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There is a pleasure in the pathless woods,
There is a rapture on the lonely shore,

There is a society, where no one intrudes,
By the deep sea, and music in its roar:

I love not man the less, but Nature more...

George Gordon Byron, 1812

vi



Z U S A M M E N FA S S U N G

Aus der Perspektive komplexer mikrobieller Proteome können
reichhaltige Erkenntnisse über globale Nährstoffkreisläufe und
funktionelle Interaktionen gewonnen werden. In dieser Disser-
tation erlaubte die Anwendung von Umweltproteomics eine di-
rekte In-situ-Analyse habitatspezifischer Proteome, die durch
die jeweiligen mikrobiellen Gemeinschaften zweier verschiede-
ner mariner Ökosysteme exprimiert wurden.

Im ersten Teil der Dissertation konnten mittels Community Pro-
teomics nichtkultivierbare Symbionten-Populationen aus Röh-
renwürmern, die die Hydrothermalquellen der pazifischen Tief-
see besiedeln, zugänglich gemacht werden. Community Proteo-
mics ist ein Teilbereich der Umweltproteomics und wird ge-
nerell genutzt, um Proteome einfacher mikrobieller Verbände
aus Umweltproben zu erforschen. Ziel war es, die Anpassung
von mutmaßlich monospezifischen Symbionten an verschiede-
ne Wirte, die Röhrenwürmer Tevnia jerichonana und Riftia pa-
chyptila, zu untersuchen. Bei den Endosymbionten handelt es
sich um chemoautotrophe Gammaproteobakterien, die als dich-
te Populationen im Trophosom, einem spezialisierten Wirtsge-
webe, beherbergt sind. Sie gewinnen Energie aus der Oxidati-
on von Sulfid und können somit Kohlenstoff fixieren und Bio-
masse aufbauen. Das produzierte organische Material nutzt der
Wirt für seine Ernährung, da er als Adult ohne Verdauungssy-
stem vollständig von den Bakterien abhängig ist. Ein Vergleich
der neusequenzierten Genome von Symbiontenpopulationen
beider Wirte bestätigte, dass es sich in beiden Fällen um die
gleiche Bakterienart handelt. Auch die Proteomanalyse mittels
2D-PAGE zeigte eine hohe physiologische Übereinstimmung
für Symbionten aus beiden Wurmarten, obwohl die Wirte un-
terschiedlichen geochemischen Bedingungen ausgesetzt sind.
Demnach stellten die Wirte ihren Symbionten durch Abmilde-
rung äußerer Faktoren ein relativ stabiles inneres Milieu zur
Verfügung. Nur geringe Abweichungen in den Symbiontenpro-
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teomen (Schwefelspeicherung und -oxidation, Sauerstoffstress,
Einsatz des sauerstoffempfindlichen reduktiven Citratzyklus)
spiegelten die verschiedenen Umwelteinflüsse außerhalb der
Röhrenwürmer wider. Die Symbionten waren daher in der La-
ge, feinabgestimmte Anpassungen von Hauptstoffwechselwe-
gen und der oxidativen Stressantwort an diese nur noch gerin-
gen chemischen Veränderungen (Sauerstoff- und Sulfidgehalt)
innerhalb ihrer Wirte vorzunehmen.

Ferner wurden durch detaillierte Proteomics am Modell der
Riftia-Symbiose neue Komponenten wichtiger physiologischer
Prozesse der bakteriellen Symbionten, wie der Sulfidoxidation
und der Kohlenstoff-Fixierung, identifiziert. Durch die Detek-
tierung neuer Proteine konnten insbesondere periplasmatische
Vorgänge der Schwefelspeicherung und Sulfidoxidation näher
beleuchtet werden (Identifizierung von Sox-System, Schwefel-
globule, Sulfiddehydrogenase). Die Entdeckung einer vermut-
lich reversiblen Phosphofruktokinase in Kombination mit einer
durch Pyrophosphat aktivierbaren Protonenpumpe schließt ei-
ne vorherige funktionelle Lücke im kohlenstoff-fixierenden Cal-
vinzyklus. Die In-situ-Proteinproben zeigten auch, dass entge-
gen einer vorherigen Hypothese Nitrat als alternativer Elektro-
nenakzeptor genutzt wird.

Im zweiten Abschnitt der Disseration wurde ein weiteres Teil-
gebiet der Umweltproteomics, Metaproteomics, genutzt, um die
Antwort einer Bakterioplankton-Gemeinschaft auf eine Früh-
jahrs-Phytoplanktonblüte in der Nordsee zu untersuchen. Hier-
bei handelt es sich um ein häufig auftretendes Phänomen in Kü-
stenregionen, das bisher nur mit geringer Auflösung der Biodi-
versität analysiert wurde. Auf Grundlage umfangreicher Pro-
teindatensätze wurden unterschiedliche Proteinexpressionsmu-
ster spezialisierter Gattungen von Bacteroidetes, Gammapro-
teobakterien und Alphaproteobakterien detektiert. Diese um-
fassten Oligomertransporter, Glykosidhydrolasen und Protei-
ne zur Phosphataufnahme. Eine sukzessive Verwertung von
organischem Algenmaterial durch Mikroorganismen wies auf
eine Reihe von ökologischen Nischen für heterotrophes Piko-
plankton hin. Diese Metaproteomstudie veranschaulichte zu-
dem erstmalig, dass sogar äußerst komplexe Bakterienverbän-
de auf hochauflösender Ebene beschrieben werden können, so-
fern die Datengenerierung durch fortschrittliche Proteomic-Tech-
nologien und eine ökosystemspezifische Metagenomdatenbank
gestützt ist.
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Die mittels Metaproteomics identifizierten Schlüsselproteine
wurden an einem Modellbakterium weiter untersucht, um ih-
re Spezifitäten hinsichtlich der Verwertung von Algenglykanen
zu bestimmen. Durch Isotopenmarkierung von Proteinen konn-
ten quantitative Proteomics am Nordsee-Isolat ’Gramella forse-
tii’ KT0803, einem Vertreter der Bacteroidetes-Gruppe, durchge-
führt werden. Die Anpassung an die Algenpolysaccharide Al-
ginat und Laminarin wurden im Vergleich mit dem Monomer
Glukose analysiert. ’G. forsetii’ erwies sich als Spezialist für die
gewählten Algenpolymere, insbesondere für Glukane wie La-
minarin. In erster Linie wurden umfassende Cluster, die Gene
zur Glykanverwertung enthalten (sogenannte Polysaccharide
Utilization Loci, PULs), aktiviert. Diese enthalten Rezeptoren
von Transportern, Bindeproteine und Glykan-abbauende Enzy-
me. Darüberhinaus wurde eine Vielzahl von PUL-unabhängigen
Oligomerrezeptoren (TonB-abhängige Rezeptoren), die die Sub-
strataufnahme vermitteln, induziert (ein Drittel aller Rezepto-
ren reagierte Laminarin-spezifisch). Interessanterweise ist die
Mehrheit der Rezeptoren, ebenso wie bestimmte Substratbin-
deproteine (SusD), auch bei Abwesenheit von Polysacchariden
exprimiert. Sie dienen daher vermutlich auch der frühen Er-
kennung und Bindung erster Glykansignale. Unerwarteterwei-
se wurde auch ein Nebensignaleffekt (Crosstalk) ermittelt zwi-
schen dem Beta-1,3-Glukan Laminarin sowie Glukose und ei-
nem Cluster für die Verwertung von Alpha-1,4-Glukanen. Dem-
zufolge beeinflussen der Braunalgen-Depotzucker Laminarin
und sein Monomer Glukose auch den Abbau anderer Speicher-
substanzen wie Stärke, die in Rot- und Grünalgen zu finden
ist. Die Ergebnisse der Modellstudie ergänzten schließlich die
grundlegenden Konzepte aus dem Metaproteomics-Ansatz zum
Kohlenstoffkreislauf im Küstensystem.

In dieser Dissertation wurde anhand der Untersuchung von
zwei ganz verschiedenen marinen Mikrobiomen deutlich, dass
Umweltproteomics ein geeigneter Ansatz ist, um repräsentati-
ve funktionelle Karten von biologischen Systemen zu entwer-
fen. Die Zugänglichkeit zahlreicher unkultivierbarer mariner
Mikroben erlaubt, unser Verständnis von physiologischen Zu-
sammenhängen in Symbiosen und komplexen Gemeinschaften
zu verbessern. Eine wichtige Voraussetzung für hochauflösen-
de Umweltproteomics ist die Verfügbarkeit einer habitat- und
möglichst auch zeitspezifischen Metagenomdatenbank. Diese
ermöglicht eine hohe Protein-Identifizierungsrate und präzise
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phylogenetische Zuordnungen von Proteinen. Anpassungen an
Umweltparameter, wie die Substratverfügbarkeit, können durch
Proteinprofile analysiert und den jeweiligen Populationen zu-
geordnet werden. Somit kann eine Aussage über funktionelle
Gruppen von Mikroorganismen, ihre Etablierung von Nischen
und ihre Flexibilität auf variierende Umwelteinflüsse zu rea-
gieren, getroffen werden. Die zunehmende Anzahl an marinen
Modellbakterien ermöglicht zudem, Spezifitäten und Adaptio-
nen gezielt zu untersuchen und somit den Umweltproteomics-
Ansatz zu ergänzen.
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S U M M A RY

Rich knowledge about global nutrient cycles and functional in-
teractions can be gained from the perspective of complex micro-
bial proteomes. In this thesis, the application of environmental
proteomics allowed for a direct in situ analysis of habitat-specific
proteomes expressed by respective microbial communities from
two different marine ecosystems.

In the first part of this thesis, unculturable symbiont popu-
lations from tubeworms that colonize hydrothermal vents of
the Pacific deep sea became accessible by use of community pro-
teomics. This branch of environmental proteomics is generally
employed to ascertain simple microbial assemblages derived
from in situ samples. The proteome study was aimed at analy-
zing adaptations of seemingly monospecific symbionts to diffe-
rent hosts, the tubeworms Tevnia jerichonana und Riftia pachyp-
tila. The endosymbionts are chemoautotrophic Gammaproteobac-
teria, whose dense populations are harbored in the trophosome,
a specialized host tissue. Energy yielded by bacterial sulfide
oxidation is used to fix carbon and to produce biomass. The
generated organic matter is harnessed by the host for its nu-
trition, since the adult worms lack a digestive system and are
thus entirely dependent on their bacteria. A comparison of the
newly sequenced genomes of symbiont populations from both
hosts confirmed that both symbioses involve the same bacte-
rial species. Also the proteome analysis by 2D-PAGE showed a
high physiological homogeneity for symbionts from both worm
species, although the hosts are exposed to different geochemi-
cal conditions. Thus, the hosts provide their symbionts with
a relativ stable internal environment by attenuation of exter-
nal influences. Only minor variations in the symbionts’ pro-
teomes (sulfur storage and oxidation, oxidative stress, use of
the oxygen-sensitive reductive tricarboxylic acid cycle) reflected
the differential environmental conditions outside the worms.
Hence, the symbionts were able to fine-tune major metabolic
pathways and oxidative stress in response to only minor chemi-
cal changes (oxygen and sulfide levels) within their hosts.

Moreover, new components of important physiological processes
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of the bacterial symbionts, like the sulfide oxidation and car-
bon fixation, were identified by in-depth proteomics of the Rif-
tia symbiosis model system. Through detection of novel pro-
teins mainly periplasmic processes associated with sulfur stor-
age and sulfid oxidation were elucidated (identification of Sox
system, sulfur globule, sulfide dehydrogenase). The discovery
of a putative reversible phosphofructokinase in combination
with a pyrophosphate-driven proton pump closed a previous
functional gap in the carbon fixing Calvin cycle. The in situ
protein samples showed as well that, in contrast to an earlier
hypothesis, nitrate is used as an alternative electron acceptor.

In the second part of this thesis, another branch of environ-
mental proteomics called metaproteomics was applied to investi-
gate the response of a bacterioplankton community to a spring
phytoplankton bloom in the North Sea. Recurrent plankton
blooms are a common phenomen of coastal areas, which how-
ever has only been investigated with limited resolution in bio-
diversity. Based on large-scale proteomic data sets it was found
that specialized populations of Bacteroidetes, Gammaproteobacte-
ria and Alphaproteobacteria exhibited differential protein expres-
sion patterns. These involved oligomer transporters, glycoside
hydrolases and phosphate acquisition proteins. A successive
utilization of algal organic matter by microbes indicated a series
of ecological niches occupied by the heterotrophic picoplank-
ton. This metaproteomic study also demonstrated for the first
time that very complex bacterial assemblages can be described
on a high-resolution level, when backed by advanced proteomic
technologies and a system-specific metagenome database.

Key proteins, identified by metaproteomics, were further in-
vestigated by studying a model bacterium to define their speci-
ficities regarding the utilization of algal glycans. By isotope
labeling of proteins, quantitative proteomics of the North Sea
isolate ’Gramella forsetii’ KT0803, a Bacteroidetes representative
could be conducted. The adaptation to the algal polysaccha-
rides alginate and laminarin in comparison with glucose was
analyzed. ’G. forsetii’ proved to be a specialist for the chosen
algal polymers, in particular for glucans like laminarin. Primar-
ily comprehensive clusters, the so-called polysaccharide utiliza-
tion loci (PULs) were activated. These comprised receptors of
transporters, binding proteins and glycan-degrading enzymes.
Furthermore, a multitude of PUL-independent oligomer recep-
tors (TonB-dependent receptors), which mediate uptake of sub-
strates, was induced (one third of all receptors responded to
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laminarin). Interestingly, the majority of receptors and likewise
of a substrate-binding protein group (SusD), were expressed
even during absence of polysaccharides. Thus, they probably
also serve during early glycan signal recognition and binding.
Unexpectedly, crosstalk was determined between the beta-1,3-
glucan laminarin as well as glucose and a cluster for the uti-
lization of alpha-1,4-glucans. Accordingly, the brown algae-
derived storage polysaccharide laminarin and its monomer glu-
cose influence also the degradation of other storage compounds
as those found in red and green algae. The results of this
model study complemented the basic concepts obtained by the
metaproteomic approach about carbon cycling in coastal sys-
tems.

By this thesis, based on the investigation of two very different
marine microbiomes, it became apparent that environmental
proteomics is a suitable approach to construct representative
functional biomaps of ecosystems. The accessibility of numer-
ous unculturable marine microbes allowed to improve our un-
derstanding of interactions that drive symbioses or complex
communities. An important prerequisite for high-resolution
environmental proteomics is the availability of a habitat- and
time-specific metagenome database. This allows for a high pro-
tein identification rate and a precise phylogenetic assignment of
proteins. Adaptations to environmental parameters, such as the
abundance of substrates, can be analyzed and associated with
respective populations. Thus statements can be made for func-
tional groups of microorganisms, their ability for the creation of
niches and their flexibility to respond to varying environmen-
tal impacts. The increasing number of marine model bacteria
enables targeted analysis of specificities and adaptations and
hence to support the environmental proteomics approach.
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1
I N T R O D U C T I O N

There are an estimated 1024 stars in the Universe and 1030 bacteria
on our planet, and I would argue that the discovery of a microbial

species with potentially novel functions would be just as interesting
as the discovery of a star. ∗

1.1 the evolution of environmental proteomics

Proteomics is a key to broaden our understanding of the world’s
diverse ecosystems. As one of the fastest growing fields in sci-
ence, proteomics by now has arrived in environmental micro-
biology. It underwent a shift from classical in vitro approaches,
mainly focussed on functional components in single organisms,
to the large-scale perspective of entire microbiomes present in
selected natural habitats. Such community studies pioneered
in comprehensively defining the essential dynamics in physiol-
ogy, composition and interactions of microbial assemblages di-
rectly from examinations of environmental samples. The holis-
tic view provided by in situ analyses uniquely considered the
fact that microbial communities equal more than the sum of
its individual parts. Microorganisms play a complex role in
shaping global biogeochemical cycles1 by dominating virtually
all known ecosystems ranging from fresh and sea water to
desert, permafrost or temperate soil, leaf litter, glacier ice, acti-
vated sludge or eukaryotic host organs. Moreover, they feature
remarkable biodiversities and a broad spectrum of metabolic
capacities. Information on both issues is simultaneously con-
veyed by proteomic data2.

Early attempts in characterizing complex microbial systems
at proteome level date back to the 1990’s, in which metapro-
teome profiles separated by polyacrylamide gel electrophoresis
(PAGE) were used for functional variation studies3,4. Nowa-
days, community level analyses benefit greatly from the in-
vention of high-performance instrumentations like the Orbi-
trap mass analyzer and integration of advanced bioinformatic

∗ J. K. Jannson (in "The life beneath your feet", Nature 494, 2013)
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1975

1980

1985

1990

1995

2000

2005

2010

2013
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iTRAQ for quantitative 
proteomics
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Figure 1: Timeline of technical advances and method development
in proteomics. Metagenomics advanced the development
of environmental proteome studies (data derived from
PubMed, counts for 2013 projected based on April data.)

methodologies used for protein identification (e.g. SEQUEST
search algorithm) or its quantification5 (Figure 1).

A significant challenge was posed by limitations from tra-
ditional cultivation-dependent approaches that currently can
access only 0.1-15% of bacteria present in a given ecosystem6.
In this respect, first approaches in studying culturable repre-
sentatives on proteome level have provided insights into bacte-
rial physiologies and ecological niches of several mainly unex-
plored habitats, such as those of the marine realm (e.g. Prochloro-
coccus marinus MED4, Rhodopirellula baltica)7. Genomics on cul-
tivated clonal cultures backed these studies. However, more
precise knowledge on habitat conditions, microbial networks
and nutrient aquisition strategies has to be gained to improve
cultivation methods.

The late, although fast-paced, development in community
proteomics is essentially owed to exponentially evolving se-
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quencing data on microbial communities generated through
metagenomics. By this approach, the genetic material is di-
rectly recovered from environmental samples. This circum-
vented the bias resulting from culture-based enrichments of
only a small selection of phylogenetic clades and hence man-
aged to unravel the hitherto existing ’Gordian knot’8. Con-
sequently, the provision of metagenomic data and the clear
change from the in vitro to an in situ microbial perspective has
considerably promoted the nascent landscape of environmental
proteomics. It confronts microbiologists with the challenging
task of defining major functional complexities of microbial life
that may account for an overall picture of our planetary ecosys-
tems. Moreover, environmental proteomics targets to reach be-
yond the static nature of genomes9 by directly investigating
the microbial response to habitat conditions and population dy-
namics. Understanding these adaptational strategies will also
aid in addressing global questions such as how climate change
and increasing anthropogenic activities alter community speci-
ation and in situ functions.

1.2 concept and methodologies of environmental

proteomics

Owing to the fast expansion of high-throughput ’omics’ tech-
nologies, functional analyses of microbial populations and com-
munities are specified by a more detailed terminology10,5. The
general investigation of in situ protein samples is refered to as
environmental proteomics, an umbrella term that can be further
subclassified into community proteomics and metaproteomics
(Figure 2). While being initially used to describe ’the large-
scale characterization of the entire protein complement of en-
vironmental microbiota at a given point in time’11, by now
metaproteomics applies to microbial systems, in which the ma-
jority of identified proteins cannot be assigned to individual
species. Such complex microbiomes, for which rather global
insights can be provided, are predominantly found in soil12,13

and marine habitats14,15, but also harbored by human16 or ani-
mal organs17.

On the contrary, the subdiscipline community proteomics deals
with assemblages of limited diversity, like the acid mine
drainage (AMD) system18 or simple eukaryote-associated sym-
biotic populations19,20, and allows to map proteins, and thus
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Environmental proteomics

Community proteomics

low-complexity
community

Metaproteomics

high-complexity
community

protein 1

phylotype A

protein 1

phylotypes A+B+C

protein 2

phylotype B

Figure 2: Branches of environmental proteomics.

metabolic functions, directly to the genomic complement of par-
ticular community members2.

There is no differentiation made so far between populations
(groups of related cells) and communities (assemblages of dif-
ferent populations).

Proteomic analysis of comprehensive natural samples invol-
ves various experimental steps, from protein extraction to their
separation, tryptic digestion, ionization and mass spectrometry
(MS) to the point of protein identification (Figure 3). Several
techniques for ionization of peptides exist, which comply with
different sample complexities. Electrospray ionization (ESI) of
analytes is coupled to a liquid chromatography (LC) system to
further separate highly complex peptide mixtures. In contrast,
the Matrix-assisted laser desorption/ionization (MALDI) ap-
proach is less sensitive to contaminants (e.g. salts) that might in-
terfere with the ionization process. Database search algorithms
such as MASCOT21 and SEQUEST22 mediate peptide and pro-
tein identification via assignment to complementary sequences
included in corresponding annotated genome databases.

Currently, proteome studies can refer to a wealth of genome
datasets, among them more than 12,000 genomes and 2,200 me-
tagenomes (source: Dec. 12, 2012 release note of Integrated
Microbial Genomes system)23. Based on normalized spectral
abundance factors (NSAFs)24, spectral counts25 and peak in-
tensities26, label-free quantification of proteins is carried out.
Linking abundant functions with the phylogenetic background
of the examined community finally allows to ascertain the role
of individual taxa within metabolic networks.



1.2 concept and methodologies of environmental proteomics 5
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1.3 exploring functions of marine microbial com-
munities

97% of planet’s water covers marine ecosystems that comprise
manifold environments like the open ocean (surface waters,
deep sea), the sea floor (vents, seeps, trenches, seamounts) and
coastal areas (intertidal zones, mudflats, mangrove swamps,
salt marshes, estuaries, coral reefs). These habitats teem with
microbial organisms forming more than 90% of the oceanic
biomass. But due to their rich taxonomic diversity in marine en-
vironments, scientists are still at the beginning of specifying the
overall significance of microbial organisms in nutrient cycling
and energy flow27. Although microorganisms are suggested to
markedly affect the stability of ecosystems, contributions of sin-
gle functional units to the maintainance of whole ecosystems
and their interactions within mixed marine assemblages are
in most instances only poorly understood28. This mainly re-
sults from the fact that cultured bacterial representatives of sea-
water samples only account for a minor fraction (0.001-0.1%)
of the high marine diversity6. Some of these culturable bac-
terial phyla have been investigated in detail by marine pro-
teomics, such as Cyanobacteria (e.g. the ubiquitous Prochlorococ-
cus spp.), Proteobacteria (bioactive compounds-producing Pseu-
doalteromonas species, pathogenic Vibrio species, magnetotactic
Magnetospirillum gryphiswaldense) and Planctomycetes (Rhodopi-
rellula baltica)7. Proteome studies of marine model bacterial
and the associated refined method development (e.g. habitat-
adapted protein extraction protocols, high-resolution mass spec-
trometry, dual-channel imaging of 2D proteome gels) provided
a valuable basis for the subsequent in situ proteomics era.

An early metaproteomic approach was conducted for micro-
bial communities of the largest estuary in the United States, the
Chesapeake Bay29. Protein profiles from different sites were
compared by 2D-PAGE to elucidate the in situ function of nat-
ural aquatic assemblages. Although only three proteins, like
an oxidoreductase, were identified by LC-MS/MS and de novo
sequence prediction, this work succeeded in efficient protein
sampling by tangential flow concentration. This study also
underpinned the potential of metaproteomics to link phyloge-
netic and metagenomic data to biological processes in ecosys-
tems. Another analysis by Giovannoni et al. (2005)30 detected
that the SAR11 strain ’Pelagibacter ubique’ HTCC1062 expresses
proteorhodopsin not only under in vitro conditions, but also
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in its natural environment, coastal Oregon (application of 1D-
PAGE, MALDI-ToF and MS). A first large-scale identification
of proteins (2,033) from a non-marine community, an acid mine
drainage biofilm, demonstrated that significant improvements
in environmental proteomics depend on the availability of rep-
resentative genomic data. In this respect, the progresses in
high-throughput and low-cost sequencing technologies allowed
to overcome the genomic bottleneck31. Also marine genome
data from environmental samples were soon generated, such
as those from the North Atlantic Sargasso Sea (1.045 Gbp of
sequence data)32 and the Northwest Atlantic-Eastern Pacific
transect (5.9 Gbp, Global Ocean Sampling (GOS) expedition,
including the Sargasso Sea data)33 and variable depth samples
from the North Pacific Subtropical Gyre (64 Mbp)34. Moreover,
large-scale snapshots of microbial populations by whole pro-
teome perspectives, as those for the Sargasso Sea (oligotrophic
open ocean system)35 or the South Atlantic (mainly coastal sam-
ples)14, served as an initial spark for further emerging marine
meta- and community proteomic studies. It directed the atten-
tion of biologists towards the largely unexplored marine habi-
tats and raised the awareness for the high microbial diversity
present in the sea.

1.4 scope of this thesis

This thesis is focused on two distinct microbiomes existing
within the ocean realm. It highlights both, aspects of simple
and complex marine assemblages, through the examination of
bacterial symbionts populating annelids at deep-sea hydrother-
mal vents, and by referring to a diverse microbial community
in temperate coastal surface waters.

Furthermore, to ascertain physiological details of key pro-
teins and metabolic processes in both marine communities, the
proteomes of model bacteria were studied.

(1) A community proteomic study of deep-sea endosymbionts
was aimed at revealing how the same gammaproteobacterial
population is adapted to two different hosts, the deep-sea tube-
worms Tevnia jerichonana and Riftia pachyptila. So far, the bacte-
ria are not culturable, therefore in situ proteomics was required
to ascertain their functions within the symbiosis. This approach
was also applied for a detailed proteome study of the Riftia sym-
biont, which serves as model for marine chemoautotrophs. It
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intended to detect new features of major pathways that may
improve characterization of the symbiosis.

(2) Metaproteomics was applied to investigate the bacterial re-
sponse to a diatom bloom in the North Sea. The temporal sta-
bility of recurring phytoplankton blooms and associated bac-
terioplankton peaks is a common attribute of coastal areas in
higher latitudes. But to date this phenomen has been studied
with only low resolution of time and diversity. Thus, sensitive
metaproteomics was combined with deeply sequenced, habitat-
specific metagenome data to gain precise functional insights
of the complex microbial community. Moreover, the metapro-
teomic investigation was focussed on assessing the range of eco-
logical niches by analysing taxa- as well as substrate-dependent
expression profiles.

