (Her et al., 2003)improving sensitivity of protein mass spectrometry, and in-
In addition, the functional classification of DOM proteins re- creasing efficiency of unambiguous protein identification, an
flects the functional distribution of proteins in cells (Fig. 3). even more detailed picture will emerge in future (Aebersold
Thus, size and functional distribution of identified proteins and Mann, 2003; Olsen et al., 2004).
indicate that the protein analysis of DOM indeed provides a With respect to the analysis of bacterial subgroups as car-
measure of relative abundance of proteins originating fromried out in this study (Fig. 6B), the fraction of proteobac-
organisms of different phylogenetic groups. This interpreta-terial proteins is much higher expected from PLFA analyses,
tion is highly supported by the analysis of protein extractswhich mostly show a majority of gram positive bacteria (acti-
from different layers of decomposing plant material (Fig. 4), nomycetes, streptomycetes), and not proteobacteria (see for
which show the expected gradual increase in bacterial anéxample Santruckova et al., 2003). However, there are stud-
fungal protein fractions, while the fraction of plant proteins jes in which growth test reveal the highest fraction of bacte-
decreases. ria being gram-negative pseudomonads (Priha et al., 1999),

Previous analyses of particulate proteins in Pacific sur-where gram-positive and gram-negative PFLA markers are

face waters by fluorescence and SDS-PAGE show higher toroughly equal (as % mol; Leckie et al., 2004), or the pro-
tal protein presence in water samples from productive reportion of these functional groups varies with different en-
gions (Equatorial regions, and North Pacific) compared tovironments (Hackl et al., 2004). Clearly, detailed in-parallel
oligotrophic regions (Tanoue, 1996). Thus, the total proteinanalyses are necessary in future, to reveal specific biases be-
amounts determined in this study may reflect total biologicaltween different methods. One possible explanation of these
activity of the ecosystem, while the taxonomic distribution discrepancies may be that different markers have different
reflects the contribution of different organisms to this activ- stability to degradation.
ity.

4.5 Limitations of the “proteomic fingerprint”
4.4 “Proteomic fingerprint” and alternative approaches

One limiting factor of the DOM protein analysis currently
The analysis of species distribution and abundance in ecosydies in the incomplete genomic sequence information from
tems has been of interest for ecologists for a long time, andnany taxonomic groups. Current efforts of sequencing DNA
remains important even today when characterizing differentsamples extracted from environments (Venter et al., 2004)
ecosystem communities (Ellenberg et al., 1986; Ellwood andare encouraging and will provide a basis for more accurate
Foster, 2004). In a thorough analysis of all animal and plantprotein identifications and possibly will allow finer distinc-
species distributions, an “inventory” of organisms was car-tion of organisms in future. It could be demonstrated using
ried out in a beech forest over 20 years of investigation (El-an experimental dataset that cross-species protein identifica-
lenberg et al., 1986). Today, phospholipid fatty acid analysistion by mass spectrometry successfully identifies over 80%
community level physiological profiles, or analysis of fatty of the proteins by sequence similarity searches, because or-
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thologue proteins share sufficient sequence identity (Habermunities, as pioneered in a characterization of DOM pro-

mann et al., 2004). Nevertheless, there are indications thaein of a healthy and girdled forest (Schulze et al., 2005).

diversity of larger taxonomic entities correlates with speciesThe methodology may also have a potential in identifying

diversity (Baldi, 2003), supporting that the broad taxonomic novel uncultured organisms which can be important in bio-

classification applied here can well represent the organismiclegradation of environmental spills.

structure of the given ecosystem contributing to the DOM
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