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applying a large magnetic field, however, it
is possible to lift the spin degeneracy,
thereby splitting the modes and giving rise
to conductance plateaus at integer multi-
ples of €*h. In an early experiment by
Thomas et al. (3), the 0.7 feature was
shown to evolve smoothly toward e*/h with
increasing magnetic field, leading the au-
thors to suggest that this feature may be as-
sociated with spin polarization of electrons
in the constriction, which persists even in
the absence of any external magnetic field.

The 0.7 feature has now been observed
in many experiments, and our understand-
ing of its origin has recently advanced con-
siderably. Cronenwett ef al. (5) have shown
that the 0.7 feature exhibits many charac-
teristics in common with the Kondo effect,
a well-known phenomenon in solid-state
physics that arises from the interaction of
the conduction electrons in a metal with a
magnetic impurity. This experiment sug-
gests that electrons in the point contact play
the role of the magnetic impurity in the
usual Kondo effect, although how such a
local magnetic moment might form in an
open constriction was unclear at the time.
Recent theoretical studies have cast light

on this problem, however, indicating that
the strong exchange interaction between
electrons can give rise to a spin polariza-
tion, with an associated magnetic moment
comparable to the Bohr magneton, as the
electron density in the constriction is re-
duced (6, 7). Consistent with these ideas,
Reilly et al. have suggested that the results
of different experiments can be explained
by an intuitive phenomenological model,
which assumes that a density-dependent
spin gap opens in the constriction as its
conductance drops below 2¢e%/h (8).

More recently, we have detected the
spin-polarized state by studying the inter-
action between coupled quantum point
contacts (see the figure) (9). By sweeping
one point contact through the regime of
expected spin polarization, we observe a
resonant peak in the conductance of the
upper point contact. Starting from the as-
sumption that a spin-polarized state is
formed in the swept point contact, Puller ez
al. (10) have formulated a model that ac-
counts quantitatively for the features of
our experiment. Within this model, the
conductance resonance in the detector
point contact is understood to result from

its tunnel coupling to the spin-polarized
system of electrons.

Although there is a growing consensus
that spin polarization can indeed occur
when electrons are strongly confined in a
nanoscale constriction, much remains to be
understood about the microscopic origins
of this novel nanomagnetic system.
Nonetheless, in future it will be of great in-
terest to exploit these nanoscale constric-
tions as a controlled experimental system
for the study of exotic spin-transport phe-
nomena (such as spin-charge separation).
The lessons learned from these studies may
ultimately be important for the develop-
ment of future spintronic devices.
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Microbes, Molecules,
and Marine Ecosystems

Farooq Azam and Alexandra Z. Worden

the first observer of bacteria, would

be surprised that over 99% of mi-
crobes in the sea remained unseen until
after Viking Lander (1976) set out to seek
microbial life on Mars. Through much of
the 19th and 20th centuries, microbiolo-
gists focused on life-threatening pathogen-
ic microbes or microbes as models of how
life “works” at the molecular level. But
heightened concerns for ocean health and
biodiversity, highlighted in the 2003 Pew
Oceans Commissions report (/), prompted
microbial explorations of the sea with
state-of-the-art tools such as satellite and
laser-based imaging, as well as massive
genomic surveys rivaling the human
genome project. This has led to a gold rush
of discoveries underscoring critical influ-
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ences of microbes on marine ecosystems
and carrying significant implications for
sustainability, global climate, and human
health. The challenge is integrating these
discoveries at the systems level to eluci-
date microbial roles in overall system re-
silience. Understanding the role of mi-
crobes in structuring healthy and stressed
marine ecosystems will provide the mech-
anistic basis for prognostic models.
Accomplishing this may require a new and
unifying framework for conceptualizing
these ecosystems.