Although marine microorganisms are suggested to constitute
key players of global carbon cycles, little is known about speci-
ficities on polysaccharide utilizing enzymes. Therefore, a Bac-
teroidetes isolate from coastal waters, ’Gramella forsetii’ KT0803,
was chosen to elucidate specifities for algal glycans by quan-
titative proteomics. Findings on functional specialization of a
Bacteroidetes representative complemented the broad picture of
protein markers that was obtained by the metaproteomic ap-
proach.



2
C O M M U N I T Y P R O T E O M I C S O F D E E P - S E A
S Y M B I O N T S

Submarine hydrothermal vents resemble oases in the deep ocean
that represents about 80% of our biosphere (below 1,000 me-
ters). Supply of reduced chemicals through hydrothermal fluid
enables primary production in the absence of light and thus
allows to sustain a thriving ecosystem around vents on the
basis of chemoautotrophy. The dependence of deep-sea in-
vertebrates on chemosynthetic microbes becomes particularly
apparent in the close association between sessile tubeworms
and a dense population of sulfide-oxidizing bacteria that live
inside their body. This symbiosis represents a key component
of vent ecology. Interestingly, the two tubeworm species Tevnia
jerichonana and Riftia pachyptila (Figure 4) harbor a phylogenet-
ically identical population of endosymbionts, although exhibit-
ing differences in size and vent colonization behavior20. Un-
derstanding how both bacterial assemblages flexibly adapt to
differential worm conditions helped in making a considerable
stride towards elucidating this symbiotic interaction. In pre-
vious studies of the Riftia symbiont, microbial functions were
ascertained by separating whole proteomes on 2D-gels19. Like-
wise in this thesis, comparative community proteomics was en-
abled by a 2D-PAGE. This proved to be a suitable approach
for investigating in situ physiological variances featured by the
unculturable symbionts during residence in distinct hosts (see
Paper I). Based on in situ proteomics of Riftia-derived bacteria,
that serve as model system, valuable insights were gained on
major metabolic processes (see Paper II).

2.1 vent habitat and endosymbiosis

The mid-ocean ridge system, the longest mountain range on
Earth (about 50,000 miles), forms a boundary between diver-
ging tectonic plates, along which high volcanic activity spawns
hydrothermal vents through fissures in the Earth’s crust. Es-
pecially at fast suboceanic spreading zones as the East Pacific
Rise, vents represent very ephemeral habitats. Magmatic erup-
tions and earthquakes, as observed in 2005-2006 near 9

◦
50’N,

9
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Figure 4: The deep-sea tubeworms Riftia pachyptila (larger species)
and Tevnia jerichonana (smaller species) growing at hydro-
thermal vents20.

regularily destroy prospering faunal systems after few decades,
but likewise create new vent sites36,37 followed by sequential re-
colonization through tubeworms and bivalves38. Remarkably,
specific chemosynthetic bacteria were able to establish a sym-
biosis with two different siboglinid tubeworm species. As most
sulfur-oxidizing symbionts, the Tevnia- and Riftia-derived bacte-
ria belong to the class of Gammaproteobacteria39 and have been
suggested to represent a single species40. The hosts are con-
sidered as early (T. jerichonana) and secondary colonizers (R.
pachyptila) for the same vent location40 and are exposed to dif-
ferent geochemical conditions20.

As adults, tubeworms are devoid of a digestive tract and
entirely nourished by microbial endosymbionts. The bacteria
are newly acquired by each generation of tubeworm and estab-
lish dense populations within a specialized organ of the host’s
coelomic cavity, termed the trophosome (about 3 x 10

9 bacterial
cells/gram of tissue in R. pachyptila,46). Substrates for bacterial
chemosynthesis are absorbed by the worm from the surround-
ing water and vent fluid and conveyed to the symbionts. The
high yields of chemical energy gained by bacterial oxidation of
sulfide to sulfate fuels carbon fixation, which results in a high
biomass production and accordingly provides the host with es-
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sential organic matter41,42. Previous functional studies of the R.
pachyptila symbionts revealed a strong participation of sulfur-
oxidizing key enzymes in the microbial metabolism as well as
the unusual presence of two pathways for autotrophic carbon
fixation, the Calvin-Benson-Bassham cycle and the reverse tri-
carboxylic acid (rTCA) cycle19,43.

This symbiosis of tube-dwelling annelids with bacterial pri-
mary producers represents a flagship model for a well inte-
grated and highly effective relationship in the deep sea ecosys-
tem.

2.2 proteomics of a simple microbial assemblage

In this thesis, in situ proteomics was applied to access uncul-
turable symbiont populations from the tubeworms T. jericho-
nana and R. pachyptila, respectively20. Based on their protein
profiles, functional adaptations of both symbiont communities
were compared (Paper I). This study refers to Gammaproteobac-
teria obtained from tubeworm specimen colonizing the same
vent site (9◦EPR, 2007). Analyzing the extremely rare transi-
tional state between early colonization by Tevnia clusters and
their replacement by the larger R. pachyptila species, allowed
to capture a snapshot of their microbial communities under a
single vent regime.

Proteomics were backed by newly pyrosequenced genomes
of both bacterial populations, which decisively facilitated pro-
tein identification. As opposed to the previous Sanger sequence
of the Riftia symbionts44, a considerable improved genomic
database could be generated achieving an about 10-fold reduc-
tion of genome fragmentation (2472 contigs compared to 184

in Tevnia symbionts and 316 or 414 contigs in symbionts of dif-
ferent R. pachyptila specimen). The suggested conspecificity of
microbes colonizing both tubeworms was confirmed. More pre-
cisely, genomic comparison by sequence alignments revealed
high homology of bacterial ITS sequences (internal transcribed
spacer between 16S and 23S rRNA genes, 100%), a proposed
marker for subspecies45, and metabolic key genes involved in
sulfide oxidation, carbon fixation and stress response (average
identity of 99.6%). The presence of a large core genome (70%)
despite the still existing genome fragmentation supported these
findings. Given the seemingly identical genomes, the proteomes
of the symbionts from the different hosts were compared.
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Environmental proteomics traditionally utilizes 2D-PAGE as
a highly reliable approach for separation of soluble proteins es-
pecially from low-complexity community samples11,19. It com-
bines isoelectric focussing (IEF) in the first dimension and dena-
turing sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE) in the second dimension (Keller 2009) to ar-
range protein spots on gel images according to their isoelectric
point and molecular weight. The matching of gel sets from
the conspecific symbiont assemblages of the T. jerichonana and
the R. pachyptila worm revealed an unexpectedly high physi-
ological homogeneity between both bacterial groups although
originating from different worm species. Spot patterns showed
however marginal different expression patterns of proteins in-
volved in oxidative stress, sulfide oxidation and carbon fixation
(Figure 5).

2.3 linking the proteome to the environment

In situ chemistry measurements in the immediate proximity of
sampled Riftia and Tevnia worms showed drastically varying
geochemical parameters. However, as shown by only minor
differences in bacterial protein expression, the two different
hosts provided relatively stable internal micro-environments
for their symbionts. Therefore, differences in colonization be-
havior observed between both siboglinid tubeworms are most
likely caused by variations specific to the hosts rather than the
symbionts.

Only attenuated levels of external variations were passed
onto both microbial communities, which responded with the
fine-tuning of physical functions. Differentially expressed bac-
terial proteins complied with environmental data and suggested
the following scenario:

R. pachyptila is located in greater distance to the hydrother-
mal diffuse flow. Exposure to higher oxygen levels is reflected
by bacterial oxidative stress response and decreases in oxygen-
sensitive rTCA cycle enzymes, while low sulfide quantities re-
quire release of intracellularly stored sulfur.

T. jerichonana seems to have settled in the vicinity of vent
outflow and therefore experienced elevated sulfide concentra-
tions as shown by comparatively increased protein spots for
sulfide oxidation presented by their symbionts.
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Figure 5: Dual-channel 2D gel image visualizes major differences
in proteome maps of symbiotic communities from the T.
jerichonana (green spots) and the R. pachyptila worm (red
spots)20. The following biomarkers were identified: oxida-
tive stress - AhpC, alkyl hydroperoxide reductase; conver-
sion of stored sulfur: DsrCEF, dissimilatory sulfite reduc-
tase subunits; higher sulfide supply: SopT, ATP sulfurylase,
carbon fixation by rTCA cycle: AclAB, ATP citrate lyase.
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Moreover, investigating the microbial systems in both tube-
worms allowed to define protein biomarkers that will serve as
indicators for specific environmental conditions in follow-up
studies.

2.4 In situ model studies of Riftia symbionts

Riftia pachyptila represents the first host for which a chemosyn-
thetic symbiosis could be discovered46. The tubeworm is there-
fore also referred to as the poster child of deep-sea discoveries
and its relationship with chemoautotrophs represents a model
system of vent ecology47. In the attempt of solving the mys-
teries associated with this symbiosis, the Riftia endosymbionts
have been subject of numerous genomics, proteomic and enzy-
matic studies aimed at elucidating the full range of their ex-
ceptional metabolic capacities41,19,48. The Riftia symbiont pro-
teome has been the first, and until recently, the only described
chemosynthetic proteome19,39,49,50.

In-depth proteomics and a considerably improved genome
database allowed to take a closer look at the symbiont’s physi-
ology (Paper II). The number of identifications yielded for the
its soluble proteome could be more than doubled as compared
to the initial functional description of the Riftia-colonizing mi-
crobes19. Together with the membrane-associated proteome, a
total of 768 individual Riftia symbiont proteins was detected
by 2D- as well as 1D-PAGE, which corresponds to 24% of all
predicted protein-coding genes51.

Furthermore, newly identified proteome components allowed
to attain further profound knowledge on crucial metabolic path-
ways. Major progress was made in detecting extracytoplasmic
protein elements of the sulfide oxidation pathway. Involve-
ment of the Sox multienzyme complex and a sulfide dehydroge-
nase in sulfur storage seems likely, while also a sulfur globule-
forming element (SgpB) was enriched on proteome level. Sulfur
oxidation to sulfite requires the commitment of the dsr (dissim-
ilatory sulfite reductase) operon, whose sequences were fully
present in the genome and largely found to be highly expressed
(dsrA, dsrC2, dsrE, dsrH, dsrL). Moreover, subunits of a puta-
tive quinone-interacting oxidoreductase (QmoAB) showed high
spot quantities on proteome maps, which indicates a role as car-
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rier of electrons obtained from oxidation of sulfite to adenosine
phosphosulfate (APS).

The unexpected finding that the symbionts also possess genes
enabling complete dissimilatory nitrate reduction to nitrogen
gas, suggested that besides oxygen, nitrate is used as an al-
ternative electron acceptor for sulfide oxidation20. Even more
interesting is the fact that nitrate reduction actually occured in
the Riftia symbiont under in situ conditions as reflected by its
proteome. This disproved an earlier hypothesis on the nitrogen
metabolism in tubeworm symbionts52.

The Calvin cycle, employed for carbon fixation, probably
makes use of a reversible mode of a strongly expressed py-
rophosphate (PPi)-dependent phosphofructokinase (PfkA) as
suggested by gene homologies. The enzyme is suggested to
compensate the lack of both, sedoheptulose-1,7-bisphosphatase
and fructose-1,6-bisphosphatase, involved in the regeneration
of ribulose-1,5-bisphosphate. Simultaneously, interaction with
an identified pyrophosphate-energized proton pump (HppA)
might allow for reduced ATP consumption in the Calvin cy-
cle. A vital role of sulfur and carbon metabolism for the sym-
biont’s major physiology is highlighted by the fact that 70%
of most abundant proteins detected on the proteome reference
map could be assigned to components that are closely linked
with these functions.

At present, publications about the functional diversity of
microbial communities found at hydrothermal vent fields are
scarce, due to a lack in comprehensive genetic and contextual
geochemical data53,54. Ascertaining the Riftia symbiosis as a
major component of vent metabolic networks thus contributed
to the effort in tackling this huge task.





3
M E TA P R O T E O M I C S O F C O A S TA L
B A C T E R I O P L A N K T O N

Coastal ecosystems constitute marine margin zones encounte-
ring high dynamics by tides, waves and currents. Against the
background of ocean’s role as major carbon dioxide sink55 and
driving force for global climate, one of the world’s most com-
prehensive marine data inquiry is conducted at the coastal lo-
cation of Helgoland Roads in the North Sea56. This time series,
starting at 1962, monitores long-term changes in nutrient levels,
temperature and wind speed that form a sharp contrast to the
stability in timing of recurrent phytoplankton spring blooms.
Also the bacterioplankton features a pronounced seasonality
governed by phytoplankton peaks57,58. From a metaproteomic
perspective, this core characteristic of Helgoland Roads and
likewise key phenomen of coastal regions in higher latitudes
was analyzed to assess the complex response of bacterioplank-
ton to diatom spring blooms in the North Sea (see Paper III).

3.1 proteomics of a complex microbial assemblage

About one fifth of total marine net primary production origi-
nates from coastal areas (Field 1998). In turn, a large share of
photosynthetically fixed carbon (approx. 50%) is routed to bac-
teria and thus reintroduced into the marine food web (micro-
bial loop)59. The question on how phytoplankton blooms affect
microbial productivity and abundance has been addressed in
the past, however with low resolution of community composi-
ton60,61 or focussed on micro- and mesocosm experiments62,63.
Therefore, a well described model site near the island of Hel-
goland in the German Bight, called Helgoland Roads56, was
chosen to exemplarily elucidate the bacterial proteomic response
to a diatom bloom in spring 2009 by both, comprehensive and
in-depth data evaluation15. The analysis encompassed large
sample sizes (120 L of surface water per sampling date) and
multidisciplinary efforts covering fundamental aspects of this
North Sea habitat. Measurement of physical and chemical pa-
rameters, counting and taxonomic classification of phytoplank-
ton, determination of microbial abundance and community struc-

17
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Figure 6: Overview on interdisciplinary approaches that backed
metaproteomics in examining the bacterial response to a di-
atom bloom in the North Sea15.

ture as well as microbial metagenomics were included (Figure 6).
The thus obtained wealth of data supported metaproteomic
findings, which constituted the centerpiece of this coastal ecosys-
tem study. Proteomics allowed to peer into complex algal polysac-
charide utilization processes conducted by selected members of
a highly diverse community of heterotrophic bacteria.

Exceptionally high protein identification rates were yielded
(34,860 proteins with minimum of two peptides) as opposed to
much lower outputs of other marine studies (Table 1).

During bacterioplankton spring bloom, 5,700 to 6,900 bacte-
rial protein groups with about 2,000 unique proteins per samp-
ling date could be detected, in particular owing to optimized
peptide analytics (long LC-gradient, highly sensitive LTQ-Velos
Orbitrap mass spectrometer) and also by means of a time- and
ecosystem-specific genome database. Semi-quantitative protein
abundance was assessed via spectral counts using normalized
spectral abundance factors (NSAFs)24. Dynamic patterns in
community structure as observed during the bacterioplankton
bloom (Figure 7) were likewise indicated by the metaproteome
profile that assigned genotypes to corresponding functions in-
volved in consumption of algal sugars.

The detailed proteome data analysis in the frame of this the-
sis revealed on first view that the bloom phase was dominated
by a pool of Flavobacteria and Gammaproteobacteria, whereas on
closer examination, a succession of very different genera within
the mentioned classes, but also among Alphaproteobacteria, could
be determined. Based on abundant proteins serving as indi-
cators for variations in nutrient availability, metaproteomics re-
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Figure 7: Abundances of major bacterial populations during the bac-
terioplankton bloom as assessed by CARD-FISH. A: A di-
atom peak in spring 2009 (green box no.1, Chl a, chloro-
phyll a concentration) was followed by increase in bacte-
rial cell numbers (EUB338-I-III probe; DAPI TCC, DAPI-
based total cell counts). Triangles mark sample types:
metagenomics (red), metaproteomics (blue), 16S rRNA
gene tag sequencing (magenta). B-D: High dynamics
of selected Alphaproteobacteria (probes: SAR11-486, SAR11

clade; ROS537, Roseobacter clade; RCA1000, Roseobacter-
related clade A), Flavobacteria (probes: POL740, Polaribac-
ter spp.; FORM-181A, Formosa spp.; ULV-995, Ulvibacter
spp.) and Gammaproteobacteria (probes: SAR92-627, SAR92

clade; REI731, Reinekea spp.; OM182-707; OM182 clade spp.;
NOR5-730; NOR5/OM60 clade spp.) at genus-level15.
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vealed that these strong variations in community structure were
probably caused by distinct substrate specificities featured by
different community members (see Figure 3 and 4 Publication
III).

Under pre-bloom conditions (February sample) with low nu-
trient levels, mainly oligotrophs (SAR11 clade, Alphaproteobac-
teria) populated the habitat at Helgoland Roads. Expression
of monomer transporters (ABC-type, TRAP, TTT) indicated the
presence of only low-molecular-weight substrates. The avail-
ability of algal glycans in the early bloom phase (late March
and early April 2009) marks a strong switch to oligomer trans-
porters (TBDT, TonB-dependent transporters) that constituted
13% of identified proteins, and also provoked increases in glyco-
side hydrolases (e.g. GH16/laminarinases, GH30/fucosidases)
as expressed by specialists for high-complexity substrates (fla-
vobacterial Ulvibacter spp. and Formosa spp.). Breakdown of
algal cell wall polysaccharides into smaller compounds was fol-
lowed by bacterial uptake of sugar monomers and released pep-
tides as well as phosphorous compounds (DNA, phytic acid)
by Gamma- (Reinekea spp.) and Alphaproteobacteria (Roseobac-
ter clade RCA). Finally, decomposition of sulfated sugars (sul-
fatases, TBDT, SusD) by specialized Flavobacteria (Polaribacter
spp.) resulted in large molecules also taken up Gammaproteobac-
teria (SAR92 clade; during late April).
As a result, shifts in key protein expression associated with the
utilization of algal glycans helped to define a series of ecologi-
cal niches present in the coastal habitat.

3.2 key findings by metaproteomics

Enhanced strategies, such as the involvement of advanced pro-
teomic technologies and a high-coverage, ecosystem-specific ge-
nome database, enabled to sketch a very detailed picture of
functional processes, even in a very diverse microbial commu-
nity like the coastal microbiome. The innovative concept of this
cutting-edge study may prepare the ground for further interro-
gations of equally complex marine systems. Based on identifi-
cations of protein signatures for each bloom phase and respec-
tive environmental conditions, complex metabolic patterns and
unexpectedly strong community dynamics were unraveled. It
was shown that distinct bacterioplankton genera sequentially
degrade algal components to smaller building blocks. There-
fore, bacteria most likely evade extinction in a seemingly homo-
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geneous habitat by occupation of niches, a finding that might
solve the "paradox of the plankton"15.

3.3 contributions by studying marine model bac-
teria

To expand the knowledge on dense oceanic populations gained
by metaproteomics, substrate specificities of several key pro-
teins (e.g. oligomer transporters or binding components) and
functions of the large pool of hypothetical proteins still have
to be elucidated65. A very suitable way to target this issue
and further test hypotheses on microbe-environment associa-
tions obtained from metaproteomic studies66 is by engaging
marine model organisms. The general lack of which consti-
tutes a major drawback of oceanic science67. In this thesis, the
Bacteroidetes isolate ’Gramella forsetii’ KT0803 was chosen as a
model bacterium for intertidial zones of temperate coastal sys-
tems. It represents an easily culturable North Sea isolate ex-
hibiting the required eco-physiological traits such as compre-
hensive polysaccharide utilizing cluster68 that allow for a di-
rect proteomic analysis of responses to typical marine carbon
sources (see Paper IV).

By application of isotope labeling and cellular subfractiona-
tion, protein profiles of ’G. forsetii’ depicted a strong respon-
siveness to two selected algal glycans, alginate and laminarin,
which allows to classify this bacterium as a specialist for al-
gal glycan degradation (Paper IV, Figure 3). By this approach,
47% of its protein encoding genes could be identified. Most no-
tably, large polysaccharide utilization loci (PULs) that include
genes for major transporter-associated receptors, binding pro-
teins and glycoside hydrolases, were conserved among related
marine Bacteroidetes. They showed a sharp upregulation in pres-
ence of the respective carbohydrate.

Other clearly separated regulons encompass a high number
of PUL-independent oligomer uptake systems (TonB-dependent
transporters) frequently linked to SusD-like glycan binding pro-
teins (Paper IV, Figure 4).

Both components might also play a role during polysaccha-
ride absence and therefore in stand-by for early signals of sub-
strate availability that are eventually conveyed to intracellular
signal transduction systems. Additionally, crosstalk between
the beta-1,3-glucan laminarin and an alpha-1,4-specific cluster
indicated unexpected influence of a brown algae storage glu-
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can on genes utilizing breakdown products of general eukary-
otic carbon storage compounds, such as starch found in red
and green algae (Paper IV, Figure 5). Many hypothetical pro-
teins with specificity for the examined algal polymers were de-
termined, amongst others a imelysin-like protein with putative
laminarin binding function. Another interesting finding indi-
cated by in silico protein localization predictions on ’G. forsetii’
is that most extracellular proteins are anchored to the outer
membrane and simultaneously enable to enlarge the bacterial
surface and occupy substrates in a highly competitive and dy-
namic environment.

The proteome study of the single isolate ’G. forsetii’ analyzed
the link between substrates (abiotic components) and metabolic
capacities and specificities of microbes (biotic components). Thus,
it allowed to improve our understanding of carbon cycling pro-
cesses in temperate costal zones.





4
O U T L O O K

In situ proteomics managed to overcome the obstacle of un-
culturable marine microorganisms, which are present as sym-
bionts in deep-sea tubeworms and constitute the majority of
bacteria in coastal areas of the North Sea.

Elucidating the hitherto undefined role of monospecific sym-
bionts during colonization of different tubeworms helped in as-
sessing their adaptational capacities and to define internal con-
ditions provided by the hosts. Since, like the Riftia symbiont,
also other sulfur-oxidizing deep-sea symbionts, such as those
from the bivalves Bathymodiolus spp. and Calyptogena spp., be-
long to the class of Gammaproteobacteria, this study might serve
as a basis for additional and even broader comparative in situ
proteomics of related bacteria. Analyzing functional features of
many representative symbiosis will allow to compose a more
complete picture of fauna-microbe interactions in the deep sea.
Furthermore, other interesting aspects of the Riftia model sym-
biosis can be targeted by environmental proteomics. For exam-
ple individual functional profiles from populations of distinct
symbiont morphotypes that exist in each Riftia worm may be
analyzed in detail. Recent studies also investigate the surface
proteins of periplasmic sulfur globules, which are presumably
required for sulfur storage in the symbionts.

Due to their abundance, microbial organisms of coastal sys-
tems are supposed to considerably contribute to global carbon
cycling. A first impression on dynamic bacterial responses
to phytoplankton blooms was, as described, obtained by the
metaproteomic analysis of North Sea samples15. Further analy-
ses of seasonal bacterioplankton blooms of the same habitat are
required to test hypotheses on community composition and car-
bon utilization specialists. As mentioned, metaproteomics (and
community proteomics) highly benefit from interdisciplinary
supports such as the availability of ecosystem-specific meta-
genome databases and phylotype assignments (by 16S tag se-
quencing and CARD-FISH).

