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Microbes. Those unassuming and unseen inhabitants, occupying almost every niche on land and sea,

have once more been found to have importance far beyond their physical stature. Microbes have been

found living thousands of meters above sea level on Mount Everest, as well as in the deepest oceans,

withstanding extraordinary hydrostatic pressure. Many scientists are familiar with Thermus aquaticus,

a thermophilic microbe that can survive temperatures upwards of 70°C, discovered in a geyser in the

Yellow Stone National Park and source of the �rst thermostable DNA polymerase, the eponymously

named Taq. Microbes related to T. aquaticus even live at the deep-sea hydrothermal vents, often mak-

ing use of sulfur from these vents as a source of energy. But in the water columns between the deep-sea

vents and ocean surface lives an extraordinarily diverse range of interconnected microbial populations

that are only now being characterized and understood. More importantly, scientists are uncovering new

roles that these microbes play in the ocean carbon cycle and, consequently, in the global climate.

This volume seeks to bring together both the historical and the current research on this topic. In the

�rst chapter are presented a selection of papers published in the last 20 years in Science that have

helped us understand the chemical makeup of dissolved organic matter (DOM), how the carbon con-

tained in them enters and exits the ocean carbon cycle, and how ocean-dwelling microbes interact with

this cycle. Originally suspected to only assimilate or respire DOM, both Bacteria and Archaea have

been demonstrated to play a much broader and more important role, in fact being integral cogs in the

carbon cycle machine. The recently described microbial carbon pump (MCP), pictured on the cover

of this booklet, provides a framework that describes how microbes are also DOM creators and, more

importantly, contributors to the creation of refractory DOM (RDOM), a persistent form of DOM that

can survive for thousands of years, constituting a previously undescribed mechanism of carbon seques-

tration.

The second chapter brings us right up to the present day with 10 review articles from some of the

leading international scientists in a variety of �elds�including marine biogeochemistry, microbiology,

and genomics�who put the past three decades of work in perspective and give us a glimpse of where

the research might take us in the near future. Covering ground from describing possible ways to

model the MCP, to the contribution of virus activity to the creation of RDOM, to discussions of the

underlying biochemical and molecular mechanisms at play in the MCP, these articles�vetted and

reviewed by fellow scientists within the Scienti�c Committee for Oceanic Research working group�

promise to be both enlightening and provocative.

Understanding and fully characterizing the MCP provides us with critical knowledge needed to re�ne

current models of the ocean carbon cycle so that we may better predict its response to increases in

atmospheric CO
2
. Through this research, it should be possible to de�ne the resilience of the ocean

carbon cycle and its relationship to global climate. This will bene�t climate change research as well as

provide a robust scienti�c basis for crafting climate policy. Gaining a deeper understanding of these

diverse and often unique microbial inhabitants in our oceans may also allow us to make them our allies

as we face future uncertainties for our climate.

Sean Sanders, Ph.D.

Editor, Science/AAAS Custom Publishing
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Dr. Sanders completed his undergraduate training at the University of Cape Town, South Africa, and his Ph.D. at the

University of Cambridge, United Kingdom. Following postdoctoral training at the National Institutes of Health and

Georgetown University, he worked for three years at a biotechnology startup before moving into editing. Dr. Sanders is

currently the Editor, Custom Publishing for the journal Science and Science Careers, and Program Director for Outreach.

Into the Depths



3

Whether the ocean could serve as a repository for anthropogenic CO
2
, as it has for other human wastes,

has prompted intense interest and inquiry into ocean carbon biogeochemistry. Fully one-half of global

photosynthesis occurs in the ocean. It generates huge amounts of organic matter that is acted on by

diverse biological and physical forces that modify, decompose, and redistribute its constituents in the

ocean space in timeframes of hours to millennia. Most carbon is rapidly respired back to CO
2
by the

diverse biota, while a minuscule fraction sinks, or is actively transported by biota, to the sea bottom

(the �biological pump�). There, some of it is respired by the sediment microbes, while the remainder

becomes part of the sediment. The biological pump has also been invoked in studies of the fate of an-

thropogenic pollutants entering the ocean, including radionuclides, to assess whether their association

with sinking particles will rid us of them for long periods of time.

We now know that a large fraction of photosynthetically produced organic matter in fact becomes dis-

solved organic matter (DOM) by a variety of physiological and trophic mechanisms; hence, we need to

know the biogeochemical behavior of DOM as well. While microbes readily respire most newly pro-

duced DOM, might a small fraction be (or become) refractory and join the enormous refractory DOM

(RDOM) pool present in ocean water column, with turnover times of millennia? Even minor changes

in RDOM concentration could signi�cantly affect carbon sequestration in the ocean with consequences

for the climate. The origin and fate of RDOM, and the underlying mechanisms for its formation and

degradation are unknown. Why marine microbes are not able to degrade RDOM is still under investi-

gation though their inability to do so is fortunate: if all RDOM were respired and the carbon released

to the atmosphere, it would double the atmospheric CO
2
inventory. Looking at the other side of the

equation we can ask: Do bacteria play a major role in the production of RDOM? Further, might the

balance between microbial degradation of DOM and production of RDOM shift due to climate change

and might the response of the RDOM pool exacerbate climate change impacts through a positive feed-

back loop? These are new challenges for climate change microbial ecology.

Progress in elucidating the role of microbes in carbon sequestration in the ocean had been limited not

only by methodological limitations, but also by the lack of a unifying biogeochemical framework.

In recent years, there has been a powerful convergence of marine genomics, ecophysiology, and new

tools for DOM analysis. Therefore, the time is ripe for a fresh look at this �refractory� and important

problem. The microbial carbon pump (MCP; Jiao et al. 2010. Nat Rev Microbiol. 8, 593�599) was pro-

posed as a conceptual framework to formulate and test new hypotheses about DOM sources and sinks

as well as the mechanistic bases for the regulation of microbial carbon storage in the refractory DOM

pool. This research is necessarily highly interdisciplinary involving, at the minimum, microbial ocean-

ographers, marine organic chemists, and geochemists.

A SCOR (Scienti�c Committee for Oceanic Research) working group (WG134) joined by 26 scientists

from 12 countries has been formed to address the problem. In the past two years, the working group

has convened several independent workshops, as well as MCP-focused sessions in conjunction with

oceanography and microbial ecology conferences. These brainstorming sessions have provided the

necessary, and rapidly broadening, interdisciplinary interactions, creating much excitement and mo-

mentum. It is our hope that the articles in this book convey this sense of excitement, and an optimism

that we are making progress in solving this long-standing problem in science, one which is also of

considerable societal import.

Farooq Azam, Ph.D.

Nianzhi Jiao, Ph.D.

Dr. Farooq Azam studies microbial oceanography and marine biogeochemistry. Dr. Azam and his students have made signi�cant

contributions to our understanding of the role of microbes in the functioning of marine ecosystems and carbon cycle. Dr. Azam

is a Distinguished Professor at Scripps Institution of Oceanography, University of California, San Diego and co-chairs the

Scienti�c Committee for Ocean Research (SCOR) Working Group 134 on �Microbial Carbon Pump in the Ocean.�

Dr. Nianzhi Jiao is Cheung Kong Chair Professor at Xiamen University, China. After receiving his Ph.D. from Ocean University

of Qingdao in 1991, he continued his studies at MIT in the United States, the University of Tokyo, and the National Institute

for Environmental Studies, Japan. Dr. Jiao�s research focuses on microbial ecology and carbon cycling. He is a co-chair of the

Scienti�c Committee for Ocean Research (SCOR) Working Group 134 on �Microbial Carbon Pump in the Ocean.�

Revisiting the Ocean's Carbon Cycle
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DOC doc. Jiao Nianzhi formulated
the MCP concept based on his studies
of AAPB, an unusual kind of photo-
synthetic bacteria (left).

The Invisible Hand Behind

A Vast Carbon Reservoir
A key element of the carbon cycle is the microbial conversion of dissolved

organic carbon into inedible forms. Can it also serve to sequester CO
2
?

XIAMEN, CHINA�For simple sea crea-

tures, dissolved organic carbon (DOC) is

the staff of life. Much of it, however, is as

unpalatable as chaff and accumulates in

the water column. Scientists are unravel-

ing how organic matter in the marine food

chain is converted into forms that less read-

ily relinquish carbon in the form of carbon

dioxide (CO2). �The existence of this �ined-

ible� organic carbon in the ocean has been

known for quite some time. But its role in the

global carbon cycle has been recognized only

recently,� says Michal Koblí�ek, a micro-

biologist at the Institute of Microbiology in

Trebon, Czech Republic.

New �ndings are unmasking the invisi-

ble processes that suspend immense amounts

of carbon just below the ocean waves. �It�s

really huge. It�s comparable to all the car-

bon dioxide in the air,� says Jiao Nianzhi, a

microbial ecologist here at Xiamen Univer-

sity. He and others are exploring the tantaliz-

ing prospect of sequesteringCO2 in this reser-

voir. It�s too early to saywhether the vast pool

will respond to geoengineering, says Dennis

Hansell, a marine biogeochemist at the

University of Miami in Florida. However, he

says, �I expect the light to comeonover heads

and we�ll experience an �ah ha!�moment.�

Data from several research cruises have

yielded a broad-brush view of what Jiao

has dubbed the microbial carbon pump

(MCP): the microbe-driven conversion of

bioavailable organic carbon into difficult-

to-digest forms known as refractory DOC.

This summer, the European Project on

Ocean Acidi�cation is carrying out a slate

of experiments in Arctic waters that includes

probing the MCP. Then in October, Jiao�s

team heads to the opposite thermal extreme:

They will explore the mechanisms of the

MCP and CO2 sequestration in the equatorial

Indo-Pacific Warm Pool, the warmest

marine waters in the world. The MCP will

also be featured next month at a Gordon

Research Conference on marine microbes,

and it is outlined in a paper in press at

Nature Reviews Microbiology. The concept

�could revolutionize our view of carbon

sequestration,� says Markus Weinbauer,

a microbial oceanographer at Laboratoire

d�Océanographie de Villefranche in France.

The ocean surface is like a planet-

sized set of lungs that inhale and

exhale CO2. As a global average, the

oceans take up about 2% more of the

gas than they release. Some CO2 dis-

solves into the water column, form-

ing carbonic acid. As atmospheric

CO2 levels rise, oceanpHdecreases, a

phenomenon called acidi�cation that

could endanger corals and other crea-

tures by slowing the growth of car-

bonate skeletons (see Science 18 June

2010, p. 1500). Carbon also enters the

seas through the foodweb: Dur-

ing photosynthesis, phy-

toplankton fixes CO2
to organic carbon�

as much as 60 giga-

tons of carbon per

year, roughly the

same amount fixed

on land. �The carbon

is not captured for

long,� says Koblí�ek.

Most new marine bio-

mass is consumed in days

and returned to the air as CO2.

Some, however, ends up in the deep ocean

sink, when remains of dead organisms fall to

the sea �oor. Each year, this biological pump

deposits roughly 300 million tons of carbon

in the seabed.

Even more massive amounts of carbon

are suspended in the water column as DOC.