Excitement over the “microbial ocean”
was roused by the 1977 seminal discovery
by Hobbie (2) and later studies that pelag-
ic bacteria are hugely abundant (10° mI™),
accounting for most oceanic biomass and
metabolism (3). They had eluded detection
because most are extremely small—only a
few percent of Escherichia coli in vol-
ume—and uncultivable. Thus, in order to
measure bacterial biodiversity and in situ
metabolism, microbial oceanographers had
to devise cultivation-independent methods.
Results show that bacteria are a major bio-

logical force in the oceanic carbon cycle
and ecosystem structure.

Photosynthetic bacteria Prochloro-
coccus and Synechococcus are the most
abundant oceanic primary producers, and
their sequenced genomes provide new
ecological insights (4—6). Other discover-
ies confront oceanographers and conser-
vation biologists with the probability that
many functional capabilities and mecha-
nisms remain unknown. For instance, a
bacterial gene for proteorhodopsin was
discovered 3 years ago (7). This pigment,
thought to exist only in Archaea, converts
light energy directly into an electrical gra-
dient across the cell membrane. The gene
occurs in divergent marine bacterial taxa
and diverse environments (8); hence, in-
clusion of proteorhodopsin activity may
change oceanic energy budgets. Another
important example is the discovery of
oceanwide distribution of anoxygenic
phototrophic bacteria that contribute to
oceanic energy and carbon budgets (9).
Nitrogen budgets, a regulating force of
carbon processing and sequestration,
must also be reconsidered given new evi-
dence for microbial N, fixation as a com-
mon feature of oceanic systems (10, 11).
Despite tremendous diversity, a single
bacterial clade can dominate numerically.
The a-proteobacterial clade SAR11 con-
stitutes ~30% of Sargasso Sea surface
cells (/2), and a newly discovered cluster
within the Roseobacter clade, found
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throughout temperate and polar regions,
makes up ~20% of Southern Ocean bacte-
ria (/3). Finally, massive marine prokary-
otic metagenome sequencing is providing
a tremendous database for discovering
metabolic capabilities and new ways to
conceptualize and study prokaryotic bio-
diversity (/4).

Environmental genomics is also reveal-
ing bacterial interactions with marine ani-
mals, and their influences on animal popu-
lations and ecosystem function. Corals of-
fer an excellent example. A recent study
discovered 430 novel bacterial ribotypes
associated with three coral species (15),
and shifts in bacterial species composi-
tion appear to underlie
coral health and disease
(16, 17). Appreciating
this diversity in conser-
vation efforts is impor-
tant because functional
redundancy cannot be
assumed.

Marine bacteria are
but one microbial realm in
the ocean for which dis-
coveries with ecosystem
consequences  abound.
Viruses were not stud-
ied until 1989 yet are
the most abundant bio-
logical entities in the
sea (107 ml™!). Bacterio-
phages induce bacterial
mortality, creating a fu-
tile carbon cycle in
which dissolved organic
matter assimilated by
bacteria is released via
bacterial lysis and me-
tabolized by other bac-
teria, enhancing upper-
ocean respiration (/8).
Species specificity and
host density—dependence lead phage to
“kill the winner,” maintaining bacterial
diversity, with implications for organic
matter decomposition (19, 20). Phage di-
versity studies were initially restricted by
the requirement for cultivated hosts. Now,
cultivation-independent genomics reveal
enormous diversity, including a picorna-
like superfamily implicated in phyto-
plankton mortality, even of toxic bloom—
forming algae (217, 22). Furthermore, spe-
cific cyanophage distributions vary from
coastal to open ocean, likely influencing
Prochlorococcus or Synechococcus host
distributions differentially (23).