The knowledge gained on how bacteria reflect and adapt to
habitat conditions, will help to simulate natural environments
in future isolation and cultivation approaches. The interplay
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between model studies and environmental proteomics will ex-
tend the physiological picture of marine ecosystems. In vitro
analyses can now be focused on protein biomarkers identified
by the meta- or community studies and allow to define the re-
sponsiveness of proteins to varying conditions. Similar to stu-
dies of ’G. forsetii’, in-depth analyses of substrate specificities
for proteins of further marine model bacteria, such as Formosa
and Polaribacter species, can be conducted. Following this, bio-
chemical methods may be applied to ascertain functional mech-
anisms of selected proteins.
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PA P E R I

The article "Physiological homogeneity among the
endosymbionts of Riftia pachyptila and Tevnia jericho-
nana revealed by proteogenomics" elucidates the in
situ role of a monospecific bacterial assemblage in
two different deep-sea tubeworm hosts as ascertained
by comparative community proteomics and genomics.
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Physiological homogeneity among the
endosymbionts of Riftia pachyptila and
Tevnia jerichonana revealed by proteogenomics

Antje Gardebrecht1,2, Stephanie Markert2,3, Stefan M Sievert4, Horst Felbeck5,
Andrea Thürmer6, Dirk Albrecht2,7, Antje Wollherr6, Johannes Kabisch2,3, Nadine Le Bris8,9,
Rüdiger Lehmann6, Rolf Daniel6, Heiko Liesegang6, Michael Hecker2,3,7 and
Thomas Schweder1,2,3
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2ZIK FunGene, Ernst-Moritz-Arndt-University, Greifswald, Germany; 3Institute of Marine Biotechnology,
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5Marine Biology Research Division, Scripps Institution of Oceanography, San Diego, CA, USA; 6Göttingen
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The two closely related deep-sea tubeworms Riftia pachyptila and Tevnia jerichonana both rely
exclusively on a single species of sulfide-oxidizing endosymbiotic bacteria for their nutrition. They
do, however, thrive in markedly different geochemical conditions. A detailed proteogenomic
comparison of the endosymbionts coupled with an in situ characterization of the geochemical
environment was performed to investigate their roles and expression profiles in the two respective
hosts. The metagenomes indicated that the endosymbionts are genotypically highly homogeneous.
Gene sequences coding for enzymes of selected key metabolic functions were found to be 99.9%
identical. On the proteomic level, the symbionts showed very consistent metabolic profiles, despite
distinctly different geochemical conditions at the plume level of the respective hosts. Only a few
minor variations were observed in the expression of symbiont enzymes involved in sulfur
metabolism, carbon fixation and in the response to oxidative stress. Although these changes
correspond to the prevailing environmental situation experienced by each host, our data strongly
suggest that the two tubeworm species are able to effectively attenuate differences in habitat
conditions, and thus to provide their symbionts with similar micro-environments.
The ISME Journal (2012) 6, 766–776; doi:10.1038/ismej.2011.137; published online 20 October 2011
Subject Category: microbe–microbe and microbe–host interactions
Keywords: chemoautotrophy; endosymbiosis; hydrothermal vent; metagenome; proteomics; tubeworms

Introduction

Deep-sea hydrothermal vents are ephemeral features
that are frequently perturbed by volcanic eruptions.
These eruptions, such as the ones recorded on the
East Pacific Rise near 91500N in 1991 and again in
2005–2006 (Haymon et al., 1993; Tolstoy et al., 2006;
Cowen et al., 2007), have a tremendous impact on the
ecosystems present at these sites. Faunal assemblages

are being destroyed and nascent diffuse flows develop
(Von Damm, 2000), allowing the recolonization of the
area by invertebrates, such as tubeworms and bivalves
(Hessler et al., 1988; Shank et al., 1998). In this
sequential process, the tubeworm Tevnia jerichonana
(Jericho worm; Jones, 1985) stands out as an early
colonizer of post-eruptive basalt-hosted vents (Mulli-
neaux et al., 2000). The pioneer species colonizes
areas of vigorous diffuse hydrothermal flow character-
ized by microaerobic conditions, and relatively high
levels of sulfide and, potentially, heavy metals (Von
Damm et al., 1995; Shank et al., 2006; Moore et al.,
2009; Nees et al., 2009). As the flux decreases and
physicochemical properties of the fluid change over
time, individuals of Riftia pachyptila (Giant tube-
worm; Jones, 1981a) begin to colonize the
same vent sites (Shank et al., 1998). R. pachyptila
preferentially thrives in zones characterized by higher
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oxygen and lower sulfide concentrations, eventually
replacing T. jerichonana at these vents (Nees et al.,
2009). However, in contrast to their different coloniza-
tion behavior, the two closely related siboglinid
tubeworms (Pleijel et al., 2009) were shown to
harbor conspecific chemoautotrophic endosymbionts
(Edwards and Nelson, 1991; Cary et al., 1993; Di Meo
et al., 2000). Moreover, very similar 16S ribosomal
RNA (rRNA) phylotypes could also be detected in the
vent-dwelling siboglinids Oasisia alvinae and Ridgeia
piscesae (Feldman et al., 1997; Thornhill et al., 2008),
which implies that the same or closely related
chemosynthetic symbionts are able to establish a
symbiosis with different tubeworm genera. While
relatively little is known about T. jerichonana and its
symbionts, the Riftia symbiosis has been studied
extensively in the past: adult worms lack a mouth
and digestive tract (Jones, 1981b) and are therefore
completely dependent on the symbionts, which were
taxonomically classified as Gammaproteobacteria
(Distel et al., 1988). Substrates for bacterial chemo-
synthesis, that is, oxygen, sulfide and carbon dioxide,
are taken up from the diffuse flow fluids through the
worm’s plume and delivered to the symbionts, which
are enclosed in specialized host cells (bacteriocytes) in
an organ termed trophosome (Hand, 1987; Bright and
Sorgo, 2003). Bacterial sulfide oxidation provides the
energy that fuels CO2 fixation into organic matter
(Cavanaugh et al., 1981; Felbeck, 1981; Felbeck and
Somero, 1982; Fisher and Childress, 1984; Childress
et al., 1991; Girguis and Childress, 2006). With the
publication of its metagenome (Robidart et al., 2008),
the name Candidatus Endoriftia persephone was
proposed for the Riftia symbiont. The metagenome
sequence facilitated a first proteomic analysis (Markert
et al., 2007), which provided a detailed description of
the physiological status of the Riftia symbiont.

Here, a cultivation-independent proteogenomic
approach was pursued to elucidate and compare the
physiological conditions of the presumably conspe-
cific symbionts in the two different tubeworm
species R. pachyptila and T. jerichonana. For this
purpose, enriched symbiont fractions were used to
sequence the metagenome of the Tevnia symbiont as
well as to obtain a new, improved Riftia symbiont
metagenome sequence. The metagenomes and meta-
proteomes of the endosymbionts of both hosts
were found to be highly similar. Only marginal
differences were detectable in the expression pat-
terns of the symbionts, suggesting that both hosts are
providing a comparable internal environment to the
symbionts, despite the markedly different physico-
chemical conditions measured in the immediate
environment at the plume level of each host species.

Materials and methods

Sampling
Tubeworm specimens were collected from diffuse
flow vents on the East Pacific Rise using DSV Alvin
during two expeditions with R/V Atlantis in

December 2007/January 2008 and in October 2008
(for details, see Supplementary Table S1). The
bacterial symbionts were isolated from the host
trophosome by density gradient centrifugation
(Distel and Felbeck, 1988) following a protocol
specifically adapted to the purification of Riftia
symbionts (Felbeck and Jarchow, 1998). The sym-
biont-containing trophosome tissue was homo-
genized in imidazole-buffered saline (0.49 M NaCl,
0.03 M MgSO4, 0.011 M CaCl2, 0.003 M KCl, 0.05 M

imidazole, pH 7.1, supplemented with 30%
R. pachyptila blood) and subjected to Percoll gradient
centrifugation. Owing to their elemental sulfur inclu-
sions, the bacterial cells accumulate as a highly pure
symbiont fraction in the bottom region of the gradient,
while host cell debris stays at the top. To circumvent
oxidative stress caused by atmospheric air, the tissue
disruption and symbiont isolation were performed
anoxically. The isolated Riftia and Tevnia symbionts
were washed in TE buffer (0.1 M Tris pH 7.5 and 1 mM

EDTA pH 8.0) or imidazole-buffered saline and then
stored at �80 1C until further processing. The protein
reference maps of this study originated from bacterial
samples of three representatives of each tubeworm
species, which were collected during the same Alvin
dive at a single sampling site. On average, the
trophosome tissue of the Tevnia specimens harvested
during this dive was slightly lighter in color (indicat-
ing a slightly higher sulfur content) than that of the
Riftia specimens (see Supplementary Table S1).

In situ habitat chemistry
Free sulfide and pH were measured at different
levels within the mixed Tevnia and Riftia clump to
be sampled during two dives several days before
collection (Supplementary Table S1). Measurements
were performed in four different locations: (1)
among the tubes and plumes of Tevnia, (2) at the
level of some Riftia plumes, (3) at the base of tubes
and (4) among tubes, close to Tevnia plumes. The
probe was positioned using the manipulator arm of
the submersible and maintained for about 3–5 min at
each position. The sensor is composed of a minia-
turized glass electrode sensitive to pH (diameter:
1.5 mm) and an Ag/Ag2S electrode sensitive to
S2� (diameter: 0.8 mm), attached to autonomous
data loggers as described by Le Bris et al. (2001).
Calibrations were performed in the laboratory,
before and after recovery, allowing the conversion
of electrode potentials into pH and log [HS�]. Free
sulfide concentrations (that is, [H2S]þ [HS�]) were
calculated from these data using the thermodynamic
constants given in Rickard and Luther (2007). The
recording rate was set to one measurement every 5 s,
allowing an average value and s.d. to be determined
for each location.

DNA extraction and genome sequencing
Bacterial cells used for DNA extraction were solely
derived from light green (that is, sulfur-rich)
trophosomal host tissue. The total DNA was
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prepared with the MasterPure DNA Purification Kit
(Epicentre, Madison, WI, USA) according to the
manufacturer’s instructions. In all, 454 libraries
were constructed using the GS FLX General Shotgun
DNA Library Preparation Method Manual (Roche,
Mannheim, Germany). As the previously published
Riftia symbiont metagenome (Robidart et al., 2008)
is highly fragmented and thus not suitable for
comparative analyses, a new metagenome sequence
was obtained for the Riftia symbiont, in addition to
the sequencing of the Tevnia symbiont metagenome.
To verify if potential genomic differences between
the Riftia symbiont (‘Riftia 1 symbiont’) and the
Tevnia symbiont were due to the symbionts’ origin
from different host species or rather sequencing
artifacts, an additional Riftia symbiont sample was
sequenced and included in the genomic compar-
isons (‘Riftia 2 symbiont’). The Riftia 1 symbiont
library was sequenced with the Genome Sequencer
FLX (Roche) using the standard chemistry, whereas
Titanium chemistry was used for the sequencing of
the Riftia 2 symbiont and of the Tevnia symbiont
libraries. Two large lanes were used for the sequen-
cing of the Riftia 1 symbiont library. The Riftia 2
symbiont and the Tevnia symbiont were each
sequenced on one medium lane. Shot gun reads
(average read lengths for the Riftia 1 symbiont:
185 bp, for the Riftia 2 symbiont: 288 bp and for the
Tevnia symbiont: 242 bp) were assembled de novo
using the Roche Newbler assembly software (Mar-
gulies et al., 2005). The resulting draft genomes
served as database for proteome identifications and
for all DNA comparisons.

Gene prediction, annotation and genome accession
Automated detection of open-reading frames and
annotation of all draft genomes were automatically
performed by means of the RAST service pipeline
(Aziz et al., 2008). Annotation results for genes of
those proteins identified on two-dimensional (2D)
gels were manually verified using the NCBI Protein
BLAST tool (blastp, Altschul et al., 1997). The
metagenome sequences of both symbionts are pub-
licly available via the GenBank database under
accession no. 60887 (Tevnia symbiont) and no.
60889 (Riftia 1 symbiont), whereas the additional
metagenome of the Riftia 2 symbiont is accessible at
ftp://www.g2l.bio.uni-goettingen.de.

Multiple genome comparisons
Global nucleotide sequence alignments of the inter-
nal transcribed spacer (ITS) and 16S rRNA gene
region and of selected key genes with relevant
metabolic functions were performed using the
Geneious Pro tool (Drummond et al., 2010). For
whole genome computations of homologies, the
BiBaG software (Bidirectional BLAST for identifica-
tion of bacterial pan and core genomes, Göttingen
Genomics Laboratory, Germany) was applied. The
pairwise BiBlast alignment is focused on substrings

(sequence regions) of genomes, while the global,
dynamic Needleman–Wunsch algorithm compares
every residue of the DNA and thereby considers the
length of sequences.

Protein extraction, 2D electrophoresis and
reference maps
Symbiont cells were disrupted by sonication in lysis
buffer (10mM Tris pH 7.5, 10mM EDTA pH 8.0)
containing protease inhibitors (1.7mM phenylmethane-
sulfonylfluoride, Roche Complete Inhibitor) and
the cell debris was removed by centrifugation. To
ensure an adequate sample quality, extracts of
intracellular soluble proteins were subjected to
precipitation using the 2D Clean-Up Kit (GE Health-
care, München, Germany). The symbionts’ protein
extracts were separated in 2D sodium dodecyl
sulfate-polyacrylamide gels according to their iso-
electric point (pI) in the pI range 4–7 and molecular
weight. The protein spots were stained with the
fluorescent Krypton Protein Stain (Pierce, Bonn,
Germany). Using the software Delta2D (Decodon,
Greifswald, Germany), spots were detected and
quantitatively analyzed. The colored protein maps
of the Riftia and Tevnia symbionts were overlaid and
compared as dual-channel images. Delta2D calcu-
lates protein spot volumes as percent of all proteins
on the same gel (% vol). Spot ratios (‘fold change’) are
the factor by which spot volumes differ when
comparing two gels. Spots with an at least 1.5-fold
increased volume (ratio 41.5 or o�1.5, respectively)
compared with the respective protein spot of the
other symbiont fraction were labeled on the dual-
channel image and considered in this study.

Mass spectrometry and protein identification
All visible protein spots were automatically excised
from the 2D gels (Ettan Spot Picker, GE Healthcare),
digested with trypsin and spotted on a matrix-
assisted laser desorption/ionization (MALDI)-target
(Ettan Spot Handling Workstation, GE Health-
care). High-throughput MALDI- time-of-flight (TOF)
measurements combined with MALDI-TOF-TOF
tandem mass spectrometry were carried out on the
4800 MALDI TOF/TOF Analyzer (Applied Biosys-
tems, Darmstadt, Germany). During the MALDI-TOF
analysis, spectra were recorded in a mass range from
900 to 3700 Da with a focus mass of 2000 Da. The
mass spectrometry (MS)/MS screen measured the
three strongest peaks from the TOF-spectra. After
calibration, peak lists were created based on the
script of the GPS Explorer Software (Applied
Biosystems) Version 3.6. Peptide assignment was
realized by comparison with the corresponding
symbiont sequence database in FASTA format using
the Mascot search engine Version 2.1.04 (Matrix
Science Ltd, Boston, MA, USA). Proteins that met
the following requirements were regarded as identi-
fied on the reference maps of both symbionts:
sequence coverage of at least 30%, minimum
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peptide count of 2 and probability-based protein
Mowse score value of 75 or higher.

Results and Discussion

In situ habitat chemistry measurements
Our habitat chemistry measurements revealed that
the plumes of the Tevnia specimens at the sampling
site were exposed to comparatively high sulfide
concentrations (B2 mM), moderate temperature
(20 1C) and quite low pH (5.4, see Table 1). As
previously described (Le Bris et al., 2006), this low
pH suggests a very low seawater contribution,
implying low oxygen conditions. In contrast to that,
low temperature (2.6 1C), high pH (7.4) and a low
sulfide concentration (o0.01 mM) were detected at
Riftia plume level, indicating a high seawater
contribution (maximum oxygen concentration in
seawater: 110 mM (Johnson, 1988)). Relatively high
temperatures (66 1C), low pH (4.9) and high sulfide
concentrations (1.7 mM) indicative of a proximal
fluid source were detected at the base of the tubes.
These values directly reflect the relative positions of
Riftia and Tevnia specimens at the sampling site.
The Riftia plumes were more distant from the basalt

rock and thus from the hydrothermal diffuse flow at
the base of the bush, while Tevnia tubes appeared
more curved and their plumes were located closer to
the hydrothermal outflow (Supplementary Figure
S1). The gradient observed at plume level between
the tube worm species in the sampled bush is
consistent with the more general results of Nees
et al. (2009) obtained from several tubeworm
aggregations, who also showed that Tevnia plumes
were exposed to both higher sulfide and lower
oxygen concentrations compared with the Riftia
plumes when both tube worm species were
co-existing at 91N East Pacific Rise in 2007.

General genome characteristics
Resequencing and assembly of the Riftia symbiont’s
metagenome resulted in a considerable reduction of
individual DNA fragments (316 large contigs, that is,
4500 bp, in the Riftia 1 symbiont sequence, 414
large contigs in the Riftia 2 symbiont sequence;
Table 2) in comparison with the previously pub-
lished Sanger sequence (2472 contigs, Robidart
et al., 2008). While Robidart et al. reported a genome
size of 3.2 Mb for Cand. E. persephone, the draft

Table 1 Physico-chemical conditions at different locations in the tubeworm clump from which individual tubeworms were
subsequently collected for the proteomic work

Location of probe (1) Among Tevnia
tubes and plumes

(2) At Riftia
plume

(3) At base of Riftia
and Tevnia tubes

(4) Close to Tevnia
plumes

Date 2007/12/30 2008/01/01 2008/01/01 2008/01/01
Temperature (1C) 19.8 2.6 65.9 19.4
± 1.1 0.5 1.5 0.8
pH 5.5 7.4 4.9 5.4
± o0.1 0.1 0.2 o0.1
Free sulfide (mM) 0.7 o0.01 1.7 2.1
± 0.06 o0.01 0.8 0.5
Total no. of measurements (n) 31 48 29 49

Average values and s.d. obtained for 3–5 min scans combining temperature, pH and free sulfide ([H2S] + [HS�]) are given. These data sets
represent a few discrete positions and illustrate the strong chemical and thermal gradients experienced at the scale of the tubeworm aggregation.
Owing to the position of the worm plumes in this gradient, systematic differences in the habitat conditions of the two species can be
hypothesized. These observations are consistent with the more complete measurement series previously presented by Nees et al. (2009). A rather
large s.d. for sulfide reflects the limited precision of sulfide potentiometric measurements at low pH and high sulfide.

Table 2 Overview of the symbiont metagenomes

Riftia 1 symbiont Riftia 2 symbiont Tevnia symbiont

Draft genome size (large contigs, Mbp) 3.68 3.71 3.64
GC content (%) of large contigs 58.6 58.6 58.2
Coverage 25� 13� 15�
Number of shotgun reads total 467 070 205 880 212 833
Number of large contigs 316 414 184
Average size (kb) of large contigs 11.6 9.0 19.8
N50 size (kb) of large contigs 28.4 24.6 92.7
Size (kb) of largest contig 95.4 76.8 248.7
Q40 value (quality of reads, %) 99.4 98.8 99.3
Protein-coding genes (CDS) 3209 3515 3230
RNA-coding genes 45 51 47

General features of the 454 genome sequences obtained from endosymbionts of the deep-sea tubeworms Riftia pachyptila and Tevnia jerichonana.
For the genomic comparison, Riftia symbiont sequences were obtained for bacteria from two different Riftia tubeworms. Large contigs exhibit a
minimum size of 500 kb. Short genomic fragments (o500 bp) were excluded from the sequences and were not used for annotation.
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genome size for the two Riftia symbiont fractions
sequenced in this study averages 3.7 Mb. In all, 454
pyrosequencing of the Tevnia symbiont fraction
yielded fewer and larger genome segments (184
large contigs) and a genome size of 3.64. The
sequencing of the symbiont metagenomes yielded a
25-fold coverage for the Riftia 1 symbiont, a 13-fold
coverage for the Riftia 2 symbiont and a 20-fold
coverage for the Tevnia symbiont. Highest read
quality was achieved for the Tevnia (Q40: 99.3%)
and the Riftia 1 symbiont sequencing (Q40: 99.4%).
Subsequent automated open-reading frame identifi-
cation and function assignment using the RAST
pipeline (Aziz et al., 2008) predicted 3230 protein
coding sequences (CDS) for the Tevnia symbiont
metagenome, whereas 3209 CDS were determined
for the Riftia 1 symbiont metagenome and 3515 CDS,
respectively, for the Riftia 2 symbiont sequence.
Generally, short genomic fragments (o500 bp),
which resulted from repetitive genomic regions
and host DNA contaminations, were excluded from
the sequences, as they hampered the search for
overlaps during assembly and reconstruction of
complete genomes and did not have a significant
probability to contain untruncated annotatable
genes. Contigs smaller than 500 bp were therefore
also excluded from the annotation.

Metagenome comparison
As the metagenomes could not be closed, it is not
possible to unambiguously ascertain whether geno-
mic differences were caused artificially by the
remaining sequence gaps or are in fact of biological
nature, that is, because of the symbionts’ origin from
different host species. To circumvent this problem,
we included the symbiont metagenome from an
additional Riftia specimen (Riftia 2 symbiont) in our
evaluation. Single gene comparisons of Riftia 1
symbiont, Riftia 2 symbiont and the Tevnia sym-
biont showed only minimal nucleotide sequence
differences (average heterogeneity 0.1%, Supple-
mentary Table S2 and Supplementary Figure S2)
among key genes involved in main metabolic path-
ways like sulfide oxidation (aprA/aprB, dsrA/dsrB,
sopT) and carbon fixation (cbbM, pgk, acnA, icd,
sdhA1), and between genes related to the response
to oxidative stress (ahpC, sodB). An alignment of the
16S rRNA and internal transcribed spacer regions
determined an identity of 100% between the
bacterial communities from the three siboglinid
tubeworm samples (Supplementary Table S2,
Supplementary Figure S3) and thus supports the
assumption that R. pachyptila and T. jerichonana
share the same endosymbiotic bacterial species
(Edwards and Nelson, 1991; Di Meo et al., 2000).
This hypothesis is furthermore confirmed by
comparative alignments of the above mentioned
metabolic key genes with their respective homologs
from the published Riftia symbiont metagenome
(Robidart et al., 2008), which yielded an average
homogeneity of 99.6% (Supplementary Figure S2,

Supplementary Table S2). The comparison with
previously published Riftia and Tevnia symbiont
internal transcribed spacer and 16S rRNA sequences
(Di Meo et al., 2000; Harmer et al., 2008; Robidart
et al., 2008) revealed 99.2% (internal transcribed
spacer) and 99.3% (16S rRNA) homogeneity to the
sequences presented in this study (see Supplemen-
tary Figure S3). On the level of whole genome
comparisons the degree of DNA variations between
Riftia 1 symbiont, Riftia 2 symbiont and the
Tevnia symbiont was determined by a combined
BiBlast search and Needleman–Wunsch alignment
(Needleman and Wunsch, 1970) using the BiBaG
software. The bidirectional Blast screenings
computed about 2760 matching protein coding
genes (CDS), which corresponds to 78–85% of the
total metagenomes (depending on the varying
number of genes in each metagenome; E-value cut-
off of 10�5). The subsequent global alignment
(Figure 1) determined that about 70% (2531–2551)
of all genes could be assigned to the core
genome (homology score 450%). Within this triple
comparison, the metagenome of the Riftia 2
symbiont exhibited the lowest similarity, probably
due to the smaller contig sizes (9 kb in average) and
the resulting increased gene truncation (414
contigs). Overall, the Tevnia symbiont metagenome
showed more resemblance to both Riftia symbiont

Figure 1 Metagenome comparison. The Venn diagram depicts
the number of genes shared (global alignment score 450%) or
specific for the three symbionts. All bidirectional BLAST hits
were globally screened by means of the Needleman–Wunsch
algorithm. 2531–2551 open-reading frames (ORFs) are highly
conserved among the three symbiont metagenomes and can be
considered as orthologs (in the center). Variations in core genome
size result from gene content redundancy in the metagenomes
caused by paralogs and domain duplications. The number of
‘unique’ genes is primarily attributed to the sequence fragmenta-
tion caused by repetitive elements and unavoidable host DNA
contaminations. Black numbers, solid line: Tevnia symbiont; dark
gray numbers, dotted line: Riftia 1 symbiont; light gray numbers,
dashed line: Riftia 2 symbiont.
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sequences (2723 CDS of the Tevnia symbiont meta-
genome were shared with Riftia 1 symbiont, 2873
CDS with Riftia 2 symbiont) than the Riftia symbiont
metagenomes among each other (2647 homologous
CDS between Riftia 1 and Riftia 2 symbiont). The
results suggest that genomic differences, such as the
‘unique’ genes (that is, genes that were exclusively
identified in one of the three metagenomes: 6% for
the Tevnia symbiont, 12% for the Riftia 1 symbiont
and 15% for the Riftia 2 symbiont), were predomi-
nantly caused by the incompleteness of the 454-
derived metagenome sequences, possibly resulting
from differences in the quality of the symbiotic DNA
used for the analyses.

Gene functions
The following paragraphs are intended to provide an
overview of the symbionts’ metabolic properties as
encoded in the Riftia and Tevnia symbiont meta-
genomes. Supplementary Table S3 summarizes the
key genes of major metabolic pathways as well as
several genes, which are putatively involved in
symbiont–host interactions and protein secretion.

Autotrophy and energy generation. Unlike other
organisms, the symbionts are able to use two
alternative pathways, the Calvin–Benson–Bassham
cycle (Felbeck, 1981; see Proteomics section below)
and the reductive tricarboxylic acid (rTCA) cycle
(Markert et al., 2007) for the synthesis of organic
matter from CO2. Potentially, most enzymatic reactions
of the TCA cycle can be catalyzed by the same
enzymes in the oxidative or the reductive direction.
However, our metagenome data indicate the presence
of separate sets of enzymes for either the oxidative or
the reductive direction of the pathway. A gene
encoding a citrate synthase, the key enzyme of the
oxidative TCA cycle, for example, is clustered with
genes coding for a malate dehydrogenase and a four
subunit succinate dehydrogenase, which differ from
the ones supposedly involved in the reductive TCA
cycle. None of the genes in this cluster were found to
be expressed (this study; Markert et al., 2011), which
indicates that the examined symbionts used the TCA
cycle to fix CO2, rather than to oxidize organic carbon.
In contrast, the rTCA cycle key enzyme ATP citrate
lyase (aclAB) genomically clusters with genes encod-
ing an isocitrate dehydrogenase (icd), an aconitase
(acnA) and a malate dehydrogenase (mdh1), suggest-
ing that these enzymes—all of which were detected
with high spot volumes on the protein level—function
in the rTCA cycle. The clustered organization of these
genes might facilitate the regulation of the pathways
depending on environmental conditions. Details of
the energy-generating sulfide oxidation pathway in
the thioautotrophic symbionts are given in the
proteomics section below and in Markert et al. (2011).

Nitrogen metabolism. With in situ concentrations
ranging from 18.3 to 37.5 mM (Lee and Childress,

1994) nitrate is the most easily accessible form
of inorganic nitrogen at hydrothermal vent sites.
Besides bacterial nitrate assimilation, which pro-
vides the host with nitrogen required for biosynth-
esis (Girguis et al., 2000), the Riftia symbionts have
been proposed to be capable of using nitrate as an
alternative electron acceptor under anaerobic
conditions. The detection of nitrate respiration in
purified Riftia symbionts as reported by Hentschel
and Felbeck (1993) was confirmed by Pospesel et al.
(1998), who measured nitrate concentrations
of up to 1.5 mM in Riftia blood, suggesting that
nitrate—in addition to oxygen—may play an
important role for the symbionts’ energy generation.
However, a gene encoding a nitrous oxide reductase
appeared to be absent in the previously published
Riftia symbiont metagenome (Robidart et al., 2008),
which led to the conclusion that the symbionts
lack the ability to perform canonical denitrification,
that is, the reduction of nitrate to dinitrogen gas
(N2). Interestingly, in the present study all
three symbiont metagenomes were found to encode
all the enzymes needed to respire nitrate completely
to N2: the membrane-bound respiratory nitrate
reductase NarGHJI, a cytochrome cd1/nitrite reduc-
tase (nirNJHGLDFCTS), a nitric-oxide reductase
(norBC) and a nitrous-oxide reductase (nosZ).
Expression of the NarGH subunits was detected in
both the Tevnia and the Riftia symbiont proteome
(similar % vol values of 0.3–0.4) in this study.
Moreover, the expression of the repressor NarL, the
transporter NarK, NirHFTS and NosZ were reported
for the Riftia symbiont in an accompanying
proteome analysis (Markert et al., 2011), which
was based on the Riftia 1 genome sequence
established in this study. These results strongly
imply that the Riftia and Tevnia symbionts indeed
use nitrate for respiratory purposes under the given
conditions. In addition to narGHJI, the Riftia and
Tevnia symbiont metagenomes also include the
napFDAGHBC operon, encoding the periplasmic
dissimilatory nitrate reductase NapABC and asso-
ciated electron carriers. The symbiotic Nap system
shows similarity to the anaerobically induced nap
operon of Escherichia coli (E. coli) that might
compensate the low efficiency of the NarGHI
enzyme under limiting nitrate concentrations (Stew-
art et al., 2002). Clearly, further research is
warranted to determine if in fact the symbionts are
able to gain energy from denitrification, and to
elucidate the details of this process.