The oceans hold an estimated 700 billion

tons of carbon as DOC�more than all land

biomass put together (600 billion tons of

carbon) and nearly as much as all the CO2
in the air (750 billion tons of carbon). About

95% of organic carbon is bound up as

refractory DOC: �the largest pool of organic

matter in the ocean,� says Farooq Azam,

a microbiologist at Scripps Institution of

Oceanography in San Diego, California. In

the December 2009 issue of Oceanography,

a team led by Hansell and Craig Carlson of

the University of California, Santa Barbara,

compiled the �rst global map of DOC distri-

bution. Carbon-14 studies suggest that refrac-

tory compounds swirl in this microbial eddy

for more than 6000 years, several times the

circulation time of the ocean.

The realization that refractory

DOC is a key element in the global

carbon cycle has lit a �re under efforts

to �gure out what the stuff is and where

it comes from. Researchers now know that

refractory DOC consists of thousands of

compounds, such as complex polysaccha-

rides and humic acids. A team led by Xosé

Antón Álvarez Salgado of the Instituto de

Investigaciones Marinas in Vigo, Spain, has

tracked the conversion of some forms of

bioavailable carbon to refractory carbon by

observing changes in their optical proper-

ties: Humic substances absorb UV light and

re-emit it as blue fluorescence at specific

wavelengths.

The origins of most refractory DOC are

a black box. Some is produced when light

degrades organic matter near the ocean sur-

face. Oil seeps contribute to the pool. �The oil

spill in the Gulf of Mexico is just one drastic

example of how this material is released into

the ocean,� says Meinhard Simon, a micro-

bial oceanographer at the University of Old-

enburg in Germany. Other compounds are

likely forged in underwater vents or in wild-

�res and swept into the sea. For themost part,

however, saysAzam, �we lack understanding

of the mechanisms of its formation or varia-

tions in its magnitude and composition.�

Originally published 18 June 2010
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Azam and others credit Jiao with a key

insight: the recognition that microbes play

a dominant role in �pumping� bioavailable

carbon into a pool of relatively inert

compounds. Some refractory DOC hangs

in the upper water column, while some gets

shunted to the deep ocean interior via the

biological pump. The MCP �may act as

one of the conveyor belts that transport and

store carbon in the deep oceans,� says Chen-

Tung �Arthur� Chen, an ocean carbonate

chemist at National Sun Yat-sen University

inKaohsiung,Taiwan.TheMCPalso appears

to function in deep waters, where bacteria

adapted to the high-pressure environment

may have �a special capacity� to degrade

refractory DOC, says Christian Tamburini, a

microbiologist at the Centre d�Océanologie

de Marseille in France.

It took sharp sleuthing to uncover the

microbial connection with refractory DOC.

In a landmark paper in 2001, Hiroshi Ogawa

of the University of Tokyo and colleagues

showed that marine microbes are able to

convert bioavailable DOC to refractory

DOC (See page 9). Then a month later,

Zbigniew Kolber, now at the Monterey

Bay Aquarium Research Institute in Moss

Landing, California, and colleagues reported

that in the upper open ocean, an unusual

class of photosynthetic bacteria calledAAPB

accounts for 11% of the total microbial

community (Science, 29 June 2001, p. 2492).

AAPBs seemed to be plentiful everywhere,

according to measurements of infrared

fluorescence from the microbe�s light-

absorbing pigments.

It turned out, though, that other organ-

isms were throwing theAAPB estimates way

off the mark. Using a new technique, Jiao�s

group determined that the �uorescent glow

of phytoplankton was masking the glow of

the target microbes. �Just like when themoon

is bright, less stars are visible,� Jiao says. He

put the new approach through its paces in

2005, when China�s Ocean 1 research ves-

sel conducted campaigns to mark the 600th

anniversary of Admiral He Zheng�s historic

voyages. The observations �turned things

upside down,� Jiao says. His group found

that AAPBs are more abundant in nutrient-

rich waters than in the open ocean, indicating

that AAPB population levels are linked with

DOC, not light.

Next, Jiao found that AAPBs are prone to

viral infection, and he isolated the �rst phage

that�s speci�c for these bacteria. Phages rip

apart their hosts, spilling their guts, includ-

ing organic carbon, into the water. This viral

shunt acting on many marine bacteria �may

be a signi�cant player in the accumulation

of refractory DOC compounds� in the water

column, says Steven Wilhelm, a microbiol-

ogist at the University of Tennessee, Knox-

ville. Pulling together several strands�the

ubiquity of AAPBs, their low abundance but

high turnover rate, the tight link to DOC, and

their susceptibility to infection�Jiao pro-

posed that AAPBs and other microbes are

a key mechanism for the conversion of bio-

available DOC to refractory DOC. That may

seem counterintuitive, as microbes do not set

out to produce refractory DOC; rather, the

compounds are a byproduct of their demise.

�This process is not bene�cial to the cell,�

says Simon.

Because the buildup of refractory DOC

in the water column is accidental, it will be

a challenge to coax microbes to sequester

more carbon. For decades, researchers have

been tinkering with the biological pump to

store more carbon in the deep ocean by seed-

ing seas with iron fertilizer. The iron triggers

phytoplankton blooms that suck more CO2
from the air. That should also drive more car-

bon into the refractory pool, Koblí�ek says.

Even tweaking the MCP could have a

profound effect. The water column holds

on average 35 to 40 micromoles of carbon

from refractory DOC per liter. An increase

of a mere 2 to 3 micromoles per liter would

sock away several billion tons of carbon, says

Nagappa Ramaiah, amarinemicrobial ecolo-

gist at the National Institute of Oceanography

in Goa, India. �We have to investigate any

and all means to help sink the excess carbon,�

he says.

Two billion years ago, when bacteria

ruled Earth, the oceans held 500 times as

much DOC as today, most likely generated

by the MCP, Jiao says. Ecosystem dynam-

ics have changed immensely since then, but

the microbial sequestration potential could

still be huge, he argues. No chemical equilib-

rium would limit conversion of bioavailable

DOC to refractory DOC,which in turn would

not exacerbate ocean acidi�cation, says Jiao,

who is planning pilot experiments this sum-

mer. Ramaiah, meanwhile, says he is looking

for enhanced sequestration potential in select

marine bacteria strains.

There�s no simple recipe�and some sci-

entists are not convinced that it�s feasible

or even safe. �I do not think it is possible to

enhance carbon sequestration by the MCP.

We have no handle on any controls� of how

refractory DOC is generated, says Simon.

With the present knowledge, any sequestra-

tion effort, argues Weinbauer, �could come

back like a boomerang and worsen the prob-

lem.�At the same time, humans may already

be �inadvertently stimulating the MCP,� says

Salgado. Global warming is increasing strati-

�cation, reducing deep convection, and stim-

ulating microbial respiration�all of which

favor the MCP, he says.

The MCP concept should help address

critical issues, such as whether ocean

acidi�cation and warming will signi�cantly

alter carbon �ux into refractory DOC, says

Azam, who with Jiao chairs the Scienti�c

Committee on Oceanic Research�s new

working group on the role of MCP in carbon

biogeochemistry. The upcoming research

cruises should fill in more details of how

the MCP governs carbon cycling and how it

may respond to climate change. As Wilhelm

notes, �We are just at the dawn of developing

this understanding.�

–RICHARD STONE
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P
hotosynthesis �xes carbon into organic

matter in the ocean. Biological forces

then paint intricate �ux patterns for

carbon in ocean space and in time, as it �ows

through the foodweb, becomes stored in the

sediments and exchanged with the atmosphere.

Predicting how these carbon �ux patterns

might respond to global change (or to human

manipulation) is a primary reason for learning

more about the workings of the ocean�s carbon

cycle. The �ux patterns are a result of intricate

interactions of a diverse biota with a physically

and chemically complex pool of organic mat-

ter. It now seems that things will get even more

complicated before they get simpler. New fun-

damental �ndings on the roles of microbes in

the fate of organic matter and, recently, on the

nature of the organic matter itself (1�4) must

be properly assimilated before we can hope to

construct ecosystem models to predict the pat-

terns of carbon �ux. This impetus could lead to

a powerful new synthesis.

What biological forces act on photosyn-

thetically produced organic matter in the

ocean? Historically, the paradigm has been

that essentially all primary production stays

within the particle phase (5), it is eaten by her-

bivores, and the fate of carbon is determined

by the �grazing food chain� (Fig. 1). Little dis-

solved organic matter is spilled for bacteria to

use. It had, therefore, been implicitly assumed

to be safe to ignore bacteria, protozoa, and vi-

ruses in studying the fate of organic matter�

they were too sparse and not active enough (5).

This is now changed (5�8): Major �uxes of or-

ganic matter, often eclipsing the grazing food

chain in quantity, move via dissolved organic

matter into bacteria and the �microbial loop�

(7, 8) (Fig. 1). Previous methods had missed

>99% of microorganisms and had grossly un-

derestimated their metabolism. Now we know

from extensive �eld studies that in most of the

ocean, organic matter �ux into bacteria is a

major pathway; one-half of oceanic primary

production on average is channeled via bac-

teria into the microbial loop (7, 8)�a major

biological force in the ocean.

Ocean basin-scale biogeochemical studies

now routinely quantify organic matter �uxes

into bacteria in conjunction with other major

�ux pathways: grazing food chain, sinking

�ux, and dissolved organic matter �storage.�

The fraction of primary production used by

bacteria (F
b
) is highly variable over various

time and space scales (7�10). The magnitudes

and variability of the �uxes are large enough to

cause variability in �ux partitioning between

competing pathways (Fig. 1)�the microbial

loop, the grazing food chain, sinking �uxes,

and storage of dissolved organic matter (8, 9).

Fish production in the eastern Mediterranean

was diminished by a dominant microbial loop

(F
b
= 0.85) (11). In an earlier study (12), the

richness of the �shery in coastal Newfound-

land was ascribed to uncoupling of bacteria

from primary production during the spring

bloom. These are tantalizing but rare success

stories where descriptive studies lead to inter-

esting insights into the bacterial control of or-

ganic matter �uxes and ecosystem dynamics.

However, we lack a conceptual framework

to predict variation in organic matter �ux into

bacteria and how it �ts into the overall oceanic

�ux picture (for example, how the �ux parti-

tioning will respond to global change). This

requires elucidating the causes and mecha-

nisms of variability of organic matter �ux into

bacteria. How do bacteria interact with organic

matter, and what regulates the �ux of organic

matter into them?

It is generally thought that pelagic bacte-

ria passively receive dissolved organic matter

leaking from the grazing food chain and dif-

fused homogeneously. However, recent stud-

ies on the complex nature of the organic mat-

ter �eld (1�4, 13) and behavioral strategies of

bacteria (14) have suggested (2) that bacteria

do not use only preformed dissolved organic

matter; they also attack all organic matter,

even live organisms, thus liberating dissolved

organic matter. Hence, bacterial attack can

profoundly modify the biogeochemical behav-

ior of organic matter in ways not inferred from

measuring cumulative organic matter �uxes

into bacteria. Recognition of such �modi�ca-

tion interactions� could add important new

variables in biogeochemical models.

Our view of the organic matter in seawater

has changed dramatically. The traditional di-

chotomy of particulate organic matter versus

dissolved organic matter is being replaced by

the concept of an organic matter continuum

(2). Several new classes of abundant colloids,

submicrometer particles, and transparent poly-

mer particles have been discovered (1, 4, 13).