In view of microbial abundance, diversi-
ty, dynamics, and influence on ocean chem-
istry, ecosystem-based conservation models
must explicitly include microbes, to devel-
op a functional view that integrates mi-
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crobes, macrobes, and abiotic ecosystem
components. This requires going beyond
biodiversity assessment, because functional
diversity depends on the environmental
context of microbial expression. The task
concerns an age-old theme in ecology:
scale, both spatial and temporal, and the in-
tegration of scales (see the figure).
Microbes are no different from larger or-
ganisms in this sense—one must study
them at habitat scales relevant to their adap-
tive strategies to determine how their me-
tabolism influences larger-scale ecosystem
dynamics. For microbes this spatial scale is
miniscule, from micrometers to millime-
ters. Because microbes influence ecosys-

tems through molecular interactions, for ex-
ample, involving cell surface receptors, per-
meases, or enzymes, the scale reduces to
macromolecular, or nanometers. Thus, mi-
crobes’ ecosystem activities, whether they
involve carbon cycling or pathogenesis to-
ward marine animals, should be modeled as
molecular events.

Studies of biochemical interactions and
fluxes have yielded valuable insights. The
oceanic silicon cycle is being revised fol-
lowing the discovery that colonizing bacte-
ria cause postmortem dissolution of silica
from diatom cell walls (frustules). These
bacteria secrete proteases that denude the
silica shell of its protective protein layer
and enhance silica dissolution rates (24,
25). Silicon cycling, in turn, regulates di-
atom productivity, which is important, for
example, in carbon cycling and fisheries.

PERSPECTIVES

Genomics opens another dimension for
integrating cell biochemistry and ecosys-
tem dynamics. Genomic exploration of
two Prochlorococcus ecotypes has not on-
ly identified features with “...obvious
roles in the relative fitness of the ecotypes
in response to key environmental vari-
ables...” but has also inferred biochemi-
cal bases for ecotype-specific environ-
mental impacts (5). The Silicibacter
pomeroyi genome is yielding ecophysio-
logical insights into bacteria producing di-
methyl sulfide (DMS), a volatile com-
pound that influences cloud formation
(26, 27). S. pomeroyi degrades dimethyl-
sulfoniopropionate (DMSP) via several

Microbes in marine ecosystems. Highly abundant and diverse bacteria and viruses (green dots) interact with
biotic and abiotic ecosystem components at the molecular, or nanometer, scale yet critically influence the func-
tioning of complex, large-scale marine ecosystems [e.g. endangered coral reefs (right)]. An atomic force micro-
scope image of marine polysaccharides (top), a biochemical pathways chart (background) and genome map of
Prochlorococcus provide examples of the context for analysis of complex marine ecosystems as dynamic mo-
lecular architectures.

pathways, but only one leads to DMS;
thus, the relative expression of particular
DMSP-degrading enzymes regulates cli-
mate. Overarching the microbial activities
is the physical organization of organic
matter in seawater, allowing the visualiza-
tion of ecosystems as molecular architec-
tures. Seawater is structured with cross-
linked polymers, colloids, and nano- and
microgels, creating an organic matter con-
tinuum and a wealth of surfaces display-
ing activity and biodiversity hot-spots (3).
This structure provides a spatial context
for microbial interactions and adaptations,
and permits ecosystem analysis in terms
of molecular architecture and biochemical
fluxes.

These discoveries illustrate that
nanoscale biochemical bases of ecosystem
function are tractable, informative, and in-
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deed essential, if we are to develop mecha-
nistic models of ocean-basin biogeochemi-
cal dynamics. Microbial oceanography has
made remarkable strides toward system in-
ventory, exposing tremendous diversity of
microbial capabilities, and spatial and tem-
poral dynamics. Although they reveal the
incredible capacity of microbes to interact
with ocean systems, these studies do not
address system structure or organizational
processes. Biosystems exhibit variability at
all organizational scales, from gene expres-
sion to groups of diverse individuals, but
all display molecular interconnectedness.
Analysis of marine ecosystems as bio-
chemical matrices is complex, but not un-
like, for example, that of neurobiology and
systems biology. Modeling efforts must in-
corporate interaction mechanisms and vari-
ability at all ecosystem scales, including
the nanometer-to-millimeter realm of mi-
crobes and molecules. Such an analysis can
now begin, but it will require a conver-
gence of genomics and the nascent field of
microscale biogeochemistry, addressing
spatially explicit biochemical interactions
and their ecosystem consequences. This
approach will lead to new testable hypothe-
ses and prognostic models.