Storage compounds. The detailed genomic
examination led to the discovery of a gene annotated
as cyanophycin synthetase (cphA) in all three
symbiont genomes. This functionally interesting
enzyme generates cyanophycin (multi-L-arginyl-
poly-L-aspartate), a storage biopolymer containing
both nitrogen and carbon (Ziegler et al., 1998;
Krehenbrink et al., 2002). So far, glycogen and
sulfur were the only storage compounds observed
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in the deep-sea symbionts (Sorgo et al., 2002;
Pflugfelder et al., 2005).

Oxidative stress response. In accordance with the
early description of bacterial superoxide dismutase
(FeSOD) activity and peroxidase activity in Riftia
trophosome tissue (Blum and Fridovich, 1984),
genes encoding the superoxide dismutase SodB
and the alkylhydroperoxide reductase AhpC were
identified in all three symbiont genomes in this
study and were found to be expressed in both Tevnia
and Riftia symbionts (see below). As predicted by
Blum and Fridovich (1984), no catalase gene was
detected in the symbiont metagenomes.

Horizontal gene transfer. Comparative analyses of
the genomes revealed the existence of parts of an
integrated F (fertility) plasmid in the Riftia 1
symbiont, which encodes several genes for horizon-
tal gene transfer (especially the tra locus) that enable
bacteria to generate pili necessary for conjugation.
Horizontal gene transfer is suggested to be an
important contribution to symbiont–host adaptation
(Toft and Anderson, 2010). As already observed by
Robidart et al. (2008), several transposases were
detected in all three metagenome sequences. How-
ever, no reliable insertion sequence (IS) elements of
known IS classes could be detected by means of the
IS-Finder tool (http://www-is.biotoul.fr/) in any of
the three metagenomes.

Host infection. The metagenome data presented in
this study suggest that bacterial attachment to the
worm surface during the infection process might be
mediated by fimbriae, pili or even the flagellum (as
shown for Burkholderia pseudomallei by Inglis
et al., 2003), and may involve a putative adhesin-
like protein, hyalin or a fibronectin type III domain
protein, all of which are encoded in the metagen-
omes (Supplementary Table S3). A cell wall-asso-
ciated biofilm protein may possibly facilitate
the colonization of the mucus layer that coats the
tubeworm larvae (Nussbaumer et al., 2006), while a
putative hemolysin III-homolog (hlyIII, a virulence
factor of Staphylococcus aureus; Bhakdi and
Tranum-Jensen, 1991), a lysine 2,3-aminomutase
(kamA, produces the cationic detergent beta lysine),
and the colicin V production protein (cvpA, origin-
ally discovered in invasive E. coli strains; Waters
and Crosa, 1991) may enable the bacteria to
permeabilize the cuticle and epidermis cells of their
host, allowing them to inter- and intracellularly
migrate to the newly developed trophosome tissue
(Bright and Bulgheresi, 2010).

Comparative proteomics
Protein reference maps provided detailed insights
into the physiological conditions for the endosym-

bionts in both tubeworm species. The expression
patterns were analyzed by generating dual-channel
images from overlaid master gels of the intra-
cellular Riftia and Tevnia symbiont metaproteomes
(Figure 2). Repeated metaproteome analyses
revealed a surprisingly reproducible, highly
congruent spot distribution of the intracellular
soluble protein fractions on 2D gels of the Tevnia
and the Riftia symbiont. Only minor differences
were detected in the relative abundance of key
enzymes involved in sulfide oxidation, carbon
fixation and oxidative stress response (Figure 3).
To identify even small variations between the
metabolic footprints of the Tevnia and the Riftia
endosymbionts in their respective tubeworms, a
very low ratio threshold of 1.5 (that is, an at least
1.5-fold decrease or increase in spot volume) was
chosen. Only larger protein spots, which were
detected with relative volumes of at least 0.1%
vol on the average-fused images (n¼ 3) were
included in the analysis (Figure2 and Supplemen-
tary Table S4).

Sulfide oxidation. The stepwise oxidation of sul-
fide to sulfate is a fundamental process in the Riftia
symbiont, fueling the production of organic matter
through chemosynthesis. Oxidation of reduced
sulfur compounds is mediated via the central
cytoplasmic enzymes DsrA/DsrB (dissimilatory sul-
fite reductase), AprA/AprB (APS reductase) and
SopT (ATP sulfurylase) (Markert et al., 2007;
reviewed in Stewart and Cavanaugh, 2006), whose
spot volumes contributed to 14% vol of all proteins
in both intracellular metaproteomes on the 2D gels
in the pH range 4–7 in this study. The expression
pattern of sulfur oxidation-related proteins was very
similar among both symbionts. However, the sym-
biont proteins DsrC, DsrE and DsrF, which are
putatively involved in the conversion of stored
elemental sulfur to sulfide (as suggested by their
homology to products of the dsr gene cluster of the
purple sulfur bacterium Allochromatium vinosum;
Dahl et al., 2008), showed significantly higher spot
volumes in the Riftia symbionts compared with the
Tevnia symbionts (DsrC: ratio 1.9, DsrE 3.1, DsrF
2.3). This is in line with the observation that the
Riftia trophosomes used for the proteomic
analysis were on average slightly darker than the
Tevnia trophosomes, which might reflect lower
sulfide availability and thus an increased necessity
to activate sulfur reserves in case of Riftia. In
contrast, the Tevnia symbiont proteome exhibited a
slightly larger spot volume for the APS oxidation
enzyme SopT (�1.7), possibly implying greater
sulfide availability for the Tevnia symbionts. This
assumption is corroborated by the results of
the physico–chemical measurements performed at
the sampling site (Table 1): While free sulfide
concentrations were in the micromolar range around
the Riftia plumes, sulfide concentrations in the vent
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fluid surrounding Tevnia plumes were significantly
higher (milimolar range).

Carbon fixation. Most of the enzymes putatively
involved in the rTCA cycle were detected with high
spot volumes in both metaproteomes, confirming
the importance of this pathway for carbon fixation
in the symbioses. Largest protein spot volumes were
obtained for proteins catalyzing the incorporation of
CO2 into organic molecules, such as Icd (Riftia
symbiont: 2.2% vol, Tevnia symbiont: 2.7% vol) and
2-oxoglutarate-ferredoxin oxidoreductase (subunit
KorA1; Riftia symbiont: 1.3% vol, Tevnia symbiont:
2.1% vol). However, marginally enhanced spot
volumes of most rTCA cycle enzymes were deter-
mined for the Tevnia symbiont (ratios: AclA/AclB
�1.6, FumB �2.2, KorA1/KorB1/KorG1 �1.7/�1.5/
�1.5, SdhA1 �1.5, SucC/SucD �1.9/�1.5) as com-
pared with the respective Riftia symbiont spots.
Considering that the oxygen levels in the vent fluid
surrounding the plumes of the sampled Riftia
specimens were supposedly higher than those
around the Tevnia plumes (see above and Table 1),
one might speculate that the highly oxygen-sensitive

rTCA is either upregulated in the supposedly low-
oxygen environment in Tevnia or inhibited under
the more oxidized conditions presumed to exist in
Riftia. Obviously, further analyses are required to
corroborate these observations.

Stress response. Although oxygen is indispensible
for the respiration of the heterotrophic host, increased
quantities of oxygen can—despite the high oxygen
buffering capacity of the worm’s hemoglobin (Arp and
Childress, 1983)—be passed on to the microaerophilic
bacteria in the trophosome, potentially forcing them to
cope with oxidative stress (Fisher et al., 1989). The
enzymes alkyl hydroperoxide reductase (AhpC) and
superoxide dismutase (SodB), which are involved in
the resistance to oxidative stress, exhibited a sub-
stantial increase in spot volume in the Riftia symbiont,
compared with the respective Tevnia symbiont protein
spots (AhpC: ratio 2.1, SodB: ratio 1.8). Physiological
in situ tests (Markert et al., 2007) confirmed that
increased expression of the protective AhpC enzyme,
as detected for the Riftia symbiont, is a decisive
indicator for oxidative stress situations. In this
context, enhanced expression of the thioredoxin

Figure 2 Differences in intracellular symbiont metaproteomes. Representative master gel images for the Riftia symbiont fraction and the
Tevnia symbiont fraction, respectively, were created with Delta 2D by average-fusion of three individual symbiont gel images (pI range
4–7) for each tube worm genus. These master gel images were colored (Riftia symbiont: red spots, Tevnia symbiont: green spots) and
overlaid to visualize differences in the soluble symbiont proteomes in a dual-channel gel image. Yellow spots indicate similar protein
spot volume values in both symbiont fractions. Proteins with an at least 1.5-fold change in spot volume with regard to the reference
organism are labeled accordingly and were considered in this study (see also Figure 3 and Supplementary Table S4). Variations could
mainly be identified for the sulfur oxidation pathway, carbon fixation and the response to oxidative stress.
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reductase (TrxB, ratio 2.3), a component of the thiol/
disulfide redox system, might also be part of the
oxidative stress response in Riftia symbiont cells as
observed for other bacteria (Helmann et al., 2003;
Ballal and Manna, 2010). These results suggest that
the in situ oxygen concentrations in the Riftia
trophosome were slightly higher than those in the
Tevnia trophosome, which would be in line with the
habitat chemistry measurements (see above and
Table 1) that indicated a higher proportion of
oxygen-rich sea water in the immediate surroundings
of the Riftia plumes compared with the vent fluid
surrounding the Tevnia plumes.

Conclusions

Our comparative proteogenomic approach revealed
highly consistent physiological features in the
symbionts of R. pachyptila and T. jerichonana. The
results strongly support the hypothesis that the
same symbiont species is able to establish a
monospecific symbiosis with highly comparable
physiological properties in both animals. On the
metaproteomic level, only minor variations between
both symbionts were detected, despite the drasti-
cally different geochemical conditions existing in
the immediate outside environment of each host
species (Table 1). Overall, the symbiotic association
appears to be very well adapted to the dynamic
environmental conditions in the hydrothermal vent

habitat, with the hosts providing a similar and
relatively stable internal environment for the sym-
bionts. In addition, the symbionts seem to be able to
fine-tune their physiological status in response to
variations passed on from the host as attenuated
reflections of the outside conditions. Furthermore,
our data suggest that the differences in colonization
behavior and competitive mechanisms, which have
previously been observed between both siboglinid
tubeworms and that contribute to the successional
replacement of T. jerichonana by R. pachyptila, are
not due to differences between the respective
endosymbionts, but are more likely caused by
variations specific to each tubeworm species and
thus should be further investigated at the host level.
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Figure 3 Protein spot ratios. Differences in spot volume as detected on the dual-channel image (Figure 2) when comparing the soluble
fractions of the Riftia symbiont and the Tevnia symbiont metaproteomes are indicated for relevant proteins of the sulfur and carbon
metabolism as well as for proteins involved in the response to oxidative stress. Spot volumes (see Supplementary Table S4) are calculated
as percentages (% vol) of the total proteomes on the respective 2D reference gels. The ratio (fold change) reflects the quotient of two
corresponding spot volumes. Ratio threshold: 1.5-fold change compared with the reference organism; minimum spot volume: 0.1% vol.
Positive ratio values (dark gray bars) mark a relatively higher spot volume for proteins on the Riftia symbiont gel, compared with the
Tevnia symbiont. Negative ratios (light gray bars) indicate higher spot volumes on the Tevnia symbiont gel. See Supplementary Table S4
for protein functions. *Protein is also involved in organic carbon metabolism.

Proteogenomics of conspecific tubeworm symbionts
A Gardebrecht et al

774

The ISME Journal

publications 39



References

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z,
Miller W et al. (1997). Gapped BLAST and PSI-BLAST:
a new generation of protein database search programs.
Nucleic Acids Res 25: 3389–3402.

Arp AJ, Childress JJ. (1983). Sulfide binding by the blood
of the hydrothermal vent tube worm Riftia pachyptila.
Science 219: 295–297.

Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards
RA et al. (2008). The RAST server: rapid annotations
using subsystems technology. BMC Genomics 9: 75.

Bhakdi S, Tranum-Jensen J. (1991). Alpha-toxin of
Staphylococcus aureus. Microbiol Rev 55: 733–751.

Ballal A, Manna AC. (2010). Control of thioredoxin
reductase gene (trxB) transcription by SarA in
Staphylococcus aureus. J Bacteriol 192: 336–345.

Blum J, Fridovich I. (1984). Enzymatic defenses against
oxygen toxicity in the hydrothermal vent animals
Riftia pachyptila and Calyptogena magnifica. Arch
Biochem Biophys 228: 617–620.

Bright M, Bulgheresi S. (2010). A complex journey: transmis-
sion of microbial symbionts. Nat Rev 8: 218–230.

Bright M, Sorgo A. (2003). Ultrastructural reinvestigation
of the trophosome of adults of Riftia pachyptila
(Annelida, Siboglinidae). Invertebr Biol 122: 345–366.

Cary SC, Warren W, Anderson E, Giovannoni SJ. (1993).
Identification and localization of bacterial endosym-
bionts in hydrothermal vent taxa with symbiont-
specific polymerase chain reaction amplification and
in situ hybridization techniques. Mol Mar Biol Bio-
technol 2: 51–62.

Cavanaugh CM, Gardiner SL, Jones ML, Jannasch HW,
Waterbury JB. (1981). Prokaryotic cells in the hydro-
thermal vent tube worm Riftia pachyptila Jones:
possible chemoautotrophic symbionts. Science 213:
340–342.

Childress JJ, Fisher CR, Favuzzi JA, Kochevar RE, Sanders
NK, Alayse AM. (1991). Sulfide-driven autotrophic
balance in the bacterial symbiont-containing hydro-
thermal vent tubeworm, Riftia pachyptila Jones. Biol
Bull 180: 135–153.

Cowen JP, Fornari DJ, Shank TM, Love B, Glazer B, Treuch
AH et al. (2007). Volcanic eruptions at East Pacific
Rise near 91500N. EOS Trans Am Geophys Un 88:
81–83.

Dahl C, Schulte A, Stockdreher Y, Hong C, Grimm F,
Sander J et al. (2008). Structural and molecular genetic
insight into a widespread sulfur oxidation pathway.
J Mol Biol 384: 1287–1300.

Di Meo CA, Wilbur AE, Holben WE, Feldman RA,
Vrijenhoek RC, Cary SC. (2000). Genetic variation
among endosymbionts of widely distributed vesti-
mentiferan tubeworms. Appl Environ Microbiol 66:
651–658.

Distel DL, Felbeck H. (1988). Pathways of inorganic carbon
fixation in the endosymbiont-bearing lucinid clam
Lucinoma aequizonata. J Exp Zool 247: 1–10.

Distel DL, Lane DJ, Olsen GJ, Giovannoni SJ, Pace B, Pace
NR et al. (1988). Sulfur-oxidizing bacterial endosym-
bionts: analysis of phylogeny and specificity by 16S
rRNA sequences. J Bacteriol 170: 2506–2510.

Drummond AJ, Ashton B, Buxton S, Cheung M, Cooper A,
Duran C et al. (2010) Geneious v5.3, Available from
http://www.geneious.com/.

Edwards DB, Nelson DC. (1991). DNA-DNA solution
hybridization studies of the bacterial symbionts of

hydrothermal vent tube worms (Riftia pachyptila and
Tevnia jerichonana). Appl Environ Microbiol 57:
1082–1088.

Felbeck H. (1981). Chemoautotrophic potential of the
hydrothermal vent tube worm Riftia pachyptila Jones
(Vestimentifera). Science 213: 336–338.

Felbeck H, Jarchow J. (1998). Carbon release from purified
chemoautotrophic bacterial symbionts of the hydro-
thermal vent tubeworm Riftia pachyptila. Physiol
Biochem Zool 71: 294–302.

Felbeck H, Somero GN. (1982). Primary production in
deep-sea hydrothermal vent organisms: roles of sul-
fide-oxidizing bacteria. Trends Biochemical Sci 7:
201–204.

Feldman RA, Black MB, Cary CS, Lutz RA, Vrijenhoek RC.
(1997). Molecular phylogenetics of bacterial endosym-
bionts and their vestimentiferan hosts. Mol Mar Biol
Biotechnol 6: 268–277.

Fisher CR, Childress JJ. (1984). Substrate oxidation by
trophosome tissue from Riftia pachyptila Jones (phy-
lum pogonophora). Mar Biol Lett 5: 171–183.

Fisher CR, Childress JJ, Minich E. (1989). Autotrophic
carbon fixation by the chemoautotrophic symbionts of
Riftia pachyptila. Biol Bull 177: 372–385.

Girguis PR, Childress JJ. (2006). Metabolite uptake, stoichio-
metry and chemoautotrophic function of the hydrother-
mal vent tubeworm Riftia pachyptila: responses to
environmental variations in substrate concentrations
and temperature. J Exp Biol 209: 3516–3528.

Girguis PR, Raymond WL, Desaulniers N, Childress JJ,
Pospesel M et al. (2000). Fate of nitrate acquired by the
tubeworm Riftia pachyptila. Appl Environ Microbiol
66: 2783–2790.

Hand SC. (1987). Trophosome ultrastructure and the
characterization of isolated bacteriocytes from
invertebrate-sulfur bacteria symbioses. Biol Bull 173:
260–276.

Harmer TL, Rotjan RD, Nussbaumer AD, Bright M, Ng AW,
DeChaine EG et al. (2008). Free-living tube worm
endosymbionts found at deep-sea vents. Appl Environ
Microbiol 74: 3895–3898.

Haymon RM, Fornari DJ, Von Damm KL, Lilley MD, Perfit
MR, Edmond JM et al. (1993). Volcanic eruption of the
mid-ocean ridge along the East Pacific Rise crest at
9145-520N: Direct submersible observations of seafloor
phenomena associated with an eruption event in
April, 1991. Earth Planet Sc Lett 119: 85–101.

Helmann JD, Wu MF, Gaballa A, Kobel PA, Morshedi MM,
Fawcett P et al. (2003). The global transcriptional
response of Bacillus subtilis to peroxide stress is
coordinated by three transcriptional factors. J Bacteriol
185: 243–253.

Hentschel U, Felbeck H. (1993). Nitrate respiration in the
hydrothermal vent worm Riftia pachyptila. Nature
366: 338–340.

Hessler RR, Smithey WM, Boudrias MA, Keller CH, Lutz
RA, Childress JJ. (1988). Temporal change in mega-
fauna at the Rose Garden hydrothermal vent (Galapa-
gos Rift; eastern tropical Pacific). Deep Sea Res 35:
1681–1709.

Inglis TJJ, Robertson T, Woods DE, Dutton N, Chang BJ.
(2003). Flagellum-mediated adhesion by Burkholderia
pseudomallei precedes invasion of Acanthamoeba
astronyxis. Infect Immun 71: 2280–2282.

Johnson KS. (1988). Chemical and biological interactions
in the Rose Garden hydrothermal field, Galapagos
spreading center. Deep Sea Res Pt A 35: 1723–1744.

Proteogenomics of conspecific tubeworm symbionts
A Gardebrecht et al

775

The ISME Journal

40 publications



Jones ML. (1981a). Riftia pachyptila, new genus, new
species, the vestimentiferan worm from the Galápagos
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Science 213: 333–336.

Jones ML. (1985). On the Vestimentifera, new phylum: six
new species and other taxa from hydrothermal vents
and elsewhere. Bull Biol Soc Wash 6: 117–158.

Krehenbrink M, Oppermann-Sanio FB, Steinbüchel A.
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PA P E R I I

By application of in-depth community proteomics,
novel features of major metabolic processes were iden-
tified for the deep-sea microbial Riftia symbiont. These
new findings are described in the research article
"Status quo in physiological proteomics of the un-
cultured Riftia pachyptila endosymbiont".
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Riftia pachyptila, the giant deep-sea tube worm, inhabits hydrothermal vents in the Eastern

Pacific ocean. The worms are nourished by a dense population of chemoautotrophic bacterial

endosymbionts. Using the energy derived from sulfide oxidation, the symbionts fix CO2 and

produce organic carbon, which provides the nutrition of the host. Although the endo-

symbionts have never been cultured, cultivation-independent techniques based on density

gradient centrifugation and the sequencing of their (meta-) genome enabled a detailed

physiological examination on the proteomic level. In this study, the Riftia symbionts’ soluble

proteome map was extended to a total of 493 identified proteins, which allowed for an explicit

description of vital metabolic processes such as the energy-generating sulfide oxidation

pathway or the Calvin cycle, which seems to involve a reversible pyrophosphate-dependent

phosphofructokinase. Furthermore, the proteomic view supports the hypothesis that the

symbiont uses nitrate as an alternative electron acceptor. Finally, the membrane-associated

proteome of the Riftia symbiont was selectively enriched and analyzed. As a result, 275

additional proteins were identified, most of which have putative functions in electron

transfer, transport processes, secretion, signal transduction and other cell surface-related

functions. Integrating this information into complex pathway models a comprehensive

survey of the symbiotic physiology was established.

Keywords:

Carbon fixation / Endosymbionts / Metaproteome / Microbiology / Riftia pachyptila /

Sulfide oxidation

1 Introduction

The deep-sea vestimentiferan tubeworm Riftia pachyptila
lives in a highly integrated symbiosis with sulfide-oxidizing

chemoautotrophic bacteria [1–3]. Despite its remarkable size

and growth rate [4], the worm lacks a digestive system and is

entirely dependent on its endosymbionts for nutrition.

The intracellular Riftia symbionts, tentatively named

‘Candidatus Endoriftia persephone’ [5], are located in a

highly vascularized tissue, the trophosome. Via its blood

system, the tube worm host transports oxygen, sulfide, CO2

Abbreviations: PFK, phosphofructokinase; rTCA cycle, reductive

tricarboxylic acid cycle; TMHs, transmembrane helices

"
Additional corresponding author: Professor Thomas Schweder

E-mail: schweder@uni-greifswald.de

Colour online: See the article online to view Fig. 4 in colour.

Correspondence: Dr. Stephanie Markert, Institute of Marine

Biotechnology, W.-Rathenau-Str. 49, 17489 Greifswald, Germany

E-mail: stephanie.markert@uni-greifswald.de

Fax: 149-3834-864238

& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com

3106 Proteomics 2011, 11, 3106–3117DOI 10.1002/pmic.201100059

publications 45



and all other essential nutrients from the hydrothermal

vent environment to the symbionts housed in its body

cavity. Using the energy gained by H2S oxidation, the

bacteria fix CO2 and thus provide their host with organic

carbon compounds. The Riftia symbiont has never been

successfully cultured outside its host, which has hampered

its physiological characterization by conventional

experimental methods. Therefore, a metagenome-based

proteomic approach was chosen to investigate the Riftia
symbiont’s metabolic potential in detail. Initial analyses

focusing on the soluble Riftia symbiont proteome revealed

that the cytoplasmic energy-generating H2S oxidation

reactions are conducted by three soluble enzymes,

DsrAB, AprAB and SopT, which constitute more than 12%

of the total cytoplasmic protein [6]. This stresses the

importance of sulfide oxidation as the prerequisite for all

other metabolic processes in the chemoautotrophic

symbionts. It was furthermore shown that two alternative

carbon fixation pathways, the Calvin cycle and the

reductive tricarboxylic acid (rTCA) cycle, are simultaneously

employed by the symbiont population. The expression of

genes coding for enzymes involved in CO2 fixation and H2S

oxidation was proposed to be regulated according to the

prevailing energetic situation in the highly dynamic

hydrothermal vent environment [6]. In the present proteo-

mic study, the Riftia symbiont’s proteome map was signif-

icantly augmented based on an improved metagenome

sequence (Gardebrecht et al., submitted for publication).

The detailed analysis of the soluble and the membrane-

associated protein fractions allowed for new insights into

major metabolic processes of the tube worm symbionts.

2 Materials and methods

2.1 Specimens and sample preparation

Tube worms were collected at East Pacific Rise 121N,

1031W, in approximately 2620 m water depth during the

Atlantis expeditions AT11-21 (‘‘Extreme 2004’’, December

2004, chief scientist: Craig Cary) and AT15-28 (‘‘Fix08 I’’,

December 2007/January 2008, chief scientist: Stefan M.

Sievert) and during the L’Atalante expedition in May 2010

(‘‘MESCAL’’, chief scientist Francois Lallier) using the deep-

sea submersibles Alvin and Nautile. Upon recovery, the

animals were dissected and the symbiont-containing

trophosome tissue was removed and homogenized in IBS

(imidazole-buffered saline: 0.49 M NaCl, 0.03 M MgSO4,

0.011 M CaCl2, 0.003 M KCl, 0.05 M imidazole, pH 7.1),

supplemented with 30% Riftia pachyptila blood. The

homogenate was fractionated by gradient centrifugation

using Percoll [7]: The symbiont cells, which contain

elemental sulfur inclusions, accumulate in the bottom

region of the gradient, whereas the host cell debris stays on

the top. The obtained highly pure symbiont fraction was

washed in IBS–blood mix and pelleted. Riftia symbionts

isolated from a tube worm with dark green trophosome in

January 2008 (Alvin dive 4392) were used to extract the

individual bacterial protein fractions (see Section 2.2) with-

out further washing steps. Symbiont cells used for the

isolation of membrane proteins (see Section 2.4) were

purified from two tube worms with light green trophosome

collected in December 2004 (Alvin dive 4074) and in January

2008 (Alvin dive 4391). For the 2-D reference map of the

soluble Riftia symbiont proteome (Fig. 1), symbionts were

isolated from a tube worm with light green trophosome,

which was collected in May 2010 (Nautile dive 1731). The

bacterial cell pellets designated for the extraction of the

soluble proteins (reference map) and membrane proteins,

respectively, were washed in TE buffer (0.1 M Tris, 1 mM

EDTA) after purification, and stored at !801C. All steps of

the purification procedure were carried out on ice and under

a constant stream of argon to minimize oxygen stress on the

bacteria.