This oceanic �dark matter� ranges in size from

20 nm to hundreds of micrometers. It has been

proposed (2, 3) that pelagic bacteria experi-

ence a gel-like polymeric matrix with colloids

and particles embedded as suprapolymeric

�hotspots� (8) (Fig. 2). The interaction of bac-

teria with the organic matter continuum, and

their behavioral response to its heterogene-

ity, creates microscale features�activity hot-

spots�with distinctive natures and intensities

of biogeochemical transformations. Patchiness

may also support high bacterial diversity. An

important recent study by Chin et al. (1) dem-

onstrated that polymers in seawater indeed

form a gel.

Do bacteria respond to the structure of the

organic matter �eld? Large bacterial popula-

tions can develop on hotspots�for example,

marine snow, dead and even living algae�and

The author is at the Scripps Institution of Oceanogra-

phy, University of California, La Jolla, CA 92093, USA.

E-mail: fazam@ucsd.edu

Microbial Control of Oceanic

Carbon Flux: The Plot Thickens
Farooq Azam

Fig. 1. The microbial loop: classical version. Modern view of the pelagic foodweb,

emphasizing the microbial loop as a major path for organic matter flux. Competition between

the three main flux paths—grazing food chain, microbial loop, and sinking—significantly

affects oceanic carbon cycle and productivity. DOM, dissolved organic matter; DMS,

dimethylsulfide.

Originally published 1 May 1998
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in association with the �dark matter.�

[In one study, 24 to 68% of bacteria

were on transparent particles (13)].

Oceanic bacteria (14) exhibit sophis-

ticated behavior�swimming speeds

of hundreds of micrometers per sec-

ond, unusual swimming (run rever-

sals), and chemosensing. The organic

matter �eld is dominantly polymeric

and suprapolymeric, so most pelagic

bacteria have a diverse repertoire of

surface-bound enzymes (proteases,

glucosidases, lipases, phosphatases,

nucleases) to cause its hydrolysis (15).

Small-scale variation of species com-

position can signi�cantly change the

distributions of enzyme activities (16).

Pelagic bacteria also have multiphasic

permeases for nutrient uptake (17),

with nanomolar to millimolar half-

saturation constants, suggesting their

adaptations to life in a patchy environ-

ment. Considering the intimate contact

of their �digestive system� with the or-

ganic matter gel, motile bacteria are the

�ultimate swimming stomachs� (18).

They cannot avoid interacting with and

changing organic matter.

Bacterial action on components of

the organic matter �eld can modify its

character in varied ways without nec-

essarily involving large organic matter �uxes

into bacteria. Two examples illustrate this

point. In a study of bacterial activity on ma-

rine snow (19), the colonizing bacteria grew

slowly but expressed large amounts of ectohy-

drolases, which solubilized particulate organic

matter; however, because of the low carbon

demand of these bacteria, most hydrolysate

diffused out (�uncoupled solubilization�), thus

reducing the sinking �ux. Also, enzyme action

was thought to increase the ef�ciency of the

oceanic carbon pump; protease and phospha-

tase activities were much higher than those of

α- and β-glucosidases, and this would cause

preferential nitrogen and phosphate reten-

tion compared with carbon in the photic layer

where it supports more carbon �xation and

export. Thus, bacteria in�uenced the fate of

carbon without a signi�cant carbon demand.

Bacterial interaction with live diatoms was

examined in a mesocosm (20). Bacteria colo-

nized the diatoms, grew rapidly, and expressed

large amounts of ectohydrolase. Experiments

suggested that ectohydrolases of attached

bacteria �prune� mucus from the surface of

diatoms, thereby controlling diatom stickiness

and inhibiting aggregation. Bacterial modi�-

cation of algal surfaces, a microscale process,

could increase the persistence and intensity

of algal blooms, as well as in�uence the sink-

ing �ux, with profound ecological and bio-

geochemical implications. Attached bacteria

could also expose the alga to high microscale

concentrations of remineralized nutrients, thus

enhancing carbon �xation. Partial hydrolysis

of complex polysaccharides by bacterial attack

could produce slow-to-degrade dissolved or-

ganic matter, resulting in carbon storage (high

bacterial activity could actually produce more

slow-to-degrade dissolved organic matter).

This could be used by bacteria at a different

place and time (for example, dissolved organic

matter accumulating in Antarctic waters dur-

ing summer could support the foodweb during

winter). These and other examples show that

the ecosystem-level consequences of bacteria-

organic matter interactions may be pervasive

in ways not currently being quanti�ed, or even

recognized, in ocean basin-scale biogeochemi-

cal studies.

Thus, behavioral and metabolic responses

of bacteria to the complex and heterogeneous

structure of the organic matter �eld at the mi-

croscale in�uence ocean basin-scale carbon

�uxes in all major pathways: microbial loop,

sinking, grazing food chain, carbon storage,

and carbon �xation itself. However, studying

such varied in�uences of bacteria on organic

matter, and their spatial-temporal variations,

in piecemeal fashion will only result in a con-

ceptual patchwork without a unifying frame-

work or predictive power. A unifying theme

should derive from applying robust principles

of biochemical adaptation in a realistic micro-

Fig. 2. The microbial loop: impressionist version.

A bacteria-eye view of the ocean’s euphotic layer.

Seawater is an organic matter continuum, a gel of tangled

polymers with embedded strings, sheets, and bundles

of fibrils and particles, including living organisms, as

“hotspots.” Bacteria (red) acting on marine snow (black)

or algae (green) can control sedimentation and primary

productivity; diverse microniches (hotspots) can support

high bacterial diversity.

environmental context. Biogeochemical

variability could then be considered as

a consequence of adaptive responses to

(micro)environmental variations. This

approach should also serve as a frame-

work to understand the maintenance of

microbial diversity and to make predic-

tions on the survival of speci�c bacte-

rial species, including human pathogens

such as Vibrio cholerae, in response

to ecosystem perturbations (21). This

framework, which includes bacteria-al-

gae interactions, should also be relevant

to the prediction of algal blooms, includ-

ing toxigenic species. Powerful new ap-

proaches are enabling us to study micro-

bial ecology, including consortial activi-

ties, in an ecosystem context. New tech-

niques allow multiple interrogations�

phylogeny, metabolism, growth�at the

individual cell level. These ideas and

approaches should lead to a synthesis of

bacterial adaptation, evolution, ecology,

and biogeochemistry, and should form

a basis for integrating the roles of bac-

teria in predictive biogeochemical

models.
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D
OM is the largest reservoir of �xed

carbon in the ocean and is approxi-

mately equivalent to the reservoir of

atmospheric CO
2
. The major bioelements (C,

N, and P) in DOM occur in functional groups

common to biopolymers found in marine or-

ganisms (1�3). Speci�c cellular components

of bacteria have been identi�ed in marine

DOM (4,5), indicating that bacteria are an im-

portant source of this material. These obser-

vations indicate the predominance of biomol-

ecules in DOM, but <25% of marine DOM has

been identi�ed as speci�c biochemicals (6, 7),

suggesting that its molecular structure has

been modi�ed. It appears that these molecular

modi�cations also reduce the bioavailability

of the DOM. Physicochemical reactions were

proposed as the dominant mechanism for the

formation of molecularly uncharacterized and

refractory DOM (8), but a few studies reported

that microorganisms also produce DOM that

is resistant to decomposition (9�11). In a se-

ries of experiments, we examined the bacterial

utilization of simple biochemicals and traced

the production of fresh DOM by the bacterial

community.

We used seawater cultures with natural

bacterial assemblages to examine DOM pro-

duction by marine bacteria (12). Culture me-

dia were prepared with organic-free arti�cial

seawater and either glucose or glutamate as

the sole C source. Incubations with glucose

received ammonium and phosphate as N and P

sources and an inoculum from Gulf of Mexico

surface water. Incubations with glutamate re-

ceived phosphate as a P source and an inocu-

lum from Sagami Bay, Japan. Concentrations

of free glucose and glutamate were measured

using high-performance liquid chromatogra-

phy (HPLC) (13, 14). Measurements of total

organic carbon (TOC), dissolved organic car-

bon (DOC), and dissolved organic nitrogen

(DON), were made using high-temperature

combustion (15, 16). Concentrations of total

hydrolyzable neutral sugars (THNS), total

hydrolyzable amino sugars (THAS), and to-

tal hydrolyzable amino acids (THAA) were

measured by HPLC after acid hydrolysis (17).

Both experiments were conducted at room

temperature (22° to 28°C) with duplicate bot-

tles under dark conditions.

Glucose (208 μM C) was rapidly con-

sumed and undetectable after 2 days (Fig. 1).

Within 2 days, TOC concentrations decreased

by 78% due to respiration, and 7% of the ini-

tial glucose C was converted to particulate

organic carbon (POC, i.e., bacterial biomass),

whereas 15% was converted to DOC (Table

1). Similarly, glutamate was completely con-

sumed within 2 days, and 66% of the added

C was respired. Compared to the glucose in-

cubations, glutamate incubations had a greater

yield of bacterial biomass (22% of initial glu-

tamate C), but a similar yield of DOC (13%).

After 2 days, bacterial growth yields were

8% in the N-limited glucose incubations and

25% in the glutamate incubations, if bacteri-

ally derived DOC was excluded from yield

calculations. Inclusion of bacterially derived

DOC results in growth yield estimates of 22

and 35%, respectively, in the glucose and glu-

tamate incubations.

Concentrations of bacterially derived DOC

decreased gradually during the next week of

decomposition (Stage II in Table 1). Assuming

�rst-order kinetics, the average decay constant

during Stage II was reduced by a factor of 8

compared with the utilization of glucose and

glutamate (Stage I). It is generally recognized

that bacteria in natural waters rapidly utilize

labile compounds, such as free amino acids

and monosaccharides, even at low (nM) con-

centrations (18, 19). Therefore, it is unlikely

that the concentrations of remaining bacteri-

ally derived DOC (20 to 30 μMC) would limit

bacterial utilization. Neither ammonium nor

phosphate was depleted after 1 week of incu-

bation, suggesting nutrients were not limiting

for decomposition. These results demonstrate

that marine bacteria rapidly consumed labile

DOM and produced DOM that was relatively

resistant to decomposition.

The experiments were continued to exam-

ine the long-term persistence of bacterially de-

rived DOM. Consequently, 10.5 and 9.0 μM

DOC were measured after 1 and 1.5 years,

respectively, of incubation in the glucose and

glutamate experiments, corresponding to 5 and

7% of the initial DOC added in each experi-

ment and to 37 and 50% of the bacterially de-

rived DOC concentrations at the end of 2 days.

Although the degradation of DOC continued

throughout the incubation (Stage III in Table

1), the degradation rate was remarkably low,

and the decay constants were up to 100 times

lower than those in Stage II. These decay con-

stants were similar to previous estimates from

long-term degradation experiments with ma-

rine DOC from oligotrophic waters (20) and

corresponded to residence times of 1.2 to 2.3

years. Thus, bacteria rapidly produced a ma-

jor component of refractory DOM from labile

substrates.

Chromatographic characterizations of

major biogenic components of bacterially

derived DOM indicated that THAA, THNS,

and THAS accounted for 2.5 to 4.3%,

2.5 to 5.9%, and 0.7 to 1.5% of the DOC,

respectively, during the �rst week in the

glucose experiment (Table 2). Only 6 to 11%

of the DOC was identi�ed at the molecular

level. Amino acids and amino sugars are

also important nitrogenous components of

DON. No DON was initially present in the

glucose experiment, but concentrations of 0.6

to 1.0 μM DON were measured during the

incubation. Marine bacteria produced DON

from glucose and ammonium, and amino acids

and amino sugars accounted for 22 to 29% and

3.4 to 6.6%, respectively, of the DON during

the �rst week (Table 2). As with DOC, most

(67 to 75%) of the DON was not characterized

at the molecular level. The C:N ratio of the

DOM was 28 to 32, indicating that bacterially

derived DOM was C-rich relative to the initial

substrates (glucose C:NH
4
-N = 20:1). The

C:N ratio for the molecularly characterized

DOM (THAA+THNS+THAS) was 7.5 to 9.2.

In contrast, the C:N ratio of the molecularly

uncharacterized DOMwas 37 to 41, indicating

a N-poor composition.

In the glutamate experiment, only amino

acids (THAA) were measured in bacterially

derived DOM. The yields of THAA were 12
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Fig. 1. Concentrations of free
glucose (A), free glutamate
(B), and TOC, DOC, POC, and
DON in seawater cultures
with natural bacterial as-
semblages and either glucose
(A, C, and E) or glutamate (B,
D, and F) as the sole carbon
sources for bacterial growth.
Panels (C) and (D) are re-
illustrations of panels (A) and
(B) with magnified scales of
the y-axis. Each point and er-
ror bar represents the average
and range of duplicate-bottle
experiments. Water samples
were gravity-filtered through
a glass fiber filter (GF/F,
Whatman) in the glucose ex-
periments for separation of
the particulate and dissolved
phases. In the glutamate ex-
periments, water samples
were passed through a 0.1-
µm polytetrafluoroethylene
membrane filter (Omnipore,
Millipore) under reduced pres-
sure. The DON concentration
at the beginning of the glu-
cose experiment was omitted
because it was not significantly different from zero. Initial concentrations of DOC in glucose and glutamate experiments were accounted for in the measured
concentrations of these compounds, indicating that no other sources of DOC were in the initial culture medium.

to 18% of the DOC and 15 to 33% of the DON

during the �rst week of the incubation. The

uncharacterized fraction composed most of

the DOM (82 to 88% of C and 67 to 85% of

N). The C:N ratio of the total DOM was 5.1

to 9.3, whereas the C:N ratios of the THAA

and uncharacterized fractions were 3.1 to 3.5

and 5.4 to 12, respectively, suggesting that

most bacterially derived DOM was depleted

in N relative to the initial substrate (glutamate

C:N = 5). The yields of amino acids in DOM

were higher and the C:N ratios were lower in

the glutamate experiment compared with the

glucose experiment, re�ecting the different

N content of initial substrates. By 1.5 years,

the yields of amino acids decreased (3.1%

of the DOC and 11% of the DON) in the

glutamate experiment, and the C:N ratio of the

Table 1. Carbon balances and kinetic decay constants for DOM at different stages in seawater cultures with bacteria
and glucose or glutamate as an initial substrate.The data are given as the mean ± |mean-replicate| of duplicate bottle
incubations. Carbon balances were calculated at the end of each stage period, including remineralized % (i.e., the loss
of TOC) and remaining % as DOC or POC relative to the initial TOC.The results of POC at Stage III were not available,
because the difference between TOC and DOC were statistically insignificant or no measurement of TOC was made.
The decay constants for DOC during each stage were calculated on the assumption of first-order decay kinetics.

Stage (days) Remineralized % -



11

DOM increased to 13. In both experiments,

bacterially derived DOM was largely un-

characterized at the molecular level and rich

in C relative to N.

Most oceanic DOM is of marine origin

(21, 22), refractory (20, 21, 23), molecularly

uncharacterized (6, 7), rich in C relative to N

(C:N = 10 to 25) (16, 24), and exists as rela-

tively small molecules (1, 15, 24). The simple

experiments described here demonstrate that

the bulk properties of bacterially derived

DOM are similar to those of marine DOM.

The size distribution of DOM in the glutamate

experiment was investigated using ultra�ltra-

tion (15). After 6 months, 84 ± 3% of the DOC

was <10 kD in size, consistent with the size

distribution of marine DOM (>90% of DOC

is <10 kD) (15).

The amino acid composition of marine

DOM is relatively rich in neutral amino acids

(30 to 40 mole %) and depleted in basic amino

acids (5 to 10 mole %) (25, 26) compared with

marine organisms, including bacteria (neutral

= 25 mole %; basic = 15 mole %) (27). During

Chemical
composition

Initial substrate

Glucose Glutamate

Incubation time
(days)

Table 2. Chemical composition of bacterially derived DOM in the glucose and glutamate experiments. All are the
mean of duplicate-bottle experiments, except for the data indicated by asterisks, which were obtained from single
bottles.Themean deviation of replicateswas 0.9 µM for DOC,0.2 µM for DON,2 for C/N ratio, and 1 to 2%ofDOC,
DON,THAS, andTHAA compositions.The “uncharacterized” fraction in the glucose experiment is estimated as the
difference between the total DOC and the DOC accounted for asTHNS+THAS+THAA, and between the total DON
and the DONaccounted for asTHAA+THAS, except for the data after 1 year, in whichTHNSwas not included (data
in parenthesis).The “uncharacterized” fraction in the glutamate experiment is based only on THAA, because THNS
andTHAS were not measured (indicated by “nm”).
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the incubations, the amino acid compositions

of bacterially derived DOM rapidly shifted

from a composition similar to that of micro-

organisms to a composition similar to that of

marine DOM (Table 2). A similar transition

was observed in amino sugar compositions

of bacterially derived DOM in the glucose

incubations. The initial amino sugar composi-

tion of DOM in the incubations was similar

to that in bacterial cells (28), whereas only

glucosamine and galactosamine were detected

at the end of the incubation (Table 2). The

glucosamine:galactosamine ratio (2:1) in bac-

terially derived DOM at the end of the incu-

bation was similar to the ratio of these amino

sugars in seawater (28).

Recent studies have identi�ed speci�c

components of the cell envelopes of marine

bacteria in DOM from the surface and deep

ocean (4, 5). In addition to this evidence for

a bacterial source of marine DOM, laboratory

studies with radiotracers and marine bacteria

noted the production of refractory DOM from

simple compounds (9�11). Results from our

study support these observations, and indicate

that diagenetic processing by microorganisms

is rapid and critical for shaping the composi-

tion and refractory nature of marine DOM.

The amino sugar muramic acid is uniquely

found in the repeating disaccharide backbone

of the bacterial cell wall polymer commonly

known as peptidoglycan, and it is therefore

an excellent biomarker for peptidoglycan in

DOM (28). In the glucose experiment, mu-

ramic acid C concentrations of 35 to 89 nM

were measured during the �rst week of incu-

bation, and based on a typical muramic acid

content in peptidoglycan (29), we estimate

that peptidoglycan accounted for ∼1% of the

C and ∼7.5% of the N in DOM. Muramic acid

concentrations were below detection after 1

year of incubation (Table 2), indicating that

peptidoglycan was absent in the refractory

DOM derived from bacteria. This �nding

was unexpected given recent observations in

marine DOM of high D/L enantiomer ratios

in speci�c amino acids that are found in the

peptide component of peptidoglycan (5).

Overall, these results suggest that bacterial

degradation suf�ciently alters the structure

of peptidoglycan so that its polysaccharide

component is no longer recognizable at the

molecular level.

Our results are inconsistent with several

mechanisms that have been proposed for the

formation of refractory organic matter in the

ocean. It is unlikely that abiotic condensation

reactions or humi�cation processes (8) were

important for producing refractoryDOM in our

study, because the incubations were conducted

in the dark at low temperature, concentrations

of reactants were low, and the compositional

changes were rapid (hours to days). Thus, it

appears that biological processes were critical

for the formation of refractory DOM. Speci�c

biochemical components of cells can be

selectively preserved during diagenesis (30),

but these are relatively minor constituents

of cells that should only slowly accumulate.

Amino acids, neutral sugars, and amino sugars

typically compose >70% of bacterial biomass

(29), but these biochemicals were relatively

minor components of bacterially derived

DOM. It appears that the selective preservation

of unusual biochemical components of cells

could not, by itself, account for the rapid

formation and accumulation of bacterially

derived DOM.

Components of bacterial cells are released

into the surrounding water as DOM through

a variety of biological processes, including

direct release (11, 31), viral lysis (32),

and grazing (33). Exoenzyme activity is

critical for the microbial utilization of this

DOM, and it appears that enzymatic activity

plays an important role in the formation of

refractory DOM that is of small size (34). It

is possible that nonspeci�c or promiscuous

activities of enzymes, that occur with much

lower ef�ciency than primary activities

(35), occasionally produce fragments from

macromolecules that escape recognition

by bacterial enzymes and molecular-level

chemical analyses. Given this scenario,

the rate of formation of refractory DOM is

dependent on the rate of microbial activity.

This relatively simple mechanism could be

responsible for much of the sequestration of

�xed C in the ocean.
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Bulk Chemical Characteristics of

Dissolved Organic Matter in the

Ocean
Ronald Benner,* J. Dean Pakulski, Matthew McCarthy, John I. Hedges,

Patrick G. Hatcher

Dissolved organic matter (DOM) is the largest reservoir of reduced carbon in the oceans. The
nature of DOM is poorly understood, in part, because it has been difficult to isolate sufficient
amounts of representative material for analysis. Tangential-flow ultrafiltration was shown to
recover milligram amounts of >1000 daltons of DOM from seawater collected at three depths
in the North Pacific Ocean. These isolates represented 22 to 33 percent of the total DOM
and included essentially all colloidal material. The elemental, carbohydrate, and carbon-type
(by 13C nuclear magnetic resonance) compositions of the isolates indicated that the relative
abundance of polysaccharides was high (~50 percent) in surface water and decreased to ~25
percent in deeper samples. Polysaccharides thus appear to be more abundant and reactive
components of seawater DOM than has been recognized.

D
issolved organic matter (DOM) in the

oceans is important in the global car-

bon cycle (1), supports heterotrophic

activity (2), and affects the penetration of

light and exchange of gases at the sea surface

(3). Despite its importance, relatively little is

known about the composition and reactivity

of marine DOM because of the lack of suit-

able methods for its isolation from seawater.

Direct biochemical analyses of DOM in sea-

water typically account for less than 15% of

the total mixture (4, 5), and many techniques

that would provide more comprehensive

structural information, such as nuclear mag-

netic resonance (NMR) and infrared spectros-

copy, require the isolation of DOM from the

much more abundant salts in seawater. The

conventional method for isolation has been

adsorption of acidi�ed DOM onto nonionic

XAD resins (6). However, this method typi-

cally recovers a small fraction (5 to 15%) of

the total DOM in seawater, requires large

manipulations of pH during isolation, and is

selective for hydrophobic constituents.

In contrast, tangential-�ow ultra�ltration

concentrates organic molecules primarily on

the basis of size rather than chemical proper-

ties (7) and requires no pH adjustments that

may change chemical associations and struc-

tures. Ultra�ltration therefore appears to be a

more appropriate method for isolating a rep-

resentative fraction of DOM than adsorption

on XAD resins. In this report we describe the

bulk chemical properties of DOM isolated

by tangential-�ow ultra�ltration from three

depths in the open North Paci�c Ocean.

Samples were collected during April 1991

from Station ALOHA (22°45´N, 158°00´W)

located about 100 km north of Oahu, Ha-

waii. Hydrographic and basic chemical and

biological parameters have been monitored

at this station since 1988 (8). We collected

water samples in Niskin bottles �tted with

Te�oncoated closure springs using a 24-bottle

rosette. Samples for ultra�ltration (200 liters)

were collected from three depths, 10, 765,

and 4000 m, corresponding to the surface,

oxygen-minimum, and deep waters (Table 1).

Immediately following collection, we

pumped water samples through 0.2-μm pore

size, prerinsed Nuclepore polycarbonate �l-

ters and subsequently through 1000-dalton

cutoff (~1-nm pore size) spiralwound poly-

sulfone �lters using an Amicon DC1OL ul-

tra�ltration system. Total processing time for

each sample was ~12 hours. Dissolved or-

ganic carbon (DOC) is operationally de�ned

here as all organic carbon passing a 0.2-μm

pore size �lter and therefore includes all col-

loids <0.2 μm. We measured concentrations

of DOC by a high-temperature oxidation

method (9) in which a Shimadzu TOC 5000

analyzer was used (10). Concentrations of

DOC and volumes of water were recorded for

the initial water, the ultra�ltered concentrate,

and the ultra�ltrate so that a mass balance of

DOC could be established (11). Most sea salts

were removed from ultra�ltered concentrates

by dia�ltration, and the samples were stored

frozen for transport to the laboratory. Samples

were dried under vacuum in a Savant Speed-

Vac concentrator.

The concentration of DOC in surface wa-

ter (82 μM) was approximately two times as

large as concentrations in oxygen-minimum

and deep waters (Table 1). DOC pro�les of

this magnitude and shape have been observed

at many ocean sites and interpreted to re-

�ect the presence of labile organic matter

of planktonic origin in surface water that is

absent from older water at depth. Mass bal-

ance calculations indicate that all of the DOC

in initial water samples was accounted for in

the ultra�ltered concentrates (> 1000 daltons)

and ultra�ltrates (<1000 daltons) (Table 1);

thus, contamination and processing losses

were minimal. We recovered 33, 25, and

22% of the total DOC from surface, oxygen-

minimum, and deep waters (Table 1). The ob-

served trend of a decrease in the >1000-dalton

fraction from surface water to deep water sug-

gests that material in the colloidal size range

comprised an important part of the reactive

components of DOM.

Our results on the size distribution of

DOM are similar to those of Carlson et al.

(11), who found that ~34% of the persulfate-

oxidizable DOC (~88 μM) in North Atlantic

surface waters was > 1000 daltons. However,

a recent investigation by Sugimura and Suzu-

ki (9) in the Northwestern Paci�c Ocean indi-

cated that ~85% of the total DOC (~290 μM)

in surface waters was >1800 daltons. Similar-

ly, these investigators found that ~85% of the

total DOC (~95 μM) in Northwestern Paci�c

deep water (4000 m) was >1800 daltons (9).

Such large differences between studies are be-

yond the range expected for natural variabil-

ity, especially for two samples from 4000-m

depth in the North Paci�c Ocean, and sug-

gest that there are systematic biases in DOM

measurement or characterization. Because of

uncertainty about the accuracy of seawater

DOC measurements (5, 9), we also indepen-

dently determined the organic carbon content

of the ultra�ltered DOM (UDOM) by �ash

combustion (~1100°C) of the dried powder in

a Carlo Erba 1106 CHN analyzer of the type

used to quantitatively combust a wide variety

of carbonaceous substances. The weight per-

centages of organic carbon measured were 10

to 25% lower than those calculated from the

total DOC content (Shimadzu analyzer) and

mass of the isolated samples (Table 1). Thus,

we found no evidence for low DOC measure-

ments that could be attributed to incomplete

oxidation of the higher molecular weight or

colloidal components of our DOM samples.

The atomic C/N values of the UDOM

were lowest (15.3) in surface water and high-

est (22.5) in oxygen-minimum water (Table

2). These values lie in the middle of the range

of 10 to 25 determined for bulk seawater

DOM with the use of wet oxidation meth-

ods (4, 5). Humic substances isolated from
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the Paci�c Ocean are carbon-rich [C/N ratio

≈34 (12)] relative to our UDOM samples;

this difference re�ects the bias of XAD resins

against more polar nitrogen-containing DOM.

Concentrations of dissolved organic nitrogen

(DON) in the >1000-dalton size fraction (0.4

to 1.8 μM; from Tables 1 and 2) agree with

concentrations determined recently for total

DON (2 to 6 FM) in the North Paci�c Ocean

with the use of both high-temperature com-

bustion (1100°C) and ultraviolet oxidation

methods (13) and agree as well with aver-

age concentrations of total DON (5 to 8 μM)

reported for these same water samples (14).

These measurements are at odds, however,

with other recent estimates of DON concen-

trations and C/N values for marine DOM.

Suzuki and colleagues (9, 15) reported aver-

age C/N values near 7 for the total DOM in

surface and deep waters of the Northwestern

Paci�c Ocean and concentrations of higher

molecular weight (> 5000 daltons) DON that

were 20 to 70 times as large as our estimates

for DON >1000 daltons. As discussed above,

these large differences are beyond those ex-

pected for natural variability.

Structural features of the isolated DOM

were investigated by cross polarization magic

angle spinning (CP/MAS) 13C NMR (16). The
13C NMR spectrum of the UDOM from sur-

face water shows a dominant peak at 72 ppm

and lesser peaks at 21, 40, 100, and 176 ppm

(Fig. 1). Carbohydrates are the major family

of biomolecules producing C�O resonances at

72 ppm and O�C�O resonances at 100 ppm.

Unsubstituted alkyl carbons, such as methyl

and methylene carbons, and amine carbons

give rise to resonances between 0 and 50

ppm, and carboxyl, ester, and amide carbons

produce resonances around 176 ppm.

Major compositional differences were ap-

parent between UDOM from surface water

and UDOM from oxygen-minimum and deep

waters (Fig. 1). Integrated areas for C�O and

O�C�O resonances indicate that there was a

sharp decrease in the relative abundance of

carbohydrate carbon from 54% in the UDOM

from surface water to 29 and 25% in UDOM

from oxygen-minimum and deep waters (Ta-

ble 2). Surface-water UDOM had a threefold

lower relative abundance of aromatic or ole-

�nic carbons (in 110 to 160 ppm) than UDOM

from deeper waters (Table 2). On the basis of

these data and the vertical distribution of ra-

diocarbon in DOM in the North Paci�c Ocean

(17), which indicates that labile and refracto-

ry components of DOM coexist in surface wa-

ter, whereas refractory components dominate

in deeper waters, it appears that high molecu-

lar weight polysaccharides (> 1000 daltons)

made up an important part of the labile DOM

in surface water. Estimates of carbohydrate

concentrations in the colloidal size fraction (1

to 200 nm) of DOM ranged from ~14 μM C

in surface waters to ~2 μMC in deeper waters

(Fig. 2).

The main structural features of the sur-

face-water UDOM were very different from

those of humic substances isolated by hydro-

phobic adsorption from seawater. The UDOM

from surface water was rich in carbohydrates,

whereas XAD-isolated humic substances are

rich in unsubstituted alkyl and carboxyl car-

bons (18). Moreover, structural features of

XAD-isolated DOM revealed by 1H- and 13C-

NMR depict a material that is compositionally

invariant with oceanic environment (18) and

depth (19); these characteristics suggest that

the XAD-isolated DOM is composed primari-

ly of the older, more refractory components of

DOM. There are, however, some similarities

between the structural features of UDOM and

humic substances from deep water. Both of

the isolated fractions contained a signi�cant

aromatic or ole�nic component and similar

carboxyl contents, but the deepwater UDOM

sample was enriched in carbohydrate and de-

pleted in unsubstituted alkyl carbon relative

to deep-water humic substances (19).

We also determined the carbohydrate con-

tent of the UDOM samples using a modi�ed

MBTH assay (20) to con�rm the 13C-NMR

carbohydrate estimates. In the modi�ed

MBTH assay hydrochloric acid was replaced

with sulfuiric acid to more completely hydro-

lyze resistant polysaccharides, such as cel-

lulose and chitin (21). The modi�ed MBTH

assay indicated that carbohydrates accounted

for 49, 18, and 19% of the total C in surface,

oxygen-minimum, and deep-water UDOM

samples. The similarity between these data

and those determined by 13C-NMR con�rms

our estimate of carbohydrates in the UDOM

samples and indicates that the modi�ed

Table 1. Hydrographic data for samples collected at Station ALOHA
(22º45.0’N, 158°0.O’W) and the concentrations of dissolved organic car-
bon (DOC), percentages of DOC recovered using tangential-flow ultrafil-
tration, and weight percentages of organic carbon (Wt%OC) in the recov-

ered isolates as determined by direct-injection, high-temperature catalytic
oxidation (HTCO) and the dry weights of the recovered isolates and by
flash combustion of dried powders in a CHN analyzer.

*% Initial DOC = 100 (DOCconcentrate + DOCultrafiltrate)(DOCinitial water )
-1. †Sea salts were not completely removed during diafiltration resulting in weight percentages of organic carbon

that are lower than those expected (~45%) for pure organic matter.

Table 2.Atomic C/N ratios from elemental analysis and area percentages of the major 13C NMR peaks
for DOM isolated by ultrafiltration. Functional group assignments are: C-C, carbon singly bonded to
carbon; C-O, carbon singly bonded to oxygen; O-C-O, carbon singly bonded to two oxygens; C=C,
carbon doubly bonded to carbon; O-C=O, carboxyl and ester carbon; C=O, carbonyl carbon.

Fig. 1. Conventional CP/MAS 13C NMR spectra of
DOM isolated by ultrafiltration (>1000 daltons)
from surface water (10 m), oxygen-minimum wa-
ter (765 m), and deep water (4000 m) at 22º45’N,
158º00’W in the Pacific Ocean.
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MBTH assay yielded reasonably accurate es-

timates of total carbohydrate content.

Because ~70% of marine DOMwas <1000

daltons (<1 nm), we do not know if the com-

position of the UDOM was representative of

the total DOM. We used the modi�ed MBTH

assay to determine the total dissolved carbo-

hydrate concentrations in the seawater sam-

ples collected for ultra�ltration. The modi�ed

MBTH assay yielded total dissolved carbohy-

drate concentrations of 27, 13, and 7 μM C

in surface, oxygen-minimum, and deep-water

samples (Fig. 2). These dissolved carbohy-

drate concentrations corresponded to 33, 34,

and 17% of the total DOC, and were similar to

those in the UDOM samples. Thus, ultra�ltra-

tion recovered a representative fraction of the

MBTH-reactive carbohydrates from seawater.

Our measurements of total dissolved car-

bohydrate concentrations are higher than

most earlier estimates, which indicated that

carbohydrates accounted for 10 to 15% of the

total DOC measured by wet oxidation meth-

ods (5, 22) although values as high as ~35%

were reported for the Caribbean Sea (23).

We believe that the higher concentrations of

carbohydrates measured with the modi�ed

MBTH assay result from the more complete

hydrolysis of structural polysaccharides (21),

which, as we have shown, appear to be abun-

dant in the upper ocean.

The application of tangential-�ow ultra-

�ltration to seawater samples has allowed a

broad chemical characterization of a relative-

ly large fraction of marine DOM, including

all colloidal material. Compared to conven-

tional hydrophobic adsorption techniques,

ultra�ltration is less chemically selective and

capable of recovering a greater portion of

DOM. Our initial characterizations indicated

that the concentration of the >1000- dalton

size fraction of seawater DOM is one-tenth

of that indicated by Suzuki and colleagues (9,

15) and that the C/N values are two to three

times as large. Despite these differences, we

concur that high molecular weight compo-

nents of DOM are reactive and suggest that

polysaccharides are dominant components

of this reactive material, perhaps support-

ing much of the heterotrophic activity in the

surface ocean. Use of ultra�ltration to re-

cover DOM from seawater for experimental

manipulations and detailed molecular-level

characterizations will help resolve the above

differences and provide a new understanding

of the sources and reactions of the organic

molecules composing this major carbon

reservoir.

References and Notes

Fig. 2. Concentrations of dissolved carbohy-
drates in ultrafiltered DOM as determined by 13C
NMR (UDOM-NMR) and a modified MBTH assay
(UDOM-TCHO) and the concentrations of total
dissolved carbohydrates as determined by using
the same modified MBTH assay (TCHO).
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A
ntonie van Leeuwenhoek (1632�

1723), the �rst observer of bacteria,

would be surprised that over 99% of

microbes 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, microbiologists fo-

cused on life-threatening pathogenic 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

(1), prompted microbial explorations of the

sea with state-of-the-art tools such as satel-

lite and laser-based imaging, as well as mas-

sive genomic surveys rivaling the human ge-

nome project. This has led to a gold rush of

discoveries underscoring critical in�uences

of microbes on marine ecosystems and carry-

ing signi�cant implications for sustainability,

global climate, and human health. The chal-

lenge is integrating these discoveries at the

systems level to elucidate microbial roles in

overall system resilience. Understanding the

role of microbes in structuring healthy and

stressed marine ecosystems will provide the

mechanistic basis for prognostic models. Ac-

complishing this may require a new and uni-

fying framework for conceptualizing these

ecosystems.

Excitement over the �microbial ocean�

was roused by the 1977 seminal discovery by

Hobbie (2) and later studies that pelagic bacte-

ria are hugely abundant (106ml−1), accounting

for most oceanic biomass and metabolism (3).

They had eluded detection because most are

extremely small�only a few percent of Esch-

erichia coli in volume�and uncultivable.

Thus, in order to measure bacterial biodiver-

sity and in situ metabolism, microbial ocean-

ographers had to devise cultivation-indepen-

dent methods. Results show that bacteria are

a major biological force in the oceanic carbon

cycle and ecosystem structure.

Photosynthetic bacteria Prochlorococcus
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and Synechococcus are the most abundant

oceanic primary producers, and their se-

quenced genomes provide new ecological

insights (4�6). Other discoveries confront

oceanographers and conservation biologists

with the probability that many functional ca-

pabilities and mechanisms remain unknown.

For instance, a bacterial gene for proteorho-

dopsin was discovered 3 years ago (7). This

pigment, thought to exist only in Archaea,

converts light energy directly into an electrical

gradient across the cell membrane. The gene

occurs in divergent marine bacterial taxa and

diverse environments (8); hence, inclusion of

proteorhodopsin activity may change oceanic

energy budgets. Another important example

is the discovery of oceanwide distribution of

anoxygenic phototrophic bacteria that contrib-

ute to oceanic energy and carbon budgets (9).

Nitrogen budgets, a regulating force of carbon

processing and sequestration, must also be re-

considered given new evidence for microbial

N
2
�xation as a common feature of oceanic

systems (10, 11). Despite tremendous diver-

sity, a single bacterial clade can dominate nu-

merically. The α-proteobacterial clade SAR11

constitutes ∼30% of Sargasso Sea surface cells

(12), and a newly discovered cluster within

the Roseobacter clade, found throughout tem-

perate and polar regions, makes up ∼20% of

Southern Ocean bacteria (13). Finally, mas-

sive marine prokaryotic metagenome se-

quencing is providing a tremendous database

for discovering metabolic capabilities and new

ways to conceptualize and study prokaryotic

biodiversity (14).

Environmental genomics is also revealing

bacterial interactions with marine animals,

and their in�uences on animal populations and

ecosystem function. Corals offer an excellent

example. A recent study discovered 430 novel

bacterial ribotypes associated with three coral

species (15), and shifts in bacterial species

composition appear to underlie coral health

and disease (16, 17). Appreciating this diversi-

ty in conservation efforts is important because

functional redundancy cannot be assumed.

Marine bacteria are but one microbial

realm in the ocean for which discoveries with

ecosystem consequences abound. Viruses

were not studied until 1989 yet are the most

abundant biological entities in the sea (107

ml−1). Bacteriophages induce bacterial mor-

tality, creating a futile carbon cycle in which

dissolved organic matter assimilated by bacte-

ria is released via bacterial lysis and metabo-

lized by other bacteria, enhancing upper-ocean

respiration (18). Species speci�city and host

density-dependence lead phage to �kill the

winner,� maintaining bacterial diversity, with

implications for organic matter decomposi-

tion (19, 20). Phage diversity studies were

initially restricted by the requirement for cul-

tivated hosts. Now, cultivation-independent

genomics reveal enormous diversity, includ-

ing a picorna-like superfamily implicated in

phytoplankton mortality, even of toxic bloom-

forming algae (21, 22). Furthermore, speci�c

cyanophage distributions vary from coastal to

open ocean, likely in�uencing Prochlorococ-

cus or Synechococcus host distributions dif-

ferentially (23).

In view of microbial abundance, diversity,

dynamics, and in�uence on ocean chemis-

try, ecosystem-based conservation models

must explicitly include microbes, to develop

a functional view that integrates microbes,

macrobes, and abiotic ecosystem components.

This requires going beyond biodiversity as-

sessment, because functional diversity de-

pends on the environmental context of micro-

bial expression. The task concerns an age-old

theme in ecology: scale, both spatial and tem-

poral, and the integration of scales (see the �g-

ure). Microbes are no different from larger or-

ganisms in this sense�one must study them at

habitat scales relevant to their adaptive strate-

gies to determine how their metabolism in�u-

ences larger-scale ecosystem dynamics. For

microbes this spatial scale is miniscule, from

micrometers to millimeters. Because microbes

in�uence ecosystems through molecular in-

teractions, for example, involving cell surface

receptors, permeases, or enzymes, the scale

reduces to macromolecular, or nanometers.

Thus, microbes� ecosystem activities, whether

they involve carbon cycling or pathogenesis

toward marine animals, should be modeled as

molecular events.

Studies of biochemical interactions and

�uxes have yielded valuable insights. The oce-

anic silicon cycle is being revised following

the discovery that colonizing bacteria cause

postmortem dissolution of silica from diatom

cell walls (frustules). These bacteria secrete

proteases that denude the silica shell of its pro-

tective protein layer and enhance silica dissolu-

tion rates (24, 25). Silicon cycling, in turn, reg-

ulates diatom productivity, which is important,

for example, in carbon cycling and �sheries.

Genomics opens another dimension for

integrating cell biochemistry and ecosystem

dynamics. Genomic exploration of two

Prochlorococcus ecotypes has not only

identi�ed features with ��obvious roles in

the relative �tness of the ecotypes in response

to key environmental variables�� but has also
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inferred biochemical bases for ecotype-

speci�c environmental impacts (5). The Si-

licibacter pomeroyi genome is yielding eco-

physiological insights into bacteria producing

dimethyl sul�de (DMS), a volatile compound

that in�uences cloud formation (26, 27). S.

pomeroyi degrades dimethylsulfoniopropio-

nate (DMSP) via several pathways, but only

one leads to DMS; thus, the relative expres-

sion of particular DMSP-degrading enzymes

regulates climate. Overarching the microbial

activities is the physical organization of or-

ganic matter in seawater, allowing the visual-

ization of ecosystems as molecular architec-

tures. Seawater is structured with cross-linked

polymers, colloids, and nano- and microgels,

creating an organic matter continuum and a

wealth of surfaces displaying activity and bio-

diversity hot-spots (3). This structure provides

a spatial context for microbial interactions and

adaptations, and permits ecosystem analysis in

terms of molecular architecture and biochemi-

cal �uxes.

These discoveries illustrate that nanoscale

biochemical bases of ecosystem function are

tractable, informative, and indeed essential,

if we are to develop mechanistic models of

ocean-basin biogeochemical dynamics. Mi-

crobial oceanography has made remarkable

strides toward system inventory, exposing tre-

mendous diversity of microbial capabilities,

and spatial and temporal dynamics. Although

they reveal the incredible capacity of microbes

to interact with ocean systems, these studies

do not address system structure or organiza-

tional processes. Biosystems exhibit vari-

ability at all organizational scales, from gene

expression to groups of diverse individuals,

but all display molecular interconnectedness.

Analysis of marine ecosystems as biochemical

matrices is complex, but not unlike, for exam-

ple, that of neurobiology and systems biology.

Modeling efforts must incorporate interaction

mechanisms and variability at all ecosystem

scales, including the nanometer-to-millimeter

realm of microbes and molecules. Such an

analysis can now begin, but it will require a

convergence of genomics and the nascent �eld

of microscale biogeochemistry, addressing

spatially explicit biochemical interactions and

their ecosystem consequences. This approach

will lead to new testable hypotheses and prog-

nostic models.

We propose consideration of concepts that

are driving systems biology with its goal of

elucidating all signi�cant molecular interac-

tions underlying the structure and functioning

of a cell or an organism. The approach can be

extended to marine ecosystem analysis (�eco-

systems biology�), in essence treating the eco-

system as dynamic molecular architecture and

appreciating real-time expression as the mech-

anistic basis of ecosystem dynamics.Although

the goal of treating organisms and the environ-

ment as a molecular continuum is huge, the

rate of progress in genomics and proteomics

and its integration into oceanography�a �eld

rich in computational talent�promises suc-

cess. Ecosystems biology offers a framework

for integrating genomic, biochemical, and en-

vironmental data. This framework will also

unify efforts for biodiversity conservation

and conservation of desirable biogeochemical

states of the ocean.PH
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Major Bacterial Contribution to

Marine Dissolved Organic

Nitrogen
Matthew D. McCarthy,* John I. Hedges, Ronald Benner

Next to N2 gas, the largest pool of reduced nitrogen in the ocean resides in the
enormous reservoir of dissolved organic nitrogen (DON). The chemical identity
of most of this material, and the mechanisms by which it is cycled, remain
fundamental questions in contemporary oceanography. Amino acid enantio-
meric ratios in the highmolecularweight fraction of DON from surface and deep
water in three ocean basins show substantial enrichment in D enantiomers of
four amino acids. The magnitude and pattern of these D/L enrichments indicate
that peptidoglycan remnants derived from bacterial cell walls constitute a
major source of DON throughout the sea. These observations suggest that
structural properties of specific bacterial biopolymers, and the mechanisms for
their accumulation, are among the central controls on long-term cycling of
dissolved organic nitrogen in the sea.

Most of the surface ocean is characterized by

low to undetectable mineral nutrient concen-

trations. Such oligotrophic regions are central

to global geochemical cycles, accounting for

almost 40% of global primary production (1).

Recently, the accumulation and advected ex-

port of dissolved organic matter (DOM) from

such environments has been recognized as a

major pathway for C flux in the upper ocean

(2), a process likely regulated in part by the

low levels of biologically available N (3). Yet

these same waters contain substantial concen-

trations of fixed N in dissolved organic com-

pounds (4). The apparent lower biological

accessibility of this large organic N reservoir

thus represents both a major control on upper

ocean carbon cycles, and a corresponding “N

pump” fundamental to closing oceanic N

budgets (3, 4).

The chemical identity of DON is key to

understanding the mechanisms by which it is

formed and escapes remineralization. Al-

though amino acids account for most N in

organisms, only a small fraction of seawater

DON can be identified as amino acid by

common hydrolytic methods (5). The vast

majority of this dissolved nitrogenous mate-

rial appears to be contained in amide func-

tional groups (6), suggesting that most long-

lived DON is hydrolysis-resistant or com-

posed of recalcitrant nonprotein amide-con-

taining biochemicals.

Amino acid enantiomeric ratios can pro-

vide a powerful tool for characterizing nitro-

genous materials (7 ). Early work identified

elevated levels of D-aspartic acid and D-ala-

nine in the open sea, indicating that D-amino

acids may serve as indicators for both DOM

sources (8) and for abiotic transformation

reactions (9). Limitations of earlier filtration

methods, however, prevented living bacteria

from being excluded as a principle source of

these observations (8), and interpretation was

further complicated by substantial variability

in the observed magnitude and distribution of

D/L ratios with methods then available (10).

Recent application of large-scale tangential-

flow ultrafiltration to ocean waters has al-

lowed reproducible isolation of DOM from

seawater with essentially no contamination

by living organisms or particulate matter (11,

12), in quantities sufficient to determine a full

range of amino acid enantiomeric ratios. We

have used this method to examine amino acid

D/L ratios in the high molecular weight frac-

tion of oceanic DOM from the central Pacific

Ocean, the Gulf of Mexico, and the North Sea

(13). These samples include surface and

abyssal depths in two oligotrophic open

ocean basins, as well as a biologically dy-

namic coastal region.

Recovery efficiencies of ultrafiltered DOM

M. D. McCarthy and J. I. Hedges, University of Wash-
ington, School of Oceanography, Box 357940, Seattle,
WA 98195, USA. R. Benner, University of Texas, Ma-
rine Science Institute, Port Aransas, TX 78373, USA.

*To whom correspondence should be addressed.

Table 1. Bulk properties and D/L–amino acid ratios from a marine cyanobacte-
rium and for UDOM from the Central Pacific, Gulf of Mexico, and North Sea (13).
Bulk properties include ultrafiltered dissolved organic carbon (UDOC) and nitro-
gen (UDON) concentrations, and atomic carbon/nitrogen ratios (C/N)a. UDOC
and UDON concentrations are derived from C/N data, the dry weight recovered,
and the volume filtered. D–amino acids for UDOM-hydrolyzable amino acids (14)

are expressed as simple enantiomeric ratios, not corrected for the racemization
blanks, which are shown for comparison. Sample collection depth is indicated in
meters. Asterisks indicate samples in which the D/L ratio could not be quantified
reliably due to chromatographic mixtures (as indicated by GC-MS); ND (not
detected), samples in which the value was less than 1.5 � racemization blank. S.
bacillaris, Synechococcus bacillaris (25).

Bulk
properties and
D/L–amino
acid ratios

Blank S. bacillaris

Central Pacific Gulf of Mexico N. Sea

2 100 375 4000 m 10 2 400 m 2 m

DOC (�M) – – 82 85 53 45 95 97 58 76
UDOC (�M) – – 22.2 22.2 10.6 8.08 21.1 9.73 1.26 10.1
UDON (�M) – – 1.33 1.42 0.63 0.45 1.19 0.63 0.09 0.71
(C/N)a – – 16.8 15.6 16.9 18.4 17.8 15.4 14.2 14.2

Asp 0.09 0.14 0.39 0.39 0.36 0.33 0.28 0.18 0.22 0.17
Glu 0.06 0.09 0.23 0.17 0.20 0.19 0.16 0.13 0.14 0.12
Ser 0.03 ND 0.19 0.19 0.28 0.18 0.21 0.18 0.28 0.15
Thr 0.00 ND ND ND ND 0.15 ** ND 0.05 ND
Ala 0.03 0.38 0.52 0.54 0.47 0.49 0.53 0.47 0.61 0.37
Tyr 0.04 ND ND 0.10 ** ** ND ND 0.10 ND
Met 0.08 ND ND ND ** ND ND ND ND ND
Val 0.02 ND ND 0.07 ND 0.06 ND ND 0.13 ND
Phe 0.02 0.04 0.04 0.05 0.04 0.04 ** 0.11 0.04 **
Leu 0.07 ND 0.12 0.13 0.12 ** ND 0.14 ** ND
Lys 0.04 0.07 ND 0.09 0.12 0.09 ND 0.08 ND ND

Major Bacterial Contribution

to Marine Dissolved Organic

Nitrogen
Matthew D. McCarthy,* John I. Hedges, Ronald Benner

Next to N2 gas, the largest pool of reduced nitrogen in the ocean resides in the enormous
reservoir of dissolved organic nitrogen (DON). The chemical identity of most of this
material, and the mechanisms by which it is cycled, remain fundamental questions in
contemporary oceanography.Amino acid enantiomeric ratios in the high molecular weight
fraction of DON from surface and deep water in three ocean basins show substantial
enrichment in D enantiomers of four amino acids. The magnitude and pattern of these
D/L enrichments indicate that peptidoglycan remnants derived from bacterial cell walls
constitute a major source of DON throughout the sea. These observations suggest that
structural properties of specific bacterial biopolymers, and the mechanisms for their
accumulation, are among the central controls on long-term cycling of dissolved organic
nitrogen in the sea.
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(UDOM) are typically �20% in deep waters

and �30% in surface waters (Table 1) (12),

although very large sample sizes decrease

relative recoveries (13). Average C/N ratios

for this sample set were 17.0 for surface and

16.5 for deep water UDOM, respectively (Ta-

ble 1). Hydrolyzable amino acids in these, as

well as similar samples, constitute 10 to 20%

of total UDOM N (5, 6). Surface and deep

UDOM samples show substantial and highly

characteristic D/L–amino acid ratios for all

the sampled ocean basins (Table 1 and Fig.

1). Alanine (Ala), aspartic acid (Asp), glu-

tamic acid (Glu), and serine (Ser) consistent-

ly have D/L ratios far above blank levels

(Table 1 and Fig. 2) (14). Ala shows the most

pronounced enrichment, with D/L ratios near

0.5, whereas Asp, Glu, and Ser ratios gener-

ally fall between 0.2 and 0.4. No other

D–amino acids could be repeatably detected

above blank levels (Fig. 1). The D/L ratios of

these four were remarkably consistent be-

tween widely separate locations, sampling

times, and ocean depths (Fig. 1) and appear to

represent a fundamental signature of UDOM

throughout the ocean.

D–Amino acids are gradually produced in

ancient organic matrices by abiotic racemiza-

tion and may also be formed by degradation

reactions of specific protein L–amino acids

(9). However, the amino acid D/L and molar

signatures in UDOM are not consistent with

either of these origins. Bada and Hoopes (9)

suggested abiotic dehydration of Ser as the

most likely explanation for the near racemic

D/L-Ala ratios they observed in the deep Pa-

cific. This mechanism should produce linked

decreases in Ser and threonine (Thr) as well

as a concomitant buildup of �-amino butyric

acid (Aba) (9). UDOM isolates, however,

exhibit no increased D-Ala at depth and min-

imal variation in mole percent Ser or Thr (5).

Similarly, no Aba was detected by gas chro-

matographic–mass spectral (GC-MS) analy-

sis of any sample.

Although abiotic equilibration of enantio-

meric forms is a well-known D–amino acid

source, stereochemical inversion rates at

ocean temperatures should be far too slow (8,

15) to account for appreciable racemization

over average DOM residence times of 4000

to 6000 years (16, 17). Even if D–amino acid

signatures represent a far older component of

UDOM, the observed highly selective pattern

of D enrichment remains inconsistent with

abiotic generation. Although multiple factors

affect geochemical racemization rates (18),

relative rates among different amino acids

generally follow a regular succession (19).

Ala in particular is among the slower amino

acids to racemize (20). At the observed Ala

D/L ratio of �0.5, abiotically derived D/L

ratios of both phenylalanine (Phe) and in

particular Asp (21) should be approaching

their equilibrium D/L value of 1.0 (Fig. 2).

However, in UDOM values of Asp are among

the lowest observed D/L ratios, and D-Phe

was near blank levels (Fig. 2). Moreover, the

absence of any depth trend in the D/L ratios of

any amino acid (Fig. 1) argues strongly that

the stereoisomeric compositions of UDOM

amino acids are not generated by aging or

Fig. 1. (left). UDOM D/L ratios for (A) Central Pacific, (B) Gulf of Mexico, and
(C) North Sea at various depths for the four principle amino acids. Open bar for
Gulf of Mexico represents the surface sample (10 m) independently processed
with 0.2-µm cartridge filters (13). Dashed lines reflect average values for all the
other amino acids measured. D/L values in this figure have been adjusted for
racemization blanks by subtracting molar quantities expected from hydrolytic
racemization from total molar quantities of d-acid measured. These estimates
do not account for reverse racemization of original dforms, and thus represent
minimum ratios.

Fig. 2. (above).Alternative d–amino acid sources: Comparison of the magnitudes
and distributions of D–amino acid ratios encountered in UDOMwith those from
other potential sources. Hydrolysis:Average hydrolysis blank D/L ratios (hatched
bars) are superimposed on overall average UDOM D/L ratios (solid bars).Average
racemization blankswere D/L ratios produced frompure Lmixtures during hydro-
lysis.Abiotic racemization:Relative abiotic D/L ratios (dark bars), based on relative
racemization rates for natural waters (20), were estimated to correspond with a
hypothetical average “abiotic”UDOMD/L-Ala ratio of 0.5.
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selective utilization of L–amino acids over

time, but instead represent an intrinsic bio-

chemical signature of seawater DON.

The principal biochemical sources of

D–amino acids are peptidoglycans, the main

structural component of bacterial cell walls.

Peptidoglycans are heterogeneous polymers

composed of an amino-sugar backbone cross-

linked with peptide bridges. The bridging pep-

tides are characterized by a number of unusual

nonprotein amino acids and D–amino acids. In

particular, the D-enantiomeric forms of Ala,

Glu, and Asp are prevalent (22). D-Ala is the

most abundant D–amino acid in most pepti-

doglycans and the only one that is universally

incorporated (23). The enantiomeric patterns

that characterize UDOM thus closely match

those characteristic of bacterial peptidoglycans.

Because free-living bacteria are abundant in

ocean water, direct contamination of DON iso-

lates must be carefully excluded (8). Our

UDOM isolation protocol was designed to re-

move essentially all natural microorganisms,

and its efficacy has been verified both by filter

intercomparison and direct bacterial counts. On

average, �99% of oceanic bacteria are re-

moved by the 0.1-�m pore size filters with

which most samples were processed before

UDOM isolation. In addition, the central Pacif-

ic samples were directly examined by epifluo-

rescence microscopy after passage through the

0.1-�m pore size prefilter, and bacterial num-

bers were below detection (12). Typical esti-

mates for N per cell of oceanic bacteria (24)

indicate that even a maximal limit of 10% of

original microbes passing the 0.1-�m pore size

filter would contribute less than 1% to total

UDOM amino acids. The previously mentioned

lack of any depth trend in UDOM D–amino

acid abundance, despite a corresponding 10-

fold decrease in bacterial abundance (12), con-

firms that the observed D–amino acids derive

not from concentrated bacteria, but from the

vastly larger pool of nonliving DOM.

The observed high D/L ratios strongly sug-

gest that peptidoglycans constitute a major

component of UDOM N. Most characterized

oceanic water column bacteria are Gram-neg-

ative, typified by relatively thin peptidogly-

can layers (22). Although the specific bacte-

rial sources of peptidoglycan in the open sea

are unknown, the cell wall–enriched fraction

of a cosmopolitan oceanic cyanobacterium,

Synechococcus bacillaris, gives Ala D/L ra-

tios of 0.38, in the same general range as

UDOM values (Table 1) (25). This supports

prior evidence that cell wall material of ma-

rine bacteria is compositionally similar to that

of terrestrial bacteria (26). The contrasting

relative amounts of other D–amino acids from

Synechococcus suggests, as would be expect-

ed, that this bacterial species alone does not

dominate UDOM sources.

Because of the inherent variability among

known peptidoglycan structures (27) and the

poorly defined species compositions of marine

bacterial communities, finite percentages of

peptidoglycan in UDOM isolates cannot be

quantified with certainty. However, the follow-

ing rough estimate of relative N contributions

can be made using broad structural information.

Ala represents the most useful source tracer,

because it is a main component of proteins and

has the most consistent D/L ratios within studied

peptidoglycans (22, 23). The D enantiomer

makes up about 30% of total hydrolyzable Ala

in UDOM [percent D � D/(D�L), thus 30% D

is equivalent to a D/L ratio of �0.5], whereas

pure peptidoglycans contain �40 to 50% D-

Ala. On the basis of these D–amino acid con-

tents and average structural features of common

peptidoglycans and proteinacous materials, a

calculation of the relative total N contributions

from these two biochemical types can be made.

Such a calculation (28) indicates that pepti-

doglycan accounts for a similar amount of the

total N (45 to 80%) as is derived from hydro-

lyzable protein. Thus, in terms of N, this one

structural biopolymer may be at least as abun-

dant in UDOM as conventional proteinaceous

material. In fact, this could be a minimal esti-

mate, because conventional hydrolytic methods

are optimized at near 100% for proteins (29)

and might be substantially less efficient for

peptidoglycan residues in an environmental

matrix. Methods that define “protein” on the

basis of total hydrolyzable amino acid yields

from seawater DOM would also actually in-

clude a component of peptidoglycan-derived

amino acid.

Such a large peptidoglycan component car-

ries major implications regarding the chemical

composition of the high molecular weight frac-

tion of marine DOM. For example, UDOM also

should be enriched in amino sugar, a major

component of peptidoglycan. Such an enrich-

ment is consistent with aldose-poor UDOM

sugar composition (5), as well as the specific

identification of an amino sugar component by

thermal desorbtion–mass spectrometry (30) and

pyrolysis (31). In addition, comparison of aver-

age amino acid compositions of UDOM (5)

with those of planktonic sources (32) indicates

that UDOM is measurably enriched in Ala, Glu,

and Ser, consistent with an additional nonpro-

teinaceous source for these specific amino ac-

ids. Finally, evidence for an important pepti-

doglycan component is supported by previously

mentioned observations (6) of a predominant

amide component not quantifiable by conven-

tional amino acid analysis.

Although UDOM alone accounts for a sub-

stantial fraction of total oceanic DOM, the ex-

tent to which these results apply to all dissolved

nitrogenous material will be determined by

overall size-related compositional trends. The

extent of such size-related differences within

the oceanic DOM pool are not fully known.

However, comparisons of many properties of

UDOM and total DOM (for example, C/N ra-

tios, stable isotopic ratios, radiocarbon content,

amino acid yields, and molecular-level signa-

tures) indicate a high degree of overall compo-

sitional similarity (5, 11, 12). Recent studies of

filtered whole seawater from the surface Arctic

Ocean has yielded almost identical D–amino

acid distributions and ratios as those in our

UDOM isolates, yet from a distinctly separate

ocean region (33). Earlier identification of high

D–amino acid concentrations in unfractionated

seawaters (8, 9), though more variable, is also

consistent with the presence of peptidoglycan

structural remnants in smaller size classes of

dissolved material.

Given that N from algae, as well as most of

that from bacteria, is in the form of proteins

containing no D–amino acids, the elevated D/L

ratios in UDOM indicate that the high molec-

ular weight nitrogenous material dissolved in

seawater is enriched in bacterial cell wall ma-

terial. Bacteria are widely recognized as major

consumers of organic matter and in some oli-

gotrophic ocean regions may also be the major

primary producers (34). Thus, abundant poten-

tial sources for bacterial cell-wall material like-

ly exist throughout the water column. The ac-

cumulation and environmental persistence of

these materials may also be related in part to

intrinsic structural properties. Structural poly-

mers can display long-term geochemical stabil-

ity (35). The interwoven polysaccharide matrix

of peptidoglycan, coupled with the unusual

peptide substituents and structural variability,

creates a heteropolymer resistant to many com-

mon hydrolytic enzymes (36). In addition, lab-

oratory experiments and the identification of

specific bacterial membrane proteins in seawa-

ter (37, 38) suggest that more labile biochemi-

cals may also be shielded by close association

in a cell-wall matrix.

The high D/L-amino acid ratios found in

UDOM indicate that a substantial fraction of

dissolved organic N in the sea is of bacterial

origin. This result challenges the common par-

adigm that the enormous reservoir of oceanic

dissolved material is predominantly derived

from algal sources. Central oceanic ecosystems

are characterized by intensive bacterial recy-

cling of DOM, coupled with similarly dynamic

bacterial removal by protozoans and viruses

(39). These processes represent direct pathways

for introduction of bacterial cell wall structures

into dissolved and colloidal seawater pools (38,

40), where minor differences in bioreactivity

may result in substantial accumulation. Bacte-

rial predation, coupled with the intrinsic struc-

tural properties of bacterial cell wall material,

may thus be among the major controls on the

long-term cycling of organic N in the sea.
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O C E A N O G R A P H Y

Dissolved Organic Carbon
Support of Respiration in the

Dark Ocean
Javier Arı́stegui,1* Carlos M. Duarte,2 Susana Agustı́,2

Marylo Doval,3 Xosé A. Álvarez-Salgado,4 Dennis A. Hansell5

Recent evidence that dissolved organic car-

bon (DOC) is a significant component of the

organic carbon flux below the photic layer of

the ocean (1), together with verification of

high respiration rates in the dark ocean (2),

suggests that the downward flux of DOC may

play a major role in supporting respiration

there. Here we show, on the basis of exami-

nation of the relation between DOC and ap-

parent oxygen utilization (AOU), that the

DOC flux supports �10% of the respiration

in the dark ocean.

The contribution of DOC to pelagic res-

piration below the surface mixed layer can be

inferred from the relation between DOC and

apparent oxygen utilization (AOU, �M O2),

a variable quantifying the cumulative oxygen

consumption since a water parcel was last in

contact with the atmosphere. However, as-

sessments of DOC/AOU relations have been

limited to specific regions of the ocean (3, 4)

and have not considered the global ocean. We

assembled a large data set (N � 9824) of

concurrent DOC and AOU observations col-

lected in cruises conducted throughout the

world’s oceans (fig. S1, table S1) to examine

the relative contribution of DOC to AOU

and, therefore, respiration in the dark ocean.

AOU increased from an average (�SE)

96.3 � 2.0 �M at the base of the surface

mixed layer (100 m) to 165.5 � 4.3 �M at

the bottom of the main thermocline (1000 m),

with a parallel decline in the average DOC

from 53.5 � 0.2 to 43.4 � 0.3 �M C (Fig. 1).

In contrast, there is no significant decline in

DOC with increasing depth beyond 1000 m

depth (Fig. 1), indicating that DOC exported

with overturning circulation plays a minor

role in supporting respiration in the ocean

interior (5). Assuming a molar respiratory

quotient of 0.69, the decline in DOC accounts

for 19.6 � 0.4% of the AOU within the top

1000 m (Fig. 1). This estimate represents,

however, an upper limit, because the correla-

tion between DOC and AOU is partly due to

mixing of DOC-rich warm surface waters

with DOC-poor cold thermocline waters (6 ).

Removal of this effect by regressing DOC

against AOU and water temperature indicates

that DOC supports only 8.4 � 0.3% of the

respiration in the mesopelagic waters.

These results confirm that DOC makes a

small but significant contribution toward the

maintenance of respiratory processes in the

dark ocean. DOC use accounts for only

�10% of the AOU in mesopelagic waters,

indicating that the bulk of the respiration

within the mesopelagic zone is supported by

the flux of sinking POC. This estimate for the

contribution of DOC oxidation to global

AOU is supported by the independent find-

ings that net DOC production accounts for

�20% of net community production in the

surface ocean (7), that DOC export contrib-

utes to 10 % of the export below 500 m (8),

and that the total AOU in the deep ocean is in

agreement with that expected from the flux of

sinking POC (9). It is the DOC accumulating

as a function of primary production in the

surface ocean, which is exported with over-

turning circulation, that dominates the DOC

fraction of AOU development. Our findings

indicate that the POC flux, which appears to

be severely underestimated by sediment traps

in the mesopelagic zone (10), is much greater

than the DOC flux and supports the bulk

(�90%) of the respiratory carbon demand in

the dark ocean.
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Doval, Sci. Mar. 65, 1 (2001).

7. D. A. Hansell, C. A. Carlson, Global Biogeochem.
Cycles 12, 443 (1998).

8. D. A. Hansell, in Biogeochemistry of Marine Dissolved
Organic Matter, D. A. Hansell, C. A. Carlson, Eds.
(Academic, San Diego, CA, 2002), pp. 685–715.

9. R. A. Jahnke, Global Biogeochem. Cycles 10, 71
(1996).

10. J. C. Scholten et al., Deep Sea Res. Part II 48, 243
(2001).

Supporting Online Material
www.sciencemag.org/cgi/content/full/298/5600/1967/
DC1
Fig. S1
Table S1

1Facultad de Ciencias del Mar, Campus Universitario
de Tafira, Universidad de las Palmas de Gran Canaria,
35017 Las Palmas de Gran Canaria, Spain. 2IMEDEA
(CSIC-UIB), Instituto Mediterráneo de Estudios Avan-
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Fig. 1. The depth distribution of the average (mean � SE of data grouped by 100-m bins, N �

9578) DOC (full circles) concentration and AOU (empty circles) in the ocean (A) and the relation
between DOC and AOU in the ocean (B). The symbols represent mean � SE DOC concentrations
of data grouped by 10 �M AOU bins (N � 9824). The inset in (B) shows the relation for the raw
data (N � 9824), which is described, in the interval 0 � AOU � 150, by the fitted regression
equation DOC� 60.3 (�0.2)� 0.136 (�0.003) AOU (R 2� 0.28, P� 0.0001, N� 5541). Multiple
regression analysis, also using water temperature (°C) as an independent variable, improves the fit,
yielding the equation DOC � 48.0 (�0.2) � 0.81 (�0.01) T � 0.058 (�0.002) AOU (R2 � 0.69,
P � 0.0001, N � 5371). The monotonic decrease of DOC for AOU 	 225 corresponds to the
oxygen minimum zones of the Arabian Sea, Indian Ocean, and equatorial Pacific Ocean.
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M
icrobial plankton are centrally in-

volved in �uxes of energy and matter

in the sea, yet their vertical distribu-

tion and functional variability in the ocean�s

interior is still only poorly known. In contrast,