We propose consideration of concepts
that are driving systems biology with its

goal of elucidating all significant molec-
ular interactions underlying the structure
and functioning of a cell or an organism.
The approach can be extended to marine
ecosystem analysis (“ecosystems biolo-
gy”), in essence treating the ecosystem
as dynamic molecular architecture and
appreciating real-time expression as the
mechanistic basis of ecosystem dynam-
ics. Although the goal of treating organ-
isms and the environment as a molecular
continuum is huge, the rate of progress
in genomics and proteomics and its inte-
gration into oceanography—a field rich
in computational talent—promises suc-
cess. Ecosystems biology offers a frame-
work for integrating genomic, biochemi-
cal, and environmental data. This frame-
work will also unify efforts for biodiver-
sity conservation and conservation of
desirable biogeochemical states of the
ocean.
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Keeping the Gut Microflora
at Bay

Jean-Pierre Kraehenbuhl and Max Corbett

adults contains more than 400 differ-

ent species of bacteria. Indeed, the to-
tal weight of microflora in the human gut
has been estimated to be about 1 kg. Most
of these bacteria are commensals that co-
exist peacefully with their host and remain
harmless provided that they do not stray
beyond the gut lumen. Some commensals
may even confer health benefits upon their
host by helping to digest dietary carbohy-
drate and by maintaining the appropriate
balance among the different types of gut
bacteria. The correct microbial balance
helps to stimulate gut immunity and to pre-
vent colonization by pathogenic bacteria
that cause diarrhea and other intestinal dis-
orders (7).

The gastrointestinal tract of human
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The intestinal epithelium provides a
barrier against the invasion of host tissues
by both pathogenic and nonpathogenic
bacteria (2). However, pathogenic bacteria
are able to breach the gut epithelium and
the host’s innate immune system in a num-
ber of ways, in some cases destroying gut
epithelial cells (3). In contrast to bacterial
pathogens, commensals have been pre-
sumed to reside in the gut lumen with lit-
tle or no direct interaction with the epithe-
lium. Recent studies, however, indicate
that gut commensals do interact with the
gut epithelium and can trigger innate and
adaptive immune responses. In addition,
commensals can influence epithelial cell
proliferation, for example, by injecting
factors into the gut epithelium that block
[B-catenin degradation (4). These microbes
also enhance the nuclear export of NF-kB,
the transcription factor that controls the
production of proinflammatory chemo-
kines by gut epithelial cells (5). On page

1662 of this issue, Macpherson and Uhr
(6) reveal that the gut mucosa—compris-
ing the gut epithelium, connective tissue
layer (lamina propria), and gut-associated
lymphoid tissues (GALT)—has developed
an elegant system for keeping commen-
sals in check. They report that commen-
sals are prevented from breaching the gut
mucosal barrier by an immunoglobulin A
(IgA) antibody—mediated mucosal im-
mune response. This immune response is
triggered by presentation of commensal
antigens to B cells in GALT by intestinal
dendritic cells (DCs).

Cells of the innate immune system,
such as dendritic cells and macrophages,
provide broad nonadaptive (innate) protec-
tion against microorganisms that are newly
encountered by the host. Activation of in-
nate host defense depends on specific
recognition of microbial signature mole-
cules called pathogen-associated molecu-
lar patterns (PAMPs) (7). In the gut mu-
cosa, monocytes and particularly DCs in
the intraepithelial and subepithelial layers
are specialized for detecting microbial
pathogens. Both cell types recognize
PAMPs through pattern-recognition recep-
tors that are either secreted or expressed on
the immune cell surface (8). These mole-
cules include the Toll-like receptor (TLR)
family in animals and the disease resist-
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