2.2 Protein fractionation

A protocol described by Betton et al. [8] was used in an

attempt to enrich potential periplasmic and cytoplasmic

proteins. The isolated symbiont cell pellets (Section 2.1)

were resuspended and incubated in lysozyme-containing

sucrose buffer (10 mM EDTA, 10 mM Tris, pH 7.5, 0.2 mg/

mL lysozyme, 0.7 M sucrose, 25 min, 41C) after purification,

to disrupt the outer membrane. Putative spheroplasts (i.e.

cells with only the inner membrane remaining) and outer

membrane fragments were pelleted and frozen. The soluble

proteins in the supernatant were precipitated in ice-cold

ethanol overnight (!201C). Protein pellets were then

repeatedly washed in ethanol, dried and frozen. For further

analysis, these periplasmic protein pellets were solubilized

in 8 M urea–2 M thiourea solution. Spheroplast pellets were

thawed in lysis buffer (10 mM Tris, 10 mM EDTA)

containing a protease inhibitor cocktail (Roche-Complete

Mini). Thus, the disrupted inner membranes were pelleted

and removed. Cytoplasmic proteins were precipitated using

acetone containing 10% trichloroacetic acid overnight

(!201C). Cytoplasmic protein pellets were repeatedly

washed in ethanol and dried before resuspension in 8 M

urea–2 M thiourea solution.

2.3 2-D PAGE

Protein concentrations in protein extracts were determined

according to Bradford [9]. About 100mg of protein was

diluted in rehydration solution (8 M urea, 2 M thiourea,

0.3% DTT, 20 mM CHAPS, 0.52% Pharmalyte 3–10) and

loaded onto immobiline dry strips (GE) in the pH range 4–7.

After rehydration overnight the isoelectric focusing of

proteins was performed using the Multiphor system (GE)

and the separation according to protein mass was conducted
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in a Protean Plus Dodeca Cell (Bio-Rad). Protein spots in the

2-D gels were stained with the fluorescent dyes Krypton

(Pierce) or SyproRuby (Molecular Probes) and detected

using the TyphoonTM 9400 Scanner (GE).

2.4 Isolation of sulfur globules and 1-D PAGE

Isolated Riftia symbiont pellets were resuspended in IBS

and subjected to sonication (5" 20 s) before centrifugation

at 800 rpm (10 min, 41C) to selectively collect the bacterial

sulfur globules [10] and membranes. Pellets were washed

twice in IBS (800 rpm, 10 min, 41C) to remove cell debris

and finally resuspended in 15 mL distilled water. For 1-D

SDS–PAGE of the sulfur globule- and membrane proteins

whole sulfur globule extracts were used. To remove

elemental sulfur, samples were centrifuged at 15 300" g
(3 min) before loading. Samples designated for glycine-

SDS-PAGE according to L.aemmli [11] were diluted in

sample buffer containing 2% SDS, 50 mM Tris-HCl, 10%

glycerol, 0.1% bromophenol blue and incubated at 501C for

10 min. To achieve a broader separation of the smallest

proteins, parallels of the same extracts were additionally

subjected to electrophoresis in a Tricine-SDS gel as descri-

bed by Sch.agger [12]. For this purpose, samples were diluted

in sample buffer (12% SDS, 150 mM Tris, 0.05% Coomassie

blue G250, 30% glycerol) and incubated at 371C (20 min).

The glycine gels were prepared as follows: A 10% acryla-

Figure 1. Reference map of the soluble intracellular Riftia symbiont protein fraction, separated in the pH range 4–7. Protein spots were

stained with SyproRuby. Identified proteins are indicated.
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mide separating gel (for two gels: 5.1 mL acrylamide mix

37.5:1 (Rotiphorese Gel 30), 3.9 mL 1.5 M Tris pH 8.8,

5.7 mL distilled water, 150mL 10% SDS, 150 mL 10%

ammonium persulfate (APS), 6 mL TEMED) was combined

with a 5% acrylamide stacking gel (for two gels: 0.83 mL

acrylamide mix 37.5:1, 1.2 mL 0.5 M Tris pH 6.8, 2.8 mL

distilled water, 50mL 10% SDS, 50mL 10% APS, 5mL

TEMED) and was run in running buffer containing 25 mM

Tris, 0.19 M glycine and 3.5 mM SDS. For the Tricine-

PAGE, a 10% acrylamide separating gel (for two gels: 4 mL

acrylamide mix 37.5:1, 4 mL 3" gel buffer (3 M Tris, 1 M

HCl, 0.3% SDS, pH 8.45), 4 mL distilled water, 100mL 10%

APS, 5 mL TEMED) with a 4% acrylamide stacking gel (for

two gels: 0.4 mL acrylamide mix 37.5:1, 1.25 mL 3" gel

buffer, 1.65 mL distilled water, 100mL 10% APS, 5mL

TEMED) was run with anode buffer (0.1 M Tris, 22.5 mM

HCl, pH 8.9) and cathode buffer (0.1 M Tris, 0.1 M Tricine,

0.2% SDS, pH 8.25). In both cases the run was started with

90 V (for 20 min) and then continued at 190 V for 30 min.

Protein bands were stained with Coomassie Brilliant Blue

G250.

2.5 Protein identification

All visible spots on the 2-D gels were cut with the Ettan Spot

cutter (GE), digested with trypsin (Ettan spot handling

platform, GE) and analyzed using MALDI-ToF MS. The

measurement was carried out on a Proteome-Analyzer 4700

(Applied Biosystems) as described in detail by Eymann et al.

[13]. The spectra were recorded in reflector mode in a mass

range from 900 to 3700 Da with a focus mass of 2000 Da.

After calibration the peak lists were created using the ‘‘peak

to MASCOT’’ script of the 4700 ExplorerTM Software

(settings: mass range 900–3700 Da; peak density 50 peaks

per range of 200 Da; minimal area of 100 and maximal 200

peaks per protein spot and minimal S/N ratio of 6). Peak

lists were compared with the annotated ‘‘Riftia 1 symbiont’’

454 sequence database (Gardebrecht et al., submitted,

DDBJ/EMBL/GenBank accession 60889) in FASTA format

using the MASCOT search engine (Matrix Science), result-

ing in the identification of the individual protein coding

sequences. Proteins that yielded a probability-based mowse

score (po0.05) of at least 75 or a sequence coverage of at

least 20% were considered positive identifications. If these

parameters could not be reached, the spot was subjected to

MS/MS analysis and was considered identified if at least two

different peptides of the protein were detected (single

peptide score 420). To analyze the membrane proteins, 1-D

gels were cut into equal bands, which were trypsin-digested

and subsequently analyzed using nano-HPLC separation

(UltimateTM system, LC Packings), coupled to a Q-ToF

mass spectrometer (QSTAR Pulsar, Applied Biosystems)

equipped with a nano-electrospray source (Protana) [13].

Eluted peptides were determined by MS/MS analysis, and

the results were evaluated with the BioanalystTM software

(Applied Biosystems) using the integrated MASCOT script.

Proteins with a mowse score corresponding to a p-value of at

least 0.05 and with at least two different identified peptides

were regarded as identified.

2.6 Data analysis and prediction of protein

properties

The Delta2D software (Decodon) was used to label spots and

detect and compare protein spot volumes on the 2-D gels.

The presence of putative signal peptides and of transmem-

brane helices (TMHs) in the Riftia symbiont’s proteins was

predicted using the tools SignalP (http://www.cbs.dtu.dk/

services/SignalP/) and TMHMM (http://www.cbs.dtu.dk/

services/TMHMM/). Theoretical molecular weight and pI of

the proteins was calculated with the JVirGel tool (http://

www.jvirgel.de) or with the Expasy pI/MW tool (http://

us.expasy.org/cgi-bin/pi_tool). The comparison of selected

Riftia symbiont genes with homologs of related organisms

was done using the RAST SEED Viewer [14].

3 Results and discussion

3.1 Soluble and membrane proteome

The comparison of the periplasmic and the cytoplasmic

fraction of the Riftia symbiont proteins separated in 2-D gels

revealed only few significant differences (data not shown).

The overall impression was that the method used for isola-

tion was not suitable to sufficiently enrich the periplasmic

protein fraction. Most of the (few) proteins that were

detected with significantly higher spot volumes on the

periplasmic 2-D gel (as compared to the putative cyto-

plasmic fraction) could not be identified; one was identified

as a subunit of R. pachyptila hemoglobin. Possibly, more

host blood proteins are contained in this supposed peri-

plasmic symbiont protein fraction, which presumably

originate from the IBS–blood mixture used as a purification

buffer (see Section 2), and which could not be identified due

to the lack of R. pachyptila sequence information in the

public databases. No such host contaminations were detec-

ted on 2-D gels prepared from symbionts, which had been

subjected to an additional washing step in TE buffer after

purification, e.g. on the reference map in Fig. 1 or in

previous studies [6]. Besides these putative host blood

proteins, an unusual accumulation of the bacterial outer

membrane porin Omp, a homolog of the Allochromatium
vinosum- and the Ectothiorhodospira vacuolata protein, was

observed in the supposed periplasmic protein fraction. It

remains to be elucidated in further studies whether this

phenomenon is reproducible or merely a preparation arti-

fact. Protein identifications achieved by MS analysis of all

visible protein spots on the 2-D gels are summarized in the

proteome reference map shown in Fig. 1. The new Riftia
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symbiont genome database (Gardebrecht et al., submitted for

publication) that formed the basis of this proteomic analysis

contains 2132 open reading frames (ORFs) predicted to be

soluble cytoplasmic proteins, while 255 ORFs contain a signal

peptide but no TMHs and are therefore predicted to be soluble

periplasmic or putative extracellular proteins. Approximately

1000 protein spots of these 2387 theoretical soluble proteins –

not all of which are expressed at the same time or can be

separated in a 2-D gel – were visible on the 2-D gels and were

analyzed in this study. The MS analysis of the soluble Riftia
symbiont proteome gels yielded 493 unambiguously identified

proteins. Owing to the considerably improved Riftia symbiont

genome sequence database (Gardebrecht et al., submitted for

publication), the number of identifications could thus be more

than doubled as compared with the initial description of the

symbiont’s proteome map [6] that relied on a rather frag-

mented genome sequence [5]. As indicated in Fig. 2, the

majority of the most abundant protein spots on the reference

map (Fig. 1) were enzymes involved in the energy-generating

sulfide oxidation and carbon fixation-related proteins of the

Calvin cycle and the rTCA cycle.

The procedure for the extraction of membrane proteins

used in this study was originally described for the isolation

of sulfur globules of A. vinosum [10]. Apparently though, it

resulted in a substantial enrichment of symbiont

membranes and the respective proteins contained within

and associated with these membranes. Besides the identi-

fication of the sulfur globule protein B (SgpB, see Section

3.2), the MS analysis of the membrane protein fractions

separated in 1-D gels provided 275 additional identified

proteins (418 total). Totally, 148 of the 822 proteins predic-

ted to contain TMHs were thus found to be expressed. In

total, 768 individual Riftia symbiont proteins, comprising

24% of all predicted ORFs, were identified in the soluble

intracellular and membrane-associated proteome (see

Supporting Information Table S1) and form the basis for

the reconstruction of the major metabolic processes of the

symbionts as described below.

3.2 Sulfur metabolism

Chemoautotrophic bacteria are the primary producers in the

deep-sea hydrothermal vent ecosystem. Oxidizing reduced

compounds, such as hydrogen sulfide, they provide the

energy needed for the production of biomass on which all

higher organisms thrive. The putative pathway of sulfide

oxidation in Riftia symbionts as suggested by our protein

identifications is shown in Fig. 3.

Sulfide that is provided to the symbionts via the vascular

blood system of their host is initially oxidized to polysulfides

or elemental sulfur and stored in periplasmic vesicles [15].

There are three possible enzymatic mechanisms described

for this process [16], all of which are encoded in the Riftia
symbionts’ metagenome: The sulfur oxidation (Sox) system,

the periplasmic sulfide dehydrogenase FccAB, and the

membrane-bound sulfide-quinone reductase Sqr.

The Sox multienzyme system, which has been described

for a variety of chemotrophic and phototrophic sulfur

oxidizers, was shown to be essential for thiosulfate oxidation

in Paracoccus pantotrophus [16–18], but also catalyzes the

oxidation of sulfide, sulfite and elemental sulfur in vitro [18].

In this study, the proteins SoxZ, SoxX, SoxB, SoxH,

SoxK and SoxW were identified in the Riftia symbiont

protein extracts. The Sox core complex of P. pantotrophus
comprises the heme enzyme SoxAX, the sulfur

compound-binding SoxYZ, the sulfane dehydrogenase

SoxCD and the hydrolase SoxB [19]. While the genes

encoding SoxA and SoxY are present in the Riftia symbiont

metagenome, a soxCD homolog is missing, which was also

reported for many other sulfur-storing microorganisms,

such as A. vinosum [20]. As suggested by Sauvé et al. [21],

SoxAX in sulfide oxidizers might mediate the oxidative

linkage of hydrogen sulfide to the carrier SoxYZ, resulting

in the formation of a sulfane intermediate (SoxYZ-S-S!)

and the release of two electrons, which are fed into

the respiratory chain. The reaction is assumed to be repe-

ated to form polysulfide chains on SoxYZ, which are
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Figure 2. The 50 most abundant

identified Riftia symbiont

protein spots on the soluble

proteome reference map (pH

4–7, Fig. 1). Spot volumes were

calculated with Delta2D and are

given in % of all proteins. The

metabolic category of the

hypothetical proteins ej00120

and ct00060 was inferred from

the functions of adjacent genes

in the metagenome.
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supposedly stored in the periplasmic sulfur globules [21]

(see below and Fig. 3).

In addition to the Sox proteins, the cytochrome subunit

FccA of the Riftia symbiont’s sulfide dehydrogenase was

identified on the protein level in this study. The soluble

periplasmic sulfide dehydrogenase FccAB, a flavocyto-

chrome c that mediates electron transfer to c-type cyto-

chromes, was reported to catalyze sulfide oxidation to

polysulfides in vitro [16, 22]. However, its in vivo role is

dubious, as Fcc appears not to be essential for sulfur

compound oxidation in A. vinosum [23]. Interestingly, the

large Fcc subunit FccB, which is encoded in the Riftia
symbiont metagenome, shows striking similarity to the

Chlorobium limicola SoxF protein, which exhibits sulfide

dehydrogenase activity [24]. An involvement of SoxF in the

reactivation of SoxYZ during thiosulfate oxidation was

therefore considered, although its specific function remains

to be resolved [24]. It might be speculated that the physio-

logical function of the SoxF-like FccB in Riftia symbionts

may at least in part be this stimulation of inactivated SoxYZ.

The sulfide:quinone oxidoreductase Sqr, which channels

electrons from sulfide into the quinone pool, was found to

be indispensable for hydrogen sulfide oxidation in the

phototrophic sulfur oxidizer A. vinosum [23], and in Rhodo-

bacter capsulatus [25]. Hence, the Riftia symbiont’s Sqr,

which is encoded in the symbiont’s genome, might possibly

be involved in H2S oxidation as displayed in Fig. 3. Its

concrete role, however, remains to be investigated. The

individual degree of participation – if relevant at all – of Sox,

Sqr and FccAB in the highly complex periplasmic sulfide

oxidation process in Riftia symbionts remains to be eluci-

dated. Also, the exact function of SoxB, which was identified

in the symbionts’ protein extracts, remains unclear. In

thiosulfate-utilizing sulfur-storing bacteria, such as A. vino-
sum, SoxB hydrolytically removes the sulfone group of

SoxYZ-SO3
! to sulfate, thereby restoring SoxYZ [18]. The

SoxB protein appears to be indispensable for sulfide oxida-

tion in Chlorobium tepidum [26], but its actual role in sulfide

oxidation is yet unknown. Likewise, the functions of SoxW,

SoxK and the thioredoxin SoxH, which were identified on

our protein gels, are unknown. Riftia symbionts are

considered ‘‘sulfide specialists’’ [27, 28] and were proposed

to exclusively use sulfide, but not thiosulfate, as their

reduced sulfur source. This correlates with the fact that the

thiosulfate concentration in the vascular and coelomic blood

of R. pachyptila is relatively low, while sulfide is highly

concentrated [28]. However, the identification of two

rhodanese (thiosulfate sulfur transferase)–like proteins in
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this study suggests that thiosulfate oxidation may not be

excluded in the Riftia symbionts after all. Rhodaneses cleave

thiosulfate into sulfite and sulfide, the latter of which is then

immediately oxidized to sulfur stored in sulfur globules [29].

However, the A. vinosum rhodanese, which is highly similar

to the identified Riftia symbiont proteins, was shown to be

dispensable for thiosulfate oxidation [30]. Its physiological

role remains unknown. It is conceivable, although purely

speculative, that thiosulfate might serve as an alternative

sulfur source for the Riftia symbionts, e.g. when sulfide

supply is only minimal.

Elemental sulfur (S0) serves as a storage compound,

which enables the symbionts to maintain energy production

by intracellular sulfide oxidation even in times of low sulfide

concentrations in the hydrothermal vent environment

[15, 31, 32]. Moreover, it was suggested that in times of

temporary anoxia – if oxygen in the surrounding vent fluid

is limiting – elemental sulfur can even function as an

electron acceptor and be reduced back to sulfide [33]. Like in

most other chemoautotrophic sulfur-oxidizing bacteria that

form intracellular sulfur globules, the Riftia symbionts’

sulfur vesicles appear to be enclosed in a proteinaceous

envelope. In A. vinosum this envelope consists of three

different small hydrophobic sulfur globule proteins (SgpA,

B and C), which are essential for sulfur globule formation

[34]. The new Riftia symbiont metagenome (Gardebrecht

et al., submitted for publication) contains homologs of all

three A. vinosum Sgps, the SgpB homolog bd00100, the

function of which is yet unknown, was identified as a

protein in our 1-D gels. The symbiont’s SgpA homolog

bo00170 was identified in 1-D gels with only one peptide

and was therefore not included in Supporting Information

Table S1.

According to the pathway models developed for A. chro-
matium [35] and C. tepidum [36], elemental sulfur needs to

be transported into the cytoplasm, while it is reductively (re-)

activated to sulfide. For C. tepidum, a polysulfide reductase

(PsrABC) was suggested to be responsible for this process.

Homologs of all three subunits with high similarity to the

C. tepidum psr genes are coded in the Riftia symbiont

genome. They were, however, not identified on the protein

level. The relevance of PsrABC for the Riftia symbiont’s Sox

is therefore questionable.

A different mechanism was suggested for A. vinosum: A

perthiolic organic carrier molecule might transfer the peri-

plasmic sulfur into the cytoplasm, where sulfur oxidation is

mediated by the combined action of various Dsr proteins

[35]. The dsr (dissimilatory sulfite reductase) operon of A.
vinosum, which shows high sequence similarity to the 15 dsr
genes of the Riftia symbiont (see Fig. 4), was shown to be

indispensable for sulfur oxidation [35]. The NADH:acceptor

oxidoreductase DsrL, which was identified in the Riftia
symbiont proteome, was proposed to be involved in the

reductive release of sulfide from the carrier molecule.

Sulfide that is released in the Riftia symbiont’s cytoplasm

is successively oxidized to sulfate via sulfite and adenosine

phosphosulfate (APS reductase pathway). This process is

performed by the consecutive action of the dissimilatory

sulfite reductase DsrAB – working in reverse as a sulfide

oxidase, the APS reductase AprAB and the ATP sulfurylase

SopT, leading to the formation of SO2!
4 . These three major

sulfide oxidation enzymes were shown to comprise more

than 12% of the total symbiont proteome on a 2-D gel in the

pH range 4–7 [6], emphasizing their metabolic relevance for

the Riftia symbiont. The dissimilatory sulfite reductase

DsrAB, both subunits of which are among the identified

Riftia symbiont proteins, converts HS! to HSO!3 , releasing

six electrons. These electrons are supposedly channeled into

the respiratory chain via DsrC and the membrane-spanning

DsrMKJOP redox complex [37] with a possible involvement

of DsrEFH [16]. The Riftia symbiont proteins DsrC, DsrE,

DsrF, DsrH, DsrM, DsrK and DsrO could be identified in

this study, indicating the reactions proposed above (Fig. 3).

The subsequent conversion of HSO!3 and adenosine

monophosphate (AMP) to APS is supposedly mediated by

the APS reductase AprAB. The Riftia symbiont APS reduc-

tase subunits AprA and AprB are among the most promi-

nent spots on the 2-D master gel (see Fig. 1), comprising

more than 8.5% of the total protein which strongly under-

lines the enzymes’ central role in the Riftia symbiont’s

energy metabolism. The oxidation of sulfite by AprAB yields

another two electrons, which are supposedly fed into the

respiratory chain via the quinone-interacting membrane-

bound oxidoreductase (Qmo) complex. QmoABC was

originally described to transfer electrons to APS reductase in

sulfate reducers [38], but was recently reported to be present

in sulfide-oxidizing bacteria as well, where it functions in

the opposite direction [39, 40]. In the Riftia symbiont

metagenome, two sequences annotated as heterodisulfide

reductase, subunit A (HdrA), were found to exhibit striking

similarities to the C. tepidum QmoAB proteins. Both were

identified on the protein gels in this study with very high

abundances (Figs. 1 and 2). A putative QmoC candidate was

also identified, although with a less pronounced similarity to

the C. tepidum protein.

Finally, APS is presumably converted to SO2!
4 by the ATP

sulfurylase SopT, which was among the most abundant

proteins identified in the present study. During this reac-

tion, ATP is produced via substrate level phosphorylation.

Little is known about the mechanisms by which the cells

export the resulting sulfate. Although no such proteins

could be identified on the proteome level so far, there are

three sulfate transporters encoded in the Riftia symbiont’s

metagenome (SulP1: Rifp1Sym_ad00510, SulP2: Rifp1-

Sym_fh00010 and SulP3: Rifp1Sym_gc00040), which may

be likely candidates for this function.

3.3 Nitrogen metabolism

In the hydrothermal vent environment, nitrate is the most

easily accessible form of inorganic nitrogen with in situ
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concentrations of about 40mM [41]. It is absorbed from the

surrounding seawater through the plume of R. pachyptila
and delivered to the trophosome via the worm’s vascular

blood system [42]. In turn, bacterial assimilatory nitrate

reduction provides the host animal with nitrogen required

for biosynthesis and growth. Besides this assimilatory use of

nitrate by the symbionts, it was also proposed that NO2!
3

might play an important role as an alternative electron

acceptor under hypoxic conditions (i.e. nitrate respiration)

[43]. This finding was, however, not substantiated in a

subsequent study [44], which indicated that nitrate in Riftia
symbionts is only reduced to ammonia (and not further to

dinitrogen gas). The authors concluded that the majority of

nitrate is assimilated by the symbionts, while the proportion

of respiratory nitrate reduction – if at all present – is only

marginal. The first description of the endosymbiont’s

metagenome sequence [5] appeared to support this

hypothesis, as no homologs of a nitrous oxide reductase

were found. Surprisingly, the recently resequenced Riftia
symbiont metagenome (Gardebrecht et al., submitted for

publication) does encode the entire set of enzymes required

for the dissimilatory reduction of nitrate to nitrogen gas:

Nitrate reductase, nitrite reductase, nitric oxide reductase

and nitrous oxide reductase. Moreover, the protein identifi-

cations obtained in this study include the dissimilatory

nitrate reductase subunits NarGHJ and the response regu-

lator NarL, the nitrite reductase NirS and three other

proteins encoded by the nir operon (NirFHT), and the

nitrous oxide reductase NosZ with its nitrous oxide reduc-

tase maturation protein NosF. These findings confirm the

assumption that Riftia symbionts make use of nitrate as an

alternative electron acceptor in vivo, even if sulfide oxidation

cannot be maintained by nitrate reduction alone [44].

3.4 Carbon metabolism

The presence of autotrophic symbionts in R. pachyptila was

revealed in 1981, when trophosome tissue was shown to

exhibit activity of RubisCO, the key enzyme of the

Calvin–Benson–Bassham cycle [2]. With the symbionts’

metagenome sequence available, the complete set of

enzymes involved in this CO2 fixation mechanism was

shown to be present, although with two exceptions:

Homologs of sedoheptulose-1,7-bisphosphatase and fruc-

tose-1,6-bisphosphatase could not be detected (Gardebrecht

et al., submitted for publication). Both enzymes are involved

in the regeneration of ribulose-1,5-bisphosphate. Interest-

ingly, the same deficiency has also been reported for Cand.

Ruthia magnifica, the chemoautotrophic symbiont of the

hydrothermal vent clam Calyptogena magnifica [45]. Cand. R.

magnifica was therefore suggested to make use of an

unusual variation of the Calvin cycle, which involves a

reversible pyrophosphate-dependent phosphofructokinase

(PPi-dependent PFK) working in the reverse direction, as a

fructose-1,6-bisphosphatase. Recently, the PPi-dependent
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PFK was shown to not only reversibly catalyze the depho-

sphorylation of fructose-1,6-bisphosphate, but also of sedo-

heptulose-1,7-bisphosphate in Methylococcus capsulatus [46].

The Riftia symbiont’s PFK (PfkA), which was among the

most abundant proteins identified on 2-D gels in this study,

is highly similar to that of M. capsulatus. The PPi-dependent

PFK in the Riftia symbiont may therefore very likely catalyze

the reactions of the two missing Calvin cycle enzymes. In

the Riftia symbiont’s metagenome pfkA is clustered with

hppA, encoding a H1-translocating pyrophosphatase

(HppA). Both genes are supposedly co-transcribed, as was

reported for M. capsulatus [46]. The H1-translocating pyro-

phosphatase is an integral membrane protein containing 15

TMHs, which was identified in our study as well. The

proposed reaction mechanism of PfkA and HppA is

outlined in Fig. 5: When working in the reverse, dephos-

phorylating direction, PfkA converts its bisphosphate

substrate (such as fructose-1,6-bisphosphatase) into a

(mono-) phosphate, while pyrophosphate is released.

Subsequently, the membrane-bound H1-pumping inor-

ganic pyrophosphatase HppA establishes a proton gradient

across the cytoplasmic membrane, which allows for ATP

generation by ATP synthase. Using the reversible PFK in

combination with the pyrophosphate-energized proton

pump in the Calvin cycle thus diminishes net ATP

consumption of the CO2 fixing process. Like in M. capsula-
tus, no homologs of an ATP-dependent (‘‘regular’’) PFK or

of a fructose bisphosphatase were found in the Riftia
symbiont’s metagenome, indicating that the reversible PPi-

dependent PFK not only compensates for the lack of sedo-

heptulose-1,7-bisphosphatase and fructose-1,6-bisphos-

phatase in the Calvin cycle, but that it also replaces

ATP-PFK in glycolysis and fructose bisphosphatase in

gluconeogenesis [46] (see Fig. 5A). In addition to nearly all

Calvin cycle enzymes, which were identified in the present

study, the enzymes glucose-6-phosphate-1-dehydrogenase

(Zwf) and 6-phosphogluconolactonase (Pgl) were found on

the protein gels. Zwf and Pgl are key enzymes of the

oxidative branch of the pentose phosphate pathway, which

interconverts sugar phosphates to form central precursor

metabolites and NADPH, and which is essential for all

organisms. Both are clustered with 6-phosphogluconate

dehydrogenase in the metagenome, indicating that the

pentose phosphate pathway is functional and active

under the given conditions. Also, all enzymes that are

engaged in the rTCA cycle were detected on the protein gels,

further confirming the importance of this pathway for

carbon fixation in the symbionts. The respective genes are

grouped in several clusters throughout the metagenome

(Gardebrecht et al., submitted for publication). Genes

encoding the enzymes specific for the oxidative TCA are

present in the metagenome as well. The key enzyme of the

oxidative TCA, citrate synthase, is clustered with a malate

dehydrogenase and a four subunit succinate dehydrogenase

Figure 5. Putative role of the PPi-

dependent reversible phospho-

fructokinase (PfkA) in Riftia

symbionts. (A) Calvin–Benson

cycle (with enlarged regen-

erative phase on the left). (B)

When working in the reverse,

that is in the dephosphorylating

direction, PfkA produces pyro-

phosphate (PPi). PPi is hydro-

lyzed by HppA and a proton

gradient across the cytoplasmic

membrane is established, which

can be used for ATP generation

by the ATP synthase. All indi-

cated enzymes/subunits in bold

letters were identified in this

study.
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(different from those putatively involved in the rTCA cycle),

none of which were found to be expressed. This might

indicate that the symbionts employ separate sets of enzymes

for the oxidative and the rTCA, respectively. It also supports

the hypothesis that the oxidative TCA cycle might be

exclusively used under heterotrophic conditions in the free

living stage of the symbiont’s life cycle [5] or during times of

energy shortage.

3.5 Transporters

Several TRAP-type (tripartite ATP-independent periplasmic)

C4-dicarboxylate transporters are encoded in the Riftia
symbiont metagenome, indicating the ability to take up

organic carbon molecules, such as malate and succinate [5].

The tube worm host was shown to incorporate CO2 into

malate and succinate in an initial carboxylation step in its

plume, using these organic acids as a means of carbon

storage and transportation in the blood [47, 48]. Once taken

up by the symbionts via their TRAP transporters, malate

and succinate might be fed into the rTCA cycle and thus be

further carboxylated, resulting in the production of triose

phosphates and other anabolic precursors for biomass

production. The idea of a joint CO2 fixation effort by host

and symbiont [5] is supported by our identification of two

subunits of TRAP-type transport systems in the membrane-

associated proteome of the symbionts isolated from Riftia
trophosome (DctP1 and 2, see Supporting Information

Table S1). Furthermore, several subunits of transporters for

the acquisition of zinc (ZnuA), vitamin B12 (BtuF), phos-

phate (PtsS) and iron (a TonB system component) were

identified on the protein level. A variety of other proteins

with putative functions in secretion (e.g. SecABDFY),

resistance (e.g. MdtB, AoxB, TerB) and signal transduction

(e.g. FixJ, GacS, OmpR) was also identified, whose concrete

role in the symbiosis remains to be investigated (see

Supporting Information Table S1).

4 Concluding remarks

The analysis of the in situ gene expression on the proteomic

level, as shown by 2-D and 1-D gel-based proteomics of the

uncultured endosymbionts of R. pachyptila offers the

opportunity to elucidate major cellular pathways which are

relevant for this highly specialized symbiosis. In particular,

enzymatic details of the complex processes involved in

chemoautotrophic sulfur- and carbon metabolism could

thus be illuminated, supporting the notion that the

symbionts are serving as a biosynthetic machinery for the

host by maximizing processes involved in energy generation

and carbon fixation. Our results include the indication that

the symbionts are able to utilize thiosulfate as an alternative

sulfur substrate after all – and that they make use of that

capability under the given conditions, even though they

were considered sulfide specialists in the past. The

proteome data also revealed an unusual feature of the

carbon-fixing Calvin cycle in Riftia symbionts, i.e. the use of

an energy-saving reversible pyrophosphate-dependent

phosphofructokinase. The identification of all rTCA cycle

enzymes on our protein gels is in accordance with the

previous finding that two carbon fixation pathways are

operating simultaneously in the symbionts, which could be

of advantage in providing a steady supply of organic carbon

by adjusting the relative expression of each pathway

according to the prevailing geochemical and energetic

environment. Furthermore, both pathways provide different

essential precursors for biosynthesis, e.g. pyruvate, oxaloa-

cetate, 2-oxoglutarate via the rTCA and phosphoglycerate

and C5/C6-sugars via the Calvin cycle, respectively. The

proteomic view furthermore supports the hypothesis that

the symbiont uses nitrate as an alternative electron acceptor

for sulfide oxidation. The detailed analysis of the Riftia
symbionts’ proteome as presented in this study facilitates

the elucidation and detailed description of crucial metabolic

pathways and has the potential to pave the way to a better

understanding of the symbiont’s ability to establish stable

symbioses with almost identical metabolic patterns in

different hosts (Gardebrecht et al., submitted for publica-

tion).
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[21] Sauvé, V., Bruno, S., Berks, B. C., Hemmings, A. M., The

SoxYZ complex carries sulfur cycle intermediates on a

peptide swinging arm. J. Biol. Chem. 2007, 282,

23194–23204.

[22] Bosshard, H. R., Davidson, M. W., Knaff, D. B., Millett, F.,

Complex formation and electron transfer between mito-

chondrial cytochrome c and flavocytochrome c552 from

Chromatium vinosum. J. Biol. Chem. 1986, 261, 190–193.

[23] Reinartz, M., Tschape, J., Bruser, T., Tr .uper, H. G., Dahl, C.,

Sulfide oxidation in the phototrophic sulfur bacterium

Chromatium vinosum. Arch. Microbiol. 1998, 170, 59–68.

[24] Ogawa, T., Furusawa, T., Shiga, M., Seo, D. et al.,

Biochemical studies of a soxF-encoded monomeric flavo-

protein purified from the green sulfur bacterium Chlor-

obaculum tepidum that stimulates in vitro thiosulfate

oxidation. Biosci. Biotechnol. Biochem. 2010, 74, 771–780.

[25] Sch .utz, M., Maldener, I., Griesbeck, C., Hauska, G., Sulfide-

quinone reductase from Rhodobacter capsulatus: require-

ment for growth, periplasmic localization, and extension of

gene sequence analysis. J. Bacteriol. 1999, 181, 6516–6523.

[26] Azai, C., Tsukatani, Y., Harada, J., Oh-oka, H., Sulfur

oxidation in mutants of the photosynthetic green sulfur

bacterium Chlorobium tepidum devoid of cytochrome c-554

and SoxB. Photosynth. Res. 2009, 100, 57–65.

[27] Fisher, C. R., Childress, J. J., Minnich, E., Autotrophic

carbon fixation by the chemoautotrophic symbionts of

Riftia pachyptila. Biol. Bull. 1989, 177, 372–385.

[28] Wilmot, D. B., Vetter, R. D., The bacterial symbiont from the

hydrothermal vent tubeworm Riftia pachyptila is a sulfide

specialist. Mar. Biol. 1990, 106, 273–283.

[29] Brune, D. C., in: Blankenship, R. E., Madigan, M. T., Bauer,

C. E. (Eds.), Anoxygenic Photosynthetic Bacteria, Kluwer,

Dordrecht, The Netherlands 1995, pp. 847–870.

[30] Hensen, D., Sperling, D., Tr .uper, H. G., Brune, D. C., Dahl, C.,

Thiosulphate oxidation in the phototrophic sulphur bacter-

ium Allochromatium vinosum. Mol. Microbiol. 2006, 62,

794–810.

[31] Hand, S. C., Trophosome ultrastructure and the character-

ization of isolated bacteriocytes from invertebrate-sulfur

bacteria symbioses. Biol. Bull. 1987, 173, 260–276.

[32] Bright, M., Sorgo, A., Ultrastructural reinvestigation of the

trophosome in adults of Riftia pachyptila (Annelida, Sibo-

glinidae). Invertebr. Biol. 2003, 122, 345–366.

[33] Arndt, C., Gaill, F., Felbeck, H., Anaerobic sulfur metabolism

in thiotrophic symbioses. J. Exp. Biol. 2001, 204, 741–750.

[34] Dahl, C., Prange, A., in: Shively, J. M. (Ed.), Inclusions in

Prokaryotes, Springer, Berlin, Heidelberg 2006, pp. 21–51.

[35] Dahl, C., Engels, S., Pott-Sperling, A. S., Schulte, A, et al.,

Novel Genes of the dsr gene cluster and evidence for close

interaction of dsr proteins during sulfur oxidation in the

phototrophic sulfur bacterium Allochromation vinosum. J.

Bacteriol. 2005, 187, 1392–1404.

[36] Eisen, J. A., Nelson, K. E., Paulsen, I. T., Heidelberg, J. F.

et al., The complete genome sequence of Chlorobium

tepidum TLS, a photosynthetic, anaerobic, green-sulfur

bacterium. Proc. Natl. Acad. Sci. USA 2002, 99, 9509–9514.

3116 S. Markert et al. Proteomics 2011, 11, 3106–3117

& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com

publications 55



[37] Sander, J., Engels-Schwarzlose, S., Dahl, C., Importance of

the DsrMKJOP complex for sulfur oxidation in Allochro-

matium vinosum and phylogenetic analysis of related

complexes in other prokaryotes. Arch. Microbiol. 2006, 186,

357–366.

[38] Pires, R. H., Lourenc-o, A. I., Morais, F., Teixeira, M. et al., A

novel membrane-bound respiratory complex from Desul-

fovibrio desulfuricans ATCC 27774. Biochim. Biophys. Acta

(BBA) – Bioenergetics 2003, 1605, 67–82.

[39] Frigaard, N.-U., Bryant, D. A., in: Hell, R., Dahl, C., Knaff, D.,

Leustek, T. (Eds), Sulfur Metabolism in Phototrophic

Organisms, Springer, The Netherlands 2008, pp. 337–355.

[40] Chan, L.-K., Weber, T. S., Morgan-Kiss, R. M., Hanson, T. E.,

A genomic region required for phototrophic thiosulfate

oxidation in the green sulfur bacterium Chlorobium tepi-

dum (syn. Chlorobaculum tepidum). Microbiology 2008,

154, 818–829.

[41] Johnson, K. S., Childress, J. J., Hessler, R. R., Sakamoto-

Arnold, C. M., Beehler, C. L., Chemical and biological

interactions in the Rose Garden hydrothermal vent field.

Deep Sea Res. 1988, 35A, 1723–1744.

[42] Hahlbeck, E., Pospesel, M. A., Zal, F., Childress, J. J.,

Felbeck, H., Proposed nitrate binding by hemoglobin

in Riftia pachyptila blood. Deep Sea Res. 2005, 52,

1885–1895.

[43] Hentschel, U., Felbeck, H., Nitrate respiration in the hydro-

thermal vent worm Riftia pachyptila. Nature 1993, 366,

338–340.

[44] Girguis, P. R., Lee, R. W., Desaulniers, N., Childress, J. J.

et al., Fate of nitrate acquired by the tubeworm

Riftia pachyptila. Appl. Environ. Microbiol. 2000, 66,

2783–2790.

[45] Newton, I. L., Woyke, T., Auchtung, T. A., Dilly, G. F. et al.,

The Calyptogena magnifica chemoautotrophic symbiont

genome. Science 2007, 315, 998–1000.

[46] Reshetnikov, A. S., Rozova, O. N., Khmelenina, V. N.,

Mustakhimov, I. I. et al., Characterization of the pyropho-

sphate-dependent 6-phosphofructokinase from Methylo-

coccus capsulatus Bath. FEMS Microbiol. Lett. 2008, 288,

202–210.

[47] Felbeck, H., Arndt, C., Hentschel, U., Childress, J. J.,

Experimental application of vascular and coelomic cathe-

terization to identify vascular transport mechanisms for

inorganic carbon in the vent tubeworm, Riftia pachyptila.

Deep Sea Res. 2004, 51, 401–411.

[48] Felbeck, H., Turner, P. J., CO2 transport in catheterized

hydrothermal vent tubeworms, Riftia pachyptila (Vesti-

mentifera). J. Exp. Zoo. 1995, 272, 95–102.

& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com

Proteomics 2011, 11, 3106–3117 3117

56 publications



PA P E R I I I

The publication "Substrate-controlled succession of
marine bacterioplankton populations induced by a
phytoplankton bloom" deals with the bacterioplank-
ton response to a diatom bloom in the North Sea
and revealed a successive decomposition of algal or-
ganic matter at genus-level through high-resolution
metaproteomics backed by a habitat-specific metage-
nome database.
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Substrate-Controlled Succession
of Marine Bacterioplankton Populations
Induced by a Phytoplankton Bloom
Hanno Teeling,1* Bernhard M. Fuchs,1* Dörte Becher,2,5 Christine Klockow,1,3

Antje Gardebrecht,6 Christin M. Bennke,1 Mariette Kassabgy,1 Sixing Huang,1

Alexander J. Mann,1,3 Jost Waldmann,1,2,3 Marc Weber,1,3 Anna Klindworth,1,3 Andreas Otto,5

Jana Lange,2 Jörg Bernhardt,5,7 Christine Reinsch,2 Michael Hecker,2,5 Jörg Peplies,8

Frank D. Bockelmann,9 Ulrich Callies,9 Gunnar Gerdts,4 Antje Wichels,4 Karen H. Wiltshire,4

Frank Oliver Glöckner,1,3 Thomas Schweder,2,6† Rudolf Amann1†

Phytoplankton blooms characterize temperate ocean margin zones in spring. We investigated
the bacterioplankton response to a diatom bloom in the North Sea and observed a dynamic
succession of populations at genus-level resolution. Taxonomically distinct expressions of
carbohydrate-active enzymes (transporters; in particular, TonB-dependent transporters) and
phosphate acquisition strategies were found, indicating that distinct populations of Bacteroidetes,
Gammaproteobacteria, and Alphaproteobacteria are specialized for successive decomposition of
algal-derived organic matter. Our results suggest that algal substrate availability provided a
series of ecological niches in which specialized populations could bloom. This reveals how
planktonic species, despite their seemingly homogeneous habitat, can evade extinction by
direct competition.

Annually recurring spring phytoplankton
blooms with high net primary produc-
tion (NPP) characterize eutrophic upwell-

ing zones and coastal oceans in higher latitudes.
Coastal zones with water depths <200 m consti-
tute ~7% of the global ocean surface (1), yet they
are responsible for ~19% of the oceanic NPP (2)
and globally account for 80% of organic matter

burial and 90% of sedimentary mineralization
(1). Heterotrophic members of the picoplankton—
mostly Bacteria—reprocess about half of the
oceanic NPP in the so-called “microbial loop”
(3). The bulk of this bacterioplankton biomass is
free-living, but up to 20% is attached to algae or
particles (4).

The bacterial response to coastal phytoplank-
ton blooms has been almost exclusively studied
in microcosm/mesocosm experiments (5–8) or
with limited resolution in time and biodiver-
sity in situ (9–11). We observed bacterial popula-
tions during and after a phytoplankton bloom
in spring 2009 at the island of Helgoland in the
German Bight (54°11′03′′N, 7°54′00′′E; fig. S1A)
with a high taxonomic and functional resolu-
tion. We sampled 500 liters of subsurface sea-
water twice a week during 2009. Samples were
filtered into fractions dominated by free-living
bacteria (3 to 0.2 mm in size) and algae/particle-
associated bacteria (10 to 3 mm in size) (fig. S2).
Algal composition was determined microscop-
ically (fig. S3 and table S1), and microbial com-
position was identified via catalyzed reporter

deposition fluorescence in situ hybridization
(CARD-FISH, tables S2 and S3). At selected
sampling times during and after the bloom, the
data were complemented by comparative analysis
of 16S ribosomal RNA (rRNA) gene amplicons
(pyrotags, table S4) and by functional data from
extensive metagenome and metaproteome analy-
ses (table S5). In addition, physical and chemical
parameters were measured daily, including tem-
perature, turbidity, salinity, and concentrations of
phosphate, nitrate, nitrite, ammonium, silicate,
and chlorophyll a (table S6).

Pre-bloom bacteria (Fig. 1A) were dominated
by Alphaproteobacteria (41 to 67%), composed
roughly of two-thirds SAR11 clade and one-
third Roseobacter clade (Fig. 1B and fig. S4B).
SAR11 consisted almost exclusively of subgroup
Ia (Candidatus Pelagibacter ubique) (table S4).
This composition changed as the spring phyto-
plankton bloom commenced (12). In early April (3
to 9 April 2009), Bacteroidetes abundances in-
creased fivefold within 1 week (from 1.5 × 105

to 7.7 × 105 cells/ml), whereas Alphaproteobac-
teria (from 2.1 × 105 to 5.0 × 105 cells/ml) and
Gammaproteobacteria (from 0.8 × 105 to 1.8 ×
105 cells/ml) abundances only approximately
doubled. The Bacteroidetes consisted mostly of
Flavobacteria (89 to 98%) (table S4), with a suc-
cession of Ulvibacter spp., followed by Formosa-
related and Polaribacter species as the most
prominent groups (Fig. 1C and fig. S4C). Gam-
maproteobacteria reacted later to algal decay,
but with a more dense succession of peaking
clades, with highest abundances in Reinekea spp.
and SAR92 (Fig. 1D and fig. S4D). Reinekea
spp. grew within 1 week from 1.6 × 103 cells/ml
to above 1.6 × 105 cells/ml (estimated doubling
time, 25 hours) and subsequently almost vanished
within 2 weeks. Roseobacter clade members also
showed a succession, with the NAC11-7 lineage
dominating the early bacterioplankton bloom and
the Roseobacter clade–affiliated (RCA) lineage
dominating the late bloom (table S4).

Metagenomes were partitioned into taxonom-
ically coherent bins (taxobins, fig. S5A) and then
used for identification, annotation, and semiquan-
titative analyses of the metaproteome data (12).
This allowed the investigation of shifts in gene
content and expression within dominating bac-
terial populations (table S7).
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A pronounced peak in the abundance of
carbohydrate-active enzymes [CAZymes (13)] ac-
companied the bacterial succession (fig. S5B).
CAZyme frequencies and expressions were tax-
onomically distinct (Figs. 2 and 3). For instance,
Flavobacteria and Gammaproteobacteria domi-
nated the abundant glycoside hydrolase family
16 (GH16). Most corresponding genes were an-
notated as laminarinases for decomposing the
algal glucan laminarin. Likewise, expressed GH30-
family proteins that include b-D-fucosidases
mapped exclusively to Flavobacteria. Flavobac-
teria also dominated GH29/GH95-family genes
containing a-L-fucosidases, as well as L-fucose
permease genes. Fucose is a major constituent of
diatom exopolysaccharides (14, 15). Flavobac-
teria were also dominating GH92-family glycoside
hydrolases encoding mainly alpha-mannosidase,
whereas Gammaproteobacteria dominated the
glycoside hydrolase family 81. Likewise, Gamma-
proteobacteria (SAR92 clade) and Flavobacteria
dominated expression within the GH3 family.

Many algal polysaccharides are sulfated (such
as carragenans, agarans, ulvans, and fucans), and

hence sulfatases are required for their complete
degradation. Sulfatase gene frequencies peaked
together with the CAZymes at 7 April and showed
a mixed taxonomic composition, but the max-
imum in sulfatase expression occurred later in
the bloom (Fig. 3) and was dominated by Flavo-
bacteria. Expressed sulfatases were found in the
Polaribacter taxobin, which corroborates recent re-
ports of high numbers of sulfatases in Polaribacter
(16). In contrast, glycoside hydrolases for decom-
posing nonsulfated laminarin (GH16, GH55, and
GH117) had their expression maxima earlier dur-
ing the initial algal die-off phase.

Glycolytic exoenzymes initiate bacterial uti-
lization of complex algal polysaccharides. As a
result, shorter sugar oligomers and monomers
become increasingly available and allow fast-
growing opportunistic bacteria with a broader sub-
strate spectrum to grow. Differences in nutritional
strategies were apparent even between taxonomic
classes; for example, in the expression of trans-
port systems for nutrient uptake (Fig. 4A).

TonB-dependent transporter (TBDT) compo-
nents dominated expressed transport proteins in

Flavobacteria, whereas adenosine triphosphate
(ATP)–binding cassette (ABC), tripartite ATP-
independent periplasmic (TRAP), and tripartite
tricarboxylate transporters (TTT) for low-molecular-
weight (LMW) substrates were expressed only
at low levels (Fig. 4A). TBDTs, originally thought
to be restricted to complexed iron(III) (17) and
vitamin B12 uptake, allow uptake of compounds
that exceed the typical 600- to 800-dalton sub-
strate range of normal porins (18, 19). Within
Bacteroidetes, TBDTs are often colocalized with
carbohydrate degradation modules (fig. S6)
(16, 20–22), and thus the substrate spectrum of
these transporters may be much wider than an-
ticipated (23), including oligosaccharides. TBDTs
constituted no less than 13% of the expressed pro-
teins identified during the bacterioplankton bloom
at 31 March but only 7% in a non bloom sample
at 11 February (fig. S7). This observation high-
lights the importance of TBDTs and corroborates
a report of high TBDT expression in a coastal up-
welling zone (24). In high-NPP zones, the capac-
ity to take up oligomers as soon as they become
transportable may constitute a major advantage
over competitors restricted to smaller substrates.

In theGammaproteobacteria, SAR92 featured
a similar transporter expression profile as the
Flavobacteria, whereas Reinekea spp. exhibited
high expression of ABC and, to a lesser extent,
TRAP transporters, indicating a different nutri-
tional strategy with emphasis on the uptake of
monomers (Fig. 4A).

Likewise, Alphaproteobacteria showed high
expression levels of ABC and TRAP transporters
and low levels of TBDTs and TTTs. This reflects
the ecological strategy of the dominating SAR11.
The well-studied representative Pelagibacter ubique
HTCC 1062 thrives under oligotrophic condi-
tions by means of high-affinity ABC and TRAP
transporters and a constitutively expressed energy-
producing proteorhodopsin (25–27). Our data
confirmed constitutive proteorhodopsin expres-
sion and transporter components as the most
abundant expressed proteins in the SAR11 clade,
which corroborates previous findings (28). Mem-
bers of the metabolically diverse, opportunistic
alphaproteobacterial Roseobacter clade (29–31)
exhibited LMW transporter expression levels that
exceeded those of SAR11 (Fig. 4A). Although
Roseobacter clade cells were two to four times
less abundant than SAR11, they are larger, which
may explain greater Roseobacter transporter
expression.

Multiple factors may contribute to bacterio-
plankton bloom termination, such as predation by
flagellate protozoa, viral lysis, and nutrient de-
pletion. Phosphate limitation can spur algal exu-
date production, which might serve to promote
the growth of phycosphere bacteria that reminer-
alize and acquire phosphate more effectively
(32); however, under phosphate limitation, algae
and bacteria will compete. Phosphate dropped
below the detection limit early in the phytoplank-
ton bloom (fig. S1C), and the expression of sev-
eral phosphate and phosphonate ABC-type uptake

Fig. 1. Abundances of major
bacterial populations during the
bacterioplankton bloom as assessed
by CARD-FISH. (A) Chlorophyll a
(Chl a) concentration (measured
with a BBE Moldaenke algal
group analyzer), 4´,6-diamidino-
2-phenylindole (DAPI)–based
total cell counts (TCC), and bac-
terial counts (probe EUB338 I-III)
during the year 2009; diatom-
dominated spring blooms (1)
and dinoflagellate-dominated
summer blooms (2) are marked
with green boxes; triangles on
topmark accessory samples:meta-
genomics (red), metaproteomics
(blue), and 16S rRNA gene tag
sequencing (magenta). (B) Rel-
ative abundances of selected
Alphaproteobacteria: SAR11
clade (probe SAR11-486) and
Roseobacter clade (probe ROS537).
(C) Relative abundances of se-
lected Flavobacteria: Ulvibacter
spp. (probe ULV-995), Formosa
spp. (probe FORM-181A), and
Polaribacter spp. (probe POL740).
(D) Relative abundances of se-
lected Gammaproteobacteria:
Reinekea spp. (probe REI731)
and SAR92 clade (probe SAR92-
627). Further probes that are not
shown for clarity are specified
in the supplementary materials
(tables S2 and S3).
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systems in various bacterial taxobins increased
over the progression of the bloom (Fig. 4B). Gam-
maproteobacteria and SAR11 tended to use ABC-
type phosphate transporters, as discovered in earlier

studies (28), whereas flavobacterial Polaribacter
spp. used phosphate:sodium symporters, and al-
phaproteobacterial Rhodobacterales spp. used
phosphonate transporters.

In the first response to the phytoplankton
bloom, flavobacterial Ulvibacter and Formosa
spp. dominated (tables S2 and S4). Within these
clades, TBDT components were among the pro-
teins with the highest expression levels. This cor-
roborates reports that specific Flavobacteria are
tightly coupled to diatoms (7). Bacteroidetes have
also been identified as major bacteria attached
to marine snow (33, 34), which agrees with their
presumed role as fast-growing r strategists with
specialization on the initial attack of highly com-
plex organic matter (16, 21, 35). Hence, algal
blooms lead to a multifold increase of coloniza-
tion surfaces for Bacteroidetes, which respond
with increased production of exoenzymes (36).
After algal lysis, Bacteroidetes are the first to
profit.

The second phase of the bacterioplankton suc-
cession coincided with a shift in algal composition
(fig. S3) and was characterized by a pronounced
peak of gammaproteobacterial Reinekea spp.
that reached up to 16% of the bacteria (14 April
2009). Reinekea spp. featured a different expres-
sion profile, with high expression levels of trans-
porters for peptides, phosphate, monosaccharides,
and other monomers. These in situ data agree
with the studies on cultured Reinekea species
(37–39) that found broad generalist substrate
spectra. The increase of alphaproteobacterial

Fig. 2. Abundances of CAZymes with relevance for
external carbohydrate degradation. (Left) Copies
of 20 CAZymes per megabase of metagenome se-
quence with class-level taxonomic classifications
(12). Maximum abundances are highlighted in gray.
(Right) Detailed taxonomic breakdown for four
selected CAZymes showing differing taxonomic com-
positions; each histogram shows data for the five
metagenome samples (from left to right: 11 Feb-
ruary 2009, 31 March 2009, 7 April 2009, 14 April
2009, and 16 June 2009).

Fig. 3. Expression of CAZymes with relevance for external carbohydrate degradation; the proteome
data were analyzed in a semiquantitative manner based on normalized spectral abundance factors
(NSAFs) (12).
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Roseobacter clade RCA during this phase might
also be attributed to the Roseobacter's oppor-
tunistic life-style (29) and is consistent with pre-
vious findings of free-living RCA phylotypes in
the German Bight during diatom blooms (40).

The third phase of the spring 2009 bacte-
rioplankton succession was dominated by flavo-
bacterial Polaribacter and gammaproteobacterial
SAR92 clade species, together with a secondary
spike in Formosa spp. (Fig. 1, C and D). At this
time, Polaribacter and Formosa dominated the
particle/algae-attached fraction (table S8). Hence
this phase with high sulfatase expression (Fig. 3)
reflected another change of ecological niches (12).

Taken together, the bacterial response to coast-
al phytoplankton blooms was more dynamic
than previously anticipated and consisted of a
succession of distinct populations with distinct
functional and transporter profiles. Thus, the
diatom-induced growth of specific bacterioplank-
ton clades most likely resulted from the successive
availability of different algal primary products
(bottom-up control), which provided the series
of ecological niches in which specialized pop-
ulations could bloom. As a result, we are now
beginning to uncover the relevant predictors for
defining the ecological niches of planktonic

species (41) and thus can tackle the “paradox
of the plankton” (42), which is how these spe-
cies evade extinction by direct competition in a
seemingly homogeneous habitat with limited
resources.

References and Notes
1. J. P. Gattuso, M. Frankignoulle, R. Wollast, Annu. Rev.

Ecol. Syst. 29, 405 (1998).
2. C. B. Field, M. J. Behrenfeld, J. T. Randerson, P. Falkowski,

Science 281, 237 (1998).
3. F. Azam, Science 280, 694 (1998).
4. F. Azam et al., Mar. Ecol. Prog. Ser. 10, 257

(1983).
5. J. Pinhassi et al., Aquat. Microb. Ecol. 17, 13

(1999).
6. L. Riemann, G. F. Steward, F. Azam, Appl. Environ.

Microbiol. 66, 578 (2000).
7. J. Pinhassi et al., Appl. Environ. Microbiol. 70, 6753

(2004).
8. J. M. Rinta-Kanto, S. Sun, S. Sharma, R. P. Kiene,

M. A. Moran, Environ. Microbiol. 14, 228 (2012).
9. L. B. Fandino, L. Riemann, G. F. Steward, R. A. Long,

F. Azam, Aquat. Microb. Ecol. 23, 119 (2001).
10. W. W. Lau, R. G. Keil, E. V. Armbrust, Appl. Environ.

Microbiol. 73, 2440 (2007).
11. Y. Tada et al., Appl. Environ. Microbiol. 77, 4055

(2011).
12. Further information is available as supplementary

materials on Science Online.
13. B. L. Cantarel et al., Nucleic Acids Res. 37 (Database

issue), D233 (2009).

14. B. A. Wustman, M. R. Gretz, K. D. Hoagland, Plant Physiol.
113, 1059 (1997).

15. V. B. Khodse, N. B. Bhosle, Biofouling 26, 527 (2010).
16. P. R. Gómez-Pereira et al., Environ. Microbiol. 14, 52

(2012).
17. V. Braun, K. Hantke, Curr. Opin. Chem. Biol. 15, 328

(2011).
18. T. K. Rostovtseva, E. M. Nestorovich, S. M. Bezrukov,

Biophys. J. 82, 160 (2002).
19. K. D. Krewulak, H. J. Vogel, Biochem. Cell Biol. 89,

87 (2011).
20. M. Bauer et al., Environ. Microbiol. 8, 2201 (2006).
21. F. Thomas, J. H. Hehemann, E. Rebuffet, M. Czjzek,

G. Michel, Front. Microbiol. 2, 93 (2011).
22. B. M. Hopkinson, K. A. Barbeau, Environ. Microbiol.

10.1111/j.1462‐2920.2011.02539.x (2011).
23. K. Schauer, D. A. Rodionov, H. de Reuse, Trends Biochem.

Sci. 33, 330 (2008).
24. R. M. Morris et al., ISME J. 4, 673 (2010).
25. S. J. Giovannoni et al., Science 309, 1242 (2005).
26. C. R. Reisch et al., Nature 473, 208 (2011).
27. J. Sun et al., PLoS ONE 6, e19870 (2011).
28. S. M. Sowell et al., ISME J. 3, 93 (2009).
29. M. A. Moran et al., Appl. Environ. Microbiol. 73, 4559

(2007).
30. T. Brinkhoff, H. A. Giebel, M. Simon, Arch. Microbiol.

189, 531 (2008).
31. R. J. Newton et al., ISME J. 4, 784 (2010).
32. J. Tittel, O. Büttner, N. Kamjunke, J. Plankton Res. 34,

102 (2012).
33. E. F. DeLong, D. G. Franks, A. L. Alldredge, Limnol.

Oceanogr. 38, 924 (1993).
34. D. Woebken, B. M. Fuchs, M. M. Kuypers, R. Amann,

Appl. Environ. Microbiol. 73, 4648 (2007).
35. J. L. Edwards et al., Genes 1, 371 (2010).
36. C. Arnosti, Annu. Rev. Mar. Sci. 3, 401 (2011).
37. L. A. Romanenko, P. Schumann, M. Rohde, V. V. Mikhailov,

E. Stackebrandt, Int. J. Syst. Evol. Microbiol. 54, 669
(2004).

38. J. Pinhassi et al., Int. J. Syst. Evol. Microbiol. 57, 2370
(2007).

39. A. Choi, J. C. Cho, Int. J. Syst. Evol. Microbiol. 60, 2813
(2010).

40. H. A. Giebel et al., ISME J. 5, 8 (2011).
41. S. J. Giovannoni, K. L. Vergin, Science 335, 671

(2012).
42. G. E. Hutchinson, Am. Nat. 95, 137 (1961).

Acknowledgments: We thank T. Hammer and T. Ferdelman for
critical reading of the manuscript; M. Meiners, E. Karamehmedovic,
B. Voigt, and V. Damare for sample processing; F. Ruhnau
and L. Sayavedra for work on transporters; M. Zeder for
automated counting; and R. Hahnke and J. Harder for help
with probe testing. We are also grateful to our colleagues from
the Bundesamt für Seeschifffahrt und Hydrographie for
provision of operational model output. Analyses and visualizations
used in fig. S1, D to F, were produced with the Giovanni
online data system, developed and maintained by the NASA
Goddard Earth Sciences Data and Information Service
Center. We acknowledge the Moderate Resolution Imaging
Spectroradiometer mission scientists and associated NASA
personnel for these data. The sequence data reported in this
study can be obtained from the European Bioinformatics
Institute (study number ERP001227; www.ebi.ac.uk/ena/data/
view/ERP001227). The German Federal Ministry of Education
and Research (BMBF) supported this study by funding the
Microbial Interactions in Marine Systems project (MIMAS,
project 03F0480A, http://mimas-project.de).

Supplementary Materials
www.sciencemag.org/cgi/content/full/336/6081/608/DC1
Materials and Methods
Supplementary Text
Figs. S1 to S12
Tables S1 to S9
References (43–102)
Movie S1

22 December 2011; accepted 16 March 2012
10.1126/science.1218344

Fig. 4. Transporter components and phosphorus acquisition proteins of dominant taxa during the bac-
terioplankton bloom. (A) Expression of transporter components: starch utilization SusD-family proteins
(SusD), TBDTs, TTTs, TRAPs, and ABCs. (B) Expression of proteins involved in phosphorus acquisition.
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Abstract

We investigated the sequenced Bacteroidetes representative  ‘Gramella forsetii’ KT0803, an 

isolate  from  North  Sea  subsurface  waters,  for  the  expression  of  specific  enzymes  and 

pathways  in  response  to  the  availability  of  algal  glycans.  Members  of  the  phylum 

Bacteroidetes are abundant in many marine habitats and known to play a pivotal role in the 

mineralization  of  complex  substrates  such  as  polysaccharides  and  proteins.  A  combined 

application of isotope labeling, subcellular fractionation and quantitative proteomics revealed 

regulatory networks controlled by either alginate or laminarin. Regulons comprised surface-

exposed  proteins  such  as  oligomer  transporters,  substrate-binding  proteins,  carbohydrate-

active  enzymes  (CAZymes)  and  hypothetical  proteins,  frequently  clustered  to  large 

polysaccharide  utilization  loci. Moreover,  we  identified  unexpected  crosstalk  between 

laminarin,  glucose  and  alpha-1,4-glucan  utilization  genes.  Several  glycan-specific  TonB-

dependent receptors and SusD-binding proteins were also expressed during the absence of 

polysaccharide substrates, in contrast to the mostly repressed associated glycoside hydrolases, 

thus  suggesting  an  anticipatory,  mainly  CAZyme-independent  housekeeping  function. 

Insights  gained  on  how  ‘G.  forsetii’ specifically responds  to  changes  in  polysaccharide 

availability  might  be applicable to other  Bacteroidetes members  and lead to an improved 

understanding of their ecological niches and role in carbon cycling in marine ecosystems.

Keywords: alginate  /  Bacteroidetes  /  laminarin /  polysaccharide utilization locus /  TonB-

dependent transporter
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Introduction

To date, only a limited number of physiological studies have been conducted on marine model 

bacteria, which stands in marked contrast to the vast amounts of existing genomic data for 

such  microbes.  Consequently,  functional  assignments  of  genes  in  marine  bacteria  are 

primarily based on homologies to those in well-characterized terrestric representatives. This 

has resulted in a large number (~ 40%) of putative proteins with either completely unknown 

functions  or  undefined  substrate  specificities  (DeLong,  2005;  Glöckner  and  Joint,  2010), 

which include not  yet  uncovered sets  of key genes that  define specific  marine ecological 

niches.  Moreover,  the  majority  of  marine  microbes  cannot  be  cultured  with  today's 

techniques, and for many of the isolates that are available, contextual environmental data are 

missing.  As  a  consequence,  so  far  the  functional  capabilities  of  only  a  small  number  of 

relevant marine model bacteria have been investigated in detail (Schweder et al., 2008; Rabus 

et al., 2012; Slattery et al., 2012), even though metabolic studies of key players are crucial for 

a  deeper  mechanistic  understanding  of  how  marine  bacteria  are  involved  in  the  global 

biogeochemical cycles.

In this  respect,  Bacteroidetes represent important  contributors  to the mineralization of 

complex substrates such as proteins and polysaccharides in the marine realm. A particularly 

important  source of such organic matter  are marine algae  that  have been estimated to be 

responsible  for  about  50%  of  the  global  net  primary  production,  while  polysaccharides 

constitute a substantial fraction of this primary production, and algae can be composed of up 

to 70% or more of polysaccharides (Davis et al., 2003). Marine Bacteroidetes are assumed to 

play a key role in the utilization of these algal polysaccharides (Kirchman, 2002; Pinhassi et  

al., 2004). Conversely, the wealth of extant algal polysaccharide structures and compositions 

provide distinct  niches of specialization for heterotrophic marine bacteria  (Grossart  et al., 

2005; Hehemann et al., 2010). Combined 'omics' approaches have advanced the detection of 

relevant proteins that are expressed by marine bacterioplankton during phytoplankton decay 

(Teeling  et al., 2012). But so far, the corresponding substrate specificities are only poorly 

resolved.  In  order  to  gain  deeper  insights  into  the  relationship  between  abundant  algal 

polysaccharides and the gene repertoire of adapted Bacteroidetes, we studied the bacteroidetal 

isolate 'Gramella forsetii' KT0803.  This strain belongs to the class  Flavobacteria, and has 

been isolated from coastal surface waters in the North Sea near the island Helgoland in the 

German Bight  (54°11'03''N, 7°54'00''E).  A previous whole genome analysis  (Bauer  et  al., 

2006)  of  ‘G. forsetii’ has  revealed  various  genetic  modules  encoding  carbohydrate-active 
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enzymes  (CAZymes)  and  transporters,  frequently  arranged  in  so-called  polysaccharide 

utilization loci (PULs; Sonnenburg  et al., 2010). Therefore,  ‘G. forsetii’ constitutes a well-

suited candidate for functional studies on the degradation of marine polysaccharides.  Such 

PULs have also been reported for commensal Bacteroidetes from the human intestine, and are 

specifically induced by oligosaccharides (Martens et al., 2011).

We cultivated ‘G. forsetii’ separately on two typical algal glycans, laminarin and alginate, 

and monitored the resulting proteome patterns in comparison to glucose-supplied cells. The 

beta-1,3-glucan  laminarin  acts  as  a  storage  polysaccharide  in  brown  algae  and  (as 

chrysolaminarin) in diatoms, were they can make up to about 30-50% of the cell dry weight 

(Beattie  et  al.,  1961;  Davis  et  al.,  2003).  Alginate  on  the  other  hand  is  a  cell  wall 

polysaccharide as well  as an intracellular  component  in brown algae that  consists  of 1,4-

linked, blockwise arranged beta-D-mannuronate and alpha-L-guluronate and can account for 

up to 40% of algal dry weight (Haug et al., 1966; Davis et al., 2003).

In our proteome experiments, we labeled synthesized proteins with stable nitrogen isotopes 

(15N),  followed  by  subcellular  fractionation  and  high  accuracy  mass  spectrometry.  This 

combination allowed for an enhanced precision in protein quantification and ensured high 

identification  rates.  By  this  approach  regulatory  networks  and  two  major  polysaccharide 

utilization loci specifically controlled by either alginate or laminarin could be identified. We 

also detected cross-regulation of genes acting on similar carbohydrates and gained insights 

into functions of hypothetical proteins that might contribute to polysaccharide decomposition. 

Particular progress was achieved in defining new substrate-specificities for the highly variable 

group of TonB-dependent receptors that are known to be of crucial importance for uptake of 

glycans by marine Gram-negative bacteria (Tang et al., 2012).

Materials and methods

Culture conditions and metabolic labeling

‘Gramella forsetii’ KT0803 was grown at 25 °C and 170 rpm in an artificial seawater medium 

as described by Schut et al. (1993) with adaptations according to F. Simonato (pers. comm.) 

until the mid-exponential phase (OD600 ≈ 0.5). The medium was supplemented with either 14N- 

or 15N ammonium chloride (99%, Euriso-Top, Saint-Aubin Cedex, France). As algae-specific 

carbon sources, laminarin (Sigma Aldrich, Munich, Germany; source: brown algae Laminaria  
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digitata;  composition:  about  25  glucose  units),  sodium  alginate  (Sigma  Aldrich;  source: 

brown algae;  composition: 61% mannuronic acid, 39% guluronic acid with 60-400 uronic 

acid units) or glucose (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) were added to a 

final concentration of 0.2%. Triplicates were prepared for all  14N-unlabeled and  15N-labeled 

cells (Figure S1A).

Proteome fractionation

The complex protein mixture was separated into three different fractions:  the intracellular 

soluble,  the  membrane-bound  and  the  extracellular  soluble  proteome (Figure S1B).  For 

purification of extracellular proteins, cells were centrifuged (6,600 x g at 4 °C for 10 min) and 

the resulting supernatant was precipitated at 4 °C using 10% trichloroacetic acid, according to 

the protocol published by Antelmann et al. (2001). Proteins were extracted via centrifugation 

(40,000 x  g at 4 °C for 60 min), washed with ethanol and solubilized in 8 M urea and 2 M 

thiourea.  After  determination  of  the  protein  concentration,  the  15N-labeled  proteins  of  all 

triplicates were pooled and then mixed with equal amounts of 14N-unlabeled proteins in a 1:1 

ratio for all substrates. To extract the membrane-bound and intracellular protein fractions, the 

cells  were disrupted in a French press (Simaminco SLM, Rochester, NY, USA; 3 cycles) 

followed by removal of cell debris by centrifugation (40,000 x g at 4 °C for 20 min). Again, 

equal amounts of individual  14N- and pooled  15N protein samples were mixed. Subsequent 

ultracentrifugation (100,000 x g at 4 °C for 60 min) allowed for separation of intracellular 

soluble and membrane-bound proteins. Purification of the membrane fraction was performed 

as  described  by  Eymann  et  al. (2004),  omitting  the  n-dodecyl-β-d-maltoside  treatment. 

Accordingly,  pelleted  bacterial  membranes  were homogenized,  washed for 30 min with a 

highly concentrated saline solution (20 mM Tris-HCl pH7.5, 10 mM EDTA, 1 M NaCl) and 

ultracentrifuged (100,000 x g at 4 °C for 60 min). Following this, the same steps were carried 

out using a carbonate buffer (100 mM Na2CO3-HCl pH 11, 10 mM EDTA, 100 mM NaCl). 

Finally,  purified  membrane  and  intracellular  proteins  were  solubilized  in  50 mM 

triethylammonium bicarbonate buffer (Sigma Aldrich) supplemented with Complete Protease 

Inhibitor (Roche, Berlin, Germany).

1D-PAGE and protein measurements

From each triplicate, 15 µg of each fraction were separated by 1D-PAGE (10% acrylamide, 

protein  ladder  by  Thermo  Fisher  Scientific  Inc.,  Waltham,  MA,  USA),  stained  with 
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Coomassie G-250 ‘blue silver’ (Candiano et al., 2004), eluted from the gel and digested using 

trypsin. Peptides were subsequently desalted by ZipTip columns (Millipore, Billerica, MA, 

USA) according to the manufacturer’s guidelines. For LC-MS/MS measurements, peptides 

were  subjected  to  a  reversed  phase  C18  column  chromatography  operated  on  a 

nanoACQUITY-UPLC (Waters Corporation, Milford, MA, USA) and separated as described 

by Otto  et al. (2010). Mass spectrometry (MS) and MS/MS data were determined using an 

online-coupled LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific Inc.).

Data processing

The *.dta files were extracted from *.raw files with the BioworksBrowser 3.3.1 SP1 (Thermo 

Fisher Scientific Inc.) with no charge state deconvolution and deisotoping. The data were 

searched by SEQUEST version v28 (rev.12,  Thermo Fisher  Scientific  Inc.)  against  a  ‘G. 

forsetii’ target-decoy protein sequence database. A set of common laboratory contaminants 

was  included  and  all  data  compiled  using  the  BioworksBrowser.  The  following  search 

parameters were used: enzyme type, trypsin (KR); peptide tolerance, 10 p.p.m.; tolerance for 

fragment ions, 1 a.m.u.; b- and y-ion series; variable modification, methionine (15.99 Da). A 

maximum of three modifications per peptide was allowed. In the second iteration, the mass 

shift of all amino acids completely labeled with  15N-nitrogen was taken into account in the 

search  parameters.  Resulting  *.dta  and  *.out  files  were  assembled  and  filtered  using 

DTASelect (version 2.0.25; parameters: -y 2 -c 2 -C 4 --here --decoy Reverse_ -p 2 -t 2 -u 

--MC 2 -i  0.3 --fp 0.005).  Finally,  the protein  false-positive  rate  was calculated  for each 

analysis according to Peng et al. (2003).

Relative protein quantification and analysis of variance

Quantification of shotgun proteomics data was carried out according to MacCoss et al. (2003) 

and by means of the Census software (Park et al., 2008). To obtain quantitative data of the 
14N-peaks  (sample)  and  15N-peaks  (pooled  reference),  respective  mass  traces  of  the  two 

isotopologues, being within a defined scan range centered around the fragment scan, were 

extracted  by  the  software  and  resulted  in  the  identification  of  the  respective  peptide. 

Following a calculation of the peak intensity ratios for all overview scans contained in the 

chosen peak boundaries, peptide ratios and combined protein ratios were exported (R2-values 

>0.7  and  only  unique  peptides;  proteins  failing  to  be  relatively  quantified  were  checked 

manually in the graphical user interface for on/off proteins). Only proteins identified with at 
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least two peptides were taken into account for further analyses. Subsequently, the quantitative 

data  of  a  complete  GeLC-MS run  were  median  centered.  For  all  ratios,  log2-values  and 

averages of the biological replicates were determined. TMEV (version 4.4; Saeed et al., 2003) 

was applied to carry out the ANOVA analysis with the following settings: number of groups 

5;  p-values  based  on  permutation  (1,000)  resulting  in  p-values  <0.01  as  significance 

threshold. Quantification and ANOVA data are given in Table S1.

Gene functions and protein localization

Pairwise  identities  of  homologous  genes  were  determined  by  means  of  the  Geneious 

alignment software (Drummond et al., 2010). Details on protein functions were obtained from 

pre-computed  data  available  on the UniProt  Knowledgebase  (UniProtKB; Magrane  et  al., 

2011)  and  the  ENZYME  database  (Bairoch,  2000).  Information  on  the  classification  of 

CAZymes  were  derived  from  the  CAZy  database  (Cantarel  et  al.,  2009).  Subcellular 

localizations of all proteins were predicted according to Romine (2011), the data are provided 

in Table S2.

Results and discussion

Proteome analysis

In the present proteomic analysis, 1,691 proteins were identified, which corresponds to 47% 

of all protein coding genes in ‘G. forsetii’. As assessed by preceding genome-wide in silico 

localization predictions,  extracellularly  exposed proteins are  in most cases  attached to  the 

outer membrane (Table S2). This assumption was confirmed by broad overlaps of proteins 

detected  in  the  extracellular  and  the  membrane  fraction  (Figure S2A).  Exposure  to  the 

extracellular space is essential  for proteins that bind substrates,  hydrolase macromolecules 

and transport  resulting metabolites  into the cell.  These proteins are likely anchored to the 

membrane or integrated into the cell envelope rather than secreted in order to prevent a loss of 

nutrients to other microbial  competitors.  Indeed, we found that  about 74% of all  surface-

associated proteins in the extracellular fraction were anchored to the outer membrane and thus 

loosely associated with the cell (Figure S2, Table S3).

The most decisive steps involved in capture,  breakdown and uptake of complex algal 

substrates  take  place  at  the  cell  surface  of  Bacteroidetes. Accordingly,  a  considerable 
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proportion (12%) of identified proteins could be assigned to the outer membrane, with one 

third  showing  significant  upregulation  in  alginate-  or  laminarin-grown  cultures.  Proteins 

enriched in the membrane fraction most frequently consisted of transporters (12%, mainly 

TonB-dependent receptors (TBDRs)), CAZymes (5%, primarily glycosyltransferases), signal 

transducing components (3%), SusD-like proteins (2%) and proteins with unknown functions 

(35%). As growth substrates, laminarin and also alginate significantly influenced the protein 

pattern of the membrane and extracellular  fractions,  while distinct quantitative changes of 

proteins enriched in the intracellular fraction were primarily assigned to those from glucose 

cultures (Figure S2B). In total, differential expression of 703 proteins (20% of all ORFs) was 

observed. Steep rises in quantities were detected for seven outer membrane proteins that are 

encoded in two large alginate- and laminarin-dependent polysaccharide utilization loci (PULs, 

Figure S4A/B). The glucose-associated membrane fraction was mainly dominated by inner 

membrane  enzymes  with  functions  in  signal  transduction,  protein  translocation,  electron 

transport  and  ATP  synthesis  (Figure S4C).  Moreover,  TBDRs  were  found  to  be  highly 

upregulated in all cultures.

Major laminarin and alginate utilization loci

PUL-like  systems  are  highly  prevalent  in  Bacteroidetes and  typically  comprise  outer 

membrane Sus-like lipoproteins, such as SusC-like TonB-dependent transporters and SusD-

related substrate-binding proteins that function in concert with linked CAZymes as described 

for  Bacteroides in  the  human intestine  (Martens  et  al.,  2009;  Martens  et  al.,  2011).  The 

proteome analysis of this study demonstrated that  ‘G. forsetii’ relies on two major clusters 

involved in degradation of the algal polysaccharides alginate and laminarin, which showed a 

strong responsiveness to the respective substrate.  These PULs comprise common modules 

(TBDR,  SusD,  PKD,  CAZymes)  and  were  to  a  high  degree  conserved  in  other  marine 

Flavobacteriaceae (Figure 1 and 2).

The laminarin-dependent PUL of ‘G. forsetii’ harbors three 1,3-beta-glucanases, i.e. two 

family 16 glycoside hydrolases  (GH16 laminarinases)  and a single GH3 (Table S4).  Both 

outer membrane GH16s (GFO_3466, 3468) were according to the CAZy database classified 

as endo-acting enzymes and thus likely allow for an initial intra-chain cleavage of laminarin 

at  the  cell  surface.  Resulting  oligosaccharides  can  be  taken  up  by  a  TonB-dependent 

transporter into the periplasmic space, where a hydrolysis of terminal glucose residues by the 

presumably  exo-acting  GH3  (GFO_3467)  takes  place  (Figure 3).  The  neighboring 
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hypothetical protein (GFO_3465, Table S7) features a PKD-domain, known to participate in 

near-surface protein-protein interactions (Jing et al., 2002) and may, in line with its location, 

function  as  an  intermediary  between  the  substrate-binding  SusD  and  the  hydrolases. 

Interactions could be supported by a PKD domain-containing laminarinase (GFO_3466). 

The  much  larger  alginate-dependent  PUL  encompasses  four  operons  (Tables  S5). 

Upstream  of  the  main  functioning  unit  (operon  3  with  TBDR,  SusD,  PKD,  CAZymes), 

additional  polysaccharide lyase genes are located (operon 1 and 2 with PL6, PL7, PL17). 

Downstream,  an  inner  membrane  transporter  and  genes  for  cytoplasmic  processing  of 

carbohydrates  are  encoded (operon 4 with  genes  for  MFS permease,  Sdr,  KdgK, KdgA). 

Based on our expression analysis and consistent with RNA studies on the  Flavobacterium 

species  Zobellia  galactanivorans (Thomas  et al.,  2012),  ‘G. forsetii’  gradually catabolizes 

alginate into 2-keto-3-deoxy-6-phosphogluconate (KPDG). KDPG may directly be used by 

the Entner-Doudoroff pathway (Preiss and Ashwell,  1962; Figure 3). A highly coordinated 

action of all alginate lyases (contained in operon 1, 2 and 3) and the cytoplasmic proteins 2-

dehydro-3-deoxy-D-gluconate  6-dehydrogenase  (Sdr),  2-dehydro-3-deoxygluconokinase 

(KdgK) and KDPG aldolase (KdgA; operon 4) can be assumed by their clustered appearance 

in the genome of  ‘G. forsetii’. This is strongly supported by the proteome analysis, which 

revealed a consistent regulation pattern of these proteins within the alginate PUL. 

The PKD-like proteins contained in both,  the alginate  (GFO_1155) and the laminarin 

cluster (GFO_3465), most likely perform varying functions as based on their low homology 

(51.4%) and striking differences in molecular weight (34.0 kDa and 96.6 kDa for the alginate- 

and laminarin-specific protein, respectively).  PKD domain-containing proteins and alginate 

lyases or laminarinases, respectively, were only upregulated in the two described PULs. This 

suggests a special role of large PULs in the utilization of algal glycans. 

Carbohydrate transporters and associated SusD-related proteins

In  marine  systems,  efficient  uptake  of  complex  organic  matter  is  a  critical  step  in  the 

microbial  competition  for  phytoplankton-derived  nutrients.  TonB-dependent  transporters 

(TBDTs) in Gram-negative bacteria play a pivotal role in this process, as it has been shown by 

their dominance in  in situ proteome samples from the South Atlantic Ocean (especially at 

coastal upwelling zones; Morris et al., 2010), and the coastal North Sea (Teeling et al., 2012). 

TBDTs consist of an outer membrane TonB-dependent receptor (TBDR) that is linked to the 

cytoplasmic membrane via a TonB-ExbBD complex. The latter allows usage of the proton 
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motive force across the cytoplasmic membrane for transport through the outer membrane by 

selective opening of an outer membrane pore (Krewulak et al., 2011). Due to their substrate-

binding function and high sequence diversity, the TBDR component is suggested to mediate 

substrate specificity (Schauer et al., 2008; Tang et al., 2012).

By  our  proteome  study,  33  out  of  40  genetically  encoded  TBDRs  (83%)  could  be 

identified  in  the  membrane  fraction,  while  21  genes  (53%)  were  differentially  regulated 

(Figure 4). These findings suggest both, a housekeeping function and substrate specificity of 

TBDRs in  ‘G. forsetii’. Laminarin exerted the most significant influence on expression of 

TBDR encoding genes  (laminarin  30%, alginate  13%; Figure  S5).  Among the laminarin-

dependently  upregulated  TBDRs  we  found  (I)  that  of  the  large  laminarin-specific  PUL 

(GFO_3463), (II) one located next to a highly increased hypothetical inner membrane protein 

(Table S7, GFO_2191) and (III) three TBDRs that were not repressed by glucose (GFO_0361, 

2138,  1,4-alpha-glucanase  associated;  GFO_1029  next  to  two  large  outer  membrane 

lipoproteins with adhesive domains). 

Half of all TBDR genes (20 of 40) are located next to genes of outer membrane SusD-

related  proteins.  These  proteins  are  unique  to  Bacteroidetes (Thomas  et  al.,  2011),  and 

suggested  to  be  involved  in  oligosaccharide  binding  as  well  as  to  interact  with  TBDRs 

(Shipmann  et  al.,  2000;  Cho  and  Salyers,  2001).  In  addition  to  15  SusD  family  genes 

(PF07980; Fig. 4B upper section; Bauer  et al., 2006), by this study five ORFs with novel 

SusD-like  domains  (PF12771,  PF12741;  Figure 4B,  lower  section)  were  revealed  in  the 

genome of ‘G. forsetii’. 14 of the 20 susD-related genes (70%) were found to be expressed, 

only  five  were  differentially  regulated  (25%,  20% in  response  to  laminarin  with  glucose 

overlaps).  Alginate-  or laminarin-induced upregulation  of TBDR encoding genes  occurred 

irrespective of whether these were co-located with susD genes (50%, Figure 4B) or not (45%, 

Figure 4A). SusD-related proteins exhibited similar expression patterns as their corresponding 

TBDRs, but were to a lower degree differentially regulated in response to glycans (25%). 

Co-located susC and susD genes in ‘G. forsetii’ are frequently associated with CAZyme 

genes (45%; Bauer  et al., 2006), that were mostly found in operons containing the SusD-

family proteins (PF07980). However, only few SusD proteins from GH-associated PULs were 

expressed (44%, in contrast to 82% in non-GH containing operons). These SusDs belonged to 

(I) the major alginate and laminarin PUL (GFO_1154, 3464) and were also associated with 

(II)  an  alpha-amylase  (GH13;  GFO_2139)  and  (III)  a  fructan-specific  hydrolase  (GH32; 

GFO_0011).  The  GH32-associated  susD originates  from  an  operon  (GFO_0008-11, 
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Figure S6,  Table S9)  that  comprises  a  glucose-specific  TBDR  gene (GFO_0010). 

Surprisingly,  the  GH13-associated  susD is  linked  to  a  laminarin-dependently  upregulated 

susC-like gene (GFO_2138), which is part of a 1,4-alpha-glucan utilizing PUL (GFO_2129-

41; Figure 8, Table S9). 

Among the group of inner membrane transporters, differential  expression was detected for 

three genes of the major facilitator superfamily (MFS) transporters (5 of 18 genes identified 

on protein level). Based on their annotation, the regulated secondary carriers are specific for 

hexuronate/hexarate  (GFO_1159,  upregulated  in  alginate),  alpha-glucosides  and 

galactose/glucose (GFO_2136 and 3326, both exclusively detected in glucose cultures).  In 

contrast,  high  numbers  of  primary  active  ABC  (ATP-binding  cassette)  transporters  were 

found in the proteome of all examined substrates (20 of 28), but exhibited relatively constant, 

and  therefore  substrate-independent,  expression  levels.  Like  other  marine  Bacteroidetes, 

ABC transporters of ‘G. forsetii’ almost entirely lack periplasmic solute-binding proteins that 

usually  mediate  substrate  specificity  (Bauer  et  al.,  2006).  These  findings  indicate  a 

housekeeping function of the ABC transporters.

Carbohydrate-active enzymes

Glycosyltransferases (GTs) participate in the biosynthesis of glycans and glycoconjugates that 

mediate various functions such as surface adhesion, biofilm formation, signaling, or energy 

and carbon storage (Taniguchi  et al.,  2002).  The characteristically  high GT abundance in 

Bacteroidetes was confirmed for ‘G. forsetii’ (60 genes; Bauer et al., 2006) and also reflected 

in its proteome (39 identifications), with a dominance of the families GT1 and GT2. Probably 

due  to  their  basic  cellular  function,  expression  of  GTs  was  relatively  balanced  under  all 

substrate  conditions;  only  an  overall  slight  tendency  for  upregulation  of  transferases  in 

polysaccharide-cultured cells could be determined. 

Many members of glycoside hydrolase families exhibited non-differential expression or 

were not identified (Table S8). But interestingly, a co-located GH13 (cyclomaltodextrinase, 

GFO_2133) and GH65 (maltose phosphorylase, GFO_2134) significantly responded to the 

chosen  substrates.  Both  genes  affiliated  to  a  large  alpha-1,4-D-glucan  PUL  (Figure 5, 

Table S9)  and,  together  with  adjacent  glycolytic  genes,  were  upregulated  in  glucose-  and 

laminarin-grown cultures.  Two additional  components  of  this  cluster,  an  alpha-glucoside-

specific MFS permease and a beta-phosphoglucomutase were identified in a single replicate 

of glucose-grown cells. Amylases encoded in this PUL were not detected, thus expression 
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under the given conditions seems to be focused on genes for decomposing glucose-containing 

oligosaccharides  (cyclodextrins)  rather  than  large  polysaccharides  (starch,  glycogen).  ‘G. 

forsetii’ differentiates between cell surface and intracellular utilization genes of this PUL, by 

selectively activating the outer membrane proteins TBDR and SusD mainly in the presence of 

polymeric laminarin, whereas intracellular tri-/di-/monosaccharide processing enzymes and a 

transporter were most pronouncedly induced by monomeric glucose.

Sensing of substrates

The majority of hybrid sensor/response regulator signal transduction systems was identified in 

the membrane or intracellular fraction (9 of 12), of which some responded specifically to the 

presence  of  laminarin  (GFO_1684,  1697,  2345),  but  this  response  was  insignificant  in 

comparison  with  glucose-grown  cells  (Table S9).  Also,  a  high  number  of  sensors  and 

regulators of conventional two-component systems were determined in the proteome (28 of 

62 predicted signal transduction elements, 45%). However, except for a few glucose-induced 

response  regulators  (GFO_1017,  1420,  1778),  most  proteins  showed  no  differential 

expressions.  These  findings  together  with  the  omnipresence  of  various  two-component 

signaling  proteins  under  all  substrate  conditions  suggest  a  constitutive  function,  in  which 

rather specificities than high quantities of signal transduction systems mediate  the distinct 

upregulation of polysaccharide-associated genes.  We observed limited expression of ECF-

sigma/anti-sigma factors  (6  of  21  genes;  29%),  which  indicates  that  sensing  of  alginate, 

laminarin and glucose was not predominantly carried out via TonB-dependent  transducers 

(inner  membrane-localized  anti-sigma factors  link  TBDRs to  a  cytoplasmic  sigma factor; 

Koebnik,  2005).  Instead,  sensing  was  likely  initiated  by  the  TBDR-enabled  uptake  of 

oligosaccharides  into  the  periplasm  in  conjunction  with  (hybrid)  two-component  signal 

transduction to the cytoplasm. Only one sigma/anti-sigma system (GFO_1018-19) and a ECF-

type sigma factor  (GFO_3248) had an elevated  expression in  laminarin-supplied cultures, 

however these genes were not located with a TBDR.

Surface attachment

A distinct  capability  for  surface  adhesion  was  suggested  by  the  genome analysis  of  ‘G. 

forsetii’ (Bauer  et  al.,  2006).  Our  proteome  analysis  showed  that  formation  of  capsular 

exopolysaccharides (EPS) may be provided both by laminarin- and alginate-grown cells. We 

detected alginate-induced upregulation of a cytoplasmic CapD-like polysaccharide synthesis 
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protein (GFO_2028) and a laminarin-dependent enriched tyrosine kinase (GFO_0540) that 

regulates  EPS biosynthesis  and  is  co-located  with an  expressed  EpsE-like  polysaccharide 

transporter (Table S9). Half of the potential adhesion proteins of ‘G. forsetii’ were expressed 

(8 of 16). One protein featuring a thrombospondin repeat (GFO_3374) was primarily induced 

by alginate, whereas a hyalin repeat-featuring membrane protein (GFO_0393) was induced 

only by laminarin.

Glycan-specificity and functional assignments of proteins with unknown functions

Of all identified proteins, 27% were annotated as hypothetical ones. Of these hypothetical 

proteins,  70  (mainly  of  the  membrane-bound  fraction)  displayed  laminarin-  or  alginate-

dependent expression (Tables S6 and S7). Presence of the two polysaccharides resulted in 

increased expression levels of proteins that were likely involved in outer membrane assembly 

and  maintenance  of  the  cell  envelope's  integrity  (alginate-dependent  GFO_0835,  1564; 

laminarin-dependent  GFO_0244).  Moreover,  laminarin  induced  marked  upregulation  of  a 

imelysin-like  protein  with  putative  laminarin-binding  function  (GFO_2514)  and  its 

neighboring hypothetical protein (GFO_2515; Figure S7). A variety of proteins with unknown 

function also seemed to participate in TonB-dependent transport in laminarin-grown cultures 

(GFO_0462,  2190,  2728).  Although  high-affinity  binding  of  substrates  is  carried  out  by 

TBDRs,  a  TonB-like  hypothetical  protein  (GFO_2900)  showed  increased  expression  in 

glucan-supplied  cells.  Its  functional  assignment  is  supported  by  a  similar  membrane 

expression  pattern  detected  for  the  associated  TBDT  component  ExbD (GFO_2902). 

Moreover,  a  laminarin-associated  putative  SprE-like  gliding  protein  (GFO_3274)  and  an 

alginate-dependent  hydrolase  (GFO_0138)  were  upregulated  in  polysaccharide-supplied 

cultures.

Ecological implications

‘G.  forsetii’  KT0803  is  able  to  specifically  respond  to  the  presence  of  the  algal 

polysaccharides laminarin and alginate.  Its glycan utilization strategy is characterized by a 

sharp  regulation  of  distinct  regulons  comprising  mostly  cell  surface-located  proteins  that 

allow  for  binding,  uptake  and  degradation  of  complex  sugars.  The  availability  of 

polysaccharides primarily induced two large PULs that share common characteristics (TBDR, 

SusD, PKD, CAZymes). Upregulation of PKD domain-containing proteins and laminarinases 
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or  alginate  lyases,  respectively,  was  restricted  to  these  major  PULs  and  thus  highlights 

importance  of  such clusters  for  polysaccharide  decomposition.  Moreover,  the  presence  of 

homologs of PUL-encoded genes in related marine Flavobacteriaceae indicates a conserved 

glycan utilization process.

‘G. forsetii’ occupies  a  defined  ecological  niche  in  coastal  surface  waters  that  is,  in 

respect  of  polysaccharides,  focused  on  glucan-metabolizing  capacities.  One  third  of  all 

TBDRs were involved in the laminarin-specific response. Additionally, partial co-regulation 

of  TBDRs through  both,  laminarin  and its  monomer  glucose,  indicates  that  not  only  the 

glycosidic linkage type, but also sugar composition controls PUL expression in Bacteroidetes. 

This is especially reflected by the crosstalk between a alpha-1,4-glucan PUL and the beta-1,3-

glucan laminarin as well as glucose,  which links the availability of a brown algae storage 

compound to genes utilizing breakdown products of general eukaryotic storage glucans, such 

as starch found in red and green algae.

A  broad  spectrum  of  TBDRs  and  SusD-like  proteins  was  even  expressed  during 

polysaccharide  absence,  in  contrast  to  repression  of  PUL-associated  CAZymes.  These 

findings suggest that TBDRs do not only act in oligosaccharide binding and uptake, but also 

have  a  general  function  in  the  early  recognition  of  saccharide  availability,  probably  via 

periplasmic  signal  transduction  systems.  Furthermore,  preceding  capture  of  oligomeric 

substrates  from the  environment  seems to be  mediated  by SusD-like  proteins  rather  than 

hydrolytic enzymes. 

Overall,  this  proteome  study  of  the  marine  model  bacterium  ‘G. forsetii’  allowed  to 

elucidate  polysaccharide specificities  exhibited by bacteroidetal proteins that participate  in 

coastal carbon cycles. It can serve as a useful starting point in assessing substrate utilization 

capacities and metabolic versatilities of additional marine Bacteroidetes representatives, like 

Polaribacter spp. or Formosa spp., through further transcriptomic or proteomic analyses. As a 

countermove,  in  situ expression  profiles  of  protein  biomarkers  with  well-characterized 

specificities might as well be used to gain insights on corresponding phylotypes and habitat 

conditions during polysaccharide-dominating phases in coastal areas. 
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Titles and legends to figures and tables

Figure 1: Laminarin utilization operon. (A) The intracellular soluble and membrane protein 

profile shows strong responsiveness of this PUL to the presence of laminarin and repression 

during alginate availability. Consistency in regulation of all expressed genes is highlighted by 

the grey background that combines all data points of the corresponding substrate. Uniform 

regulation of the laminarin operon might be realized by a signal transduction hybrid system 

(GFO_3462) that was however not identified, possibly due to low abundance. Error bars refer 

to the standard deviation of all biological replicates (n=3), median-centered protein ratios are 

given in Table S4. (B) Gene organization of the laminarin-specific PUL in ‘G. forsetii’  and 

homologous genes of other marine Flavobacteriaceae are exemplified. Homology values are 

listed in  Table S9.  Htcs,  hybrid two-component  system;  susC,  SusC-like TonB-dependent 

receptor;  susD,  SusD-family  protein;  pkd,  PKD-domain  containing  protein;  gh,  glycoside 

hydrolase.

Figure 2:  Alginate utilization cluster. (A) Sharp upregulation of several genes encoded in 

this  large  PUL in  alginate-grown cells,  in  contrast  to  their  downregulation  in  laminarin-

supplied cultures, is illustrated. The grey background marks clustering of protein patterns in 

corresponding cultures. According to the CAZy database, GFO_1150 and 1151 are fragments 

of a single PL17 enzyme, which probably hindered its protein identification. The hypothetical 

protein and the KdgF-like pectin degradation protein (GFO_1149 and 1152, operon 2) were 

not identified and might thus assume a negligible role in alginate-grown cells of ‘G. forsetii’. 

Error  bars  indicate  the  standard  deviation  of  the  biological  replicates  (n=3),  protein  ratio 

values  can  be  found  in  Table  S9.  (B)  The  comprehensive  alginate-specific  PUL of  ‘G. 

forsetii’  consists  of  four  putative  operons.  These  are  bound  by  thermostable  stem-loop 

structures  of  possible  transcriptional  terminators  (T;  changes  in  Gibbs  free  energy:  delta 

G(T1) -6.9 kcal/mole,  delta G(T2) kcal/mole -20.0 kcal/mole,  delta G(T3) -21.3 kcal/mole, 

delta  G(T4)  -8.1 kcal/mole).  Homologous  gene  equivalents  present  in  related  marine 

Flavobacteriaceae are shown, homology values are given in Table S5. Dotted lines mark 

genes that belong to a separate operon, but were considered in this overview, because of their 

orthology to corresponding genes in ‘G. forsetii’. SusC, SusC-like TonB-dependent receptor; 

susD, SusD-family protein;  pkd, PKD-domain containing protein;  pl, polysaccharide lyase; 

tim,  TIM-barrel  domain  containing  protein;  kdgF,  pectin  degradation  protein;  gntR,  GntR 
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family transcriptional regulator; mfs, major facilitator superfamily permease; sdr, short-chain 

dehydrogenase/reductase  family  protein  with  putative  function  as  2-dehydro-3-deoxy-

gluconate-6-dehydrogenase;  kdgK,  2-dehydro-3-deoxy-gluconokinase;  kdgA,  KDPG/KHG 

aldolase;  fbp,  fructose-1,6-bisphosphatase;  lacI,  LacI  family  transcriptional  regulator;  hyp, 

hypothetical protein.

Figure  3:  Utilization  pathway  for  alginate  and  laminarin  in  ‘G.  forsetii’. 

Proteogenomically validated pathway for degradation and uptake of the two algae-derived 

substrates. Protein localizations were predicted  in silico  according to Romine (2011; Table 

S2). (A) Alginate utilization: Four outer membrane alginate lyases of polysaccharide families 

6  and  7  (PL6,  PL7,  endo-acting  according  to  ExPASy)  probably  catalyze  the 

depolymerization  of  polymeric  alginate  into hetero-  or  homooligomeric  alpha-L-guluronic 

acid (GA) and beta-D-mannuronic acid (MA). The PKD-domain containing protein (PKD) 

and a SusD-related oligosaccharide-binding protein (SusD) may function as bridge delivering 

the oligomeric substrate to the TonB-dependent receptor (TBDR). Transfer through the outer 

membrane  is  realized  by  a  linkage  of  TBDR  to  the  energizing  TonB-ExbBD  complex. 

According to their suggested localization, periplasmic alginate lyases (putative oligoalginate 

lyase PL17, guluronate/ mannuronate lyase PL7) might exhibit oligoalginate specificity. This 

allows  for  breakdown  into  4-deoxy-5-keto-mannuronic  or  guluronic  acid  (KMA,  KGA). 

These  monomers  can  be  transported  into  the  cytoplasm by  means  of  a  major  facilitator 

superfamily (MFS) permease and stepwisely converted into 2-keto-3-deoxygluconate (KDG; 

by  a  putative  2-dehydro-3-deoxy-gluconate-6-dehydrogenase/  short-chain  dehydrogenase  / 

reductase,  Sdr),  keto-deoxy-phospho-gluconate  (KDPG;  by  a  2-dehydro-3-deoxy-

gluconokinase, KdgK) and pyruvate (Pyr) as well as glyceraldehyde-3-phosphate (GAP; by 

KDPG aldolase, KdgA). During glycolysis, GAP is also turned into pyruvate. (B) Laminarin 

utilization: The polysaccharide laminarin is metabolized into monomeric glucose by two outer 

membrane  endo-1,3-beta-glucanases  (GH16)  and  a  periplasmic  exo-1,3-beta-glucanase 

(GH3). Nutrient-binding and outer membrane transport are carried out by the same protein 

families  as  present  in  the  alginate  utilization  pathway  (PKD,  SusD,  TBDR).  Uptake  of 

glucose into the cytoplasm is conducted by a constitutively expressed MFS permease (MFS) 

or  ABC-type  transporter  (ABC),  followed  by  glycolysis  resulting  in  the  generation  of 

pyruvate. 
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Figure 4:  Regulation patterns of  (A) TonB-dependent receptors  and (B) TBDR-SusD 

operons frequently clustered with carbohydrate-active enzymes. Alginate- and laminarin-

dependent  relative  quantitative  changes  in  protein  amount  of  single  and  SusD-associated 

TBDRs  as  enriched  in  the  membrane  fraction.  Protein  profiles  illustrate  similarities  in 

regulation  patterns  of  TBDRs  and  corresponding  SusD  proteins.  Colocalization  of 

carbohydrate-active  enzymes  (CAZymes)  was  determined  for  operons  containing  SusD-

related proteins with domain PF07980. Except for those associated with the major alginate or 

laminarins-specific  PUL, all  Cazyme genes  in  these operons remained unexpressed.  Only 

those  associated  with  the  large  alginate-  or  laminarin-specific  cluster  were identified  and 

showed upregulation in presence of the respective algal glycan (bold fonts). Locus tags of ‘G. 

forsetii’ (GFO) proteins are indicated. 

Figure 5: Alpha-1,4-glucan utilization cluster. (A) Proposed pathway for the break-down of 

alpha-1,4-glucans  in  ‘G.  forsetii’.  The  alpha-1,4-linked  glucose-polymer  is  stepwisely 

converted  into  oligomeric  cyclomaltodextrin  (by  GH13  alpha  amylase,  GFO_2132  or 

GFO_2141),  dimeric  maltose  (by  GH13  cyclomaltodextrinase,  GFO_2133),  glucose  1-

phosphate  (Glc-1P;  by  GH65 maltose  phosphorylase,  GFO_2134)  and  finally  glucose  6-

phosphate  (Glc-6P;  by PgmB,  GFO_2135).  The latter  metabolite  can  be directly  used by 

glycolysis and metabolized into pyruvate (Pyr). (B) Crosstalk by laminarin and glucose was 

observed for the alpha-1,4-glucan-specific PUL that comprises two operons. The upstream 

located operon contains only intracellular components that were upregulated in both, glucose- 

and laminarin-supplied  cultures  (†,  P  <  0.01),  compared  to  alginate-grown cells.  Highest 

changes in protein quantities were detected in glucose-grown cultures. Membrane components 

of  the  downstream located  operon  particularly  exhibited  upregulation  in  laminarin-grown 

cultures (‡). Except for the two alpha-amylases (GFO_2132, GFO_2141) and the LacI family 

regulator all genes were found to expressed by this poteome study. According to the predicted 

subcellular localization, log2 ratio values are shown for the respective subcellular fraction of a 

each identified  protein  (GFO_2129-2135 intracellular  soluble,  GFO_2136-2140 membrane 

fraction).  Ratios  of  all  fractions  are  given  in  detail  in  Table  S9.  Error  bars  indicate  the 

standard deviation of biological replicates (n=3). Locus tags are given as numbers below the 

genes. Hyp, hypothetical protein; gapA, glyceraldehyde-3-phosphate dehydrogenase A; pfkA, 

6-phosphofructokinase;  gh,  glycoside  hydrolase  family;  pgmB,  beta-phosphoglucomutase; 

mfs, major facilitator superfamily permease-possibly alpha-glucoside transporter;  lacI, LacI 
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family  transcriptional  regulator;  susC,  SusC-like  TonB-dependent  receptor;  susD,  SusD-

family protein; susE, putative SusE-like protein.
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Figure 1: Laminarin utilization operon
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A B B R E V I AT I O N S

ABC ATP-binding cassette
ATP adenosine triphosphate
CAZyme carbohydrate-active enzyme
CE carbohydrate esterase family
Chl a chlorophyll a
DAPI TCC 4,6-diamidino-2-phenylindole-based total cell counts
EUB eubacteria
ESI electrospray ionization
FORM Formosa spp.
GH glycoside hydrolase family
IEF isoelectric focussing
iTRAQ isobaric tag for relative and absolute quantitation
ITS internal transcribed spacer
LC liquid chromatography
L liter
MALDI matrix-assisted laser desorption/ionization
MS mass spectrometry
MW molecular weight
N north
NSAF normalized spectral abundance factor
pI isoelectric point
PL polysaccharide lyase family
POL Polaribacter spp.
PUL polysaccharide utilization locus
Ref. reference
REI Reinekea spp.
ROS Roseobacter spp.
rTCA cycle reductive tricarboxylic acid cycle
SDS sodium dodecyl sulfate
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98 abbreviations

Sgp sulfur globule-forming protein
SusD starch utilization system protein D
TBDR TonB-dependent receptor
TBDT TonB-dependent transporter
TRAP tripartite ATP-independent periplasmic
TTT tripartite tricarboxylate transporter
ULV Ulvibacter spp.
2D-PAGE two-dimensional polyacrylamide gel electrophoresis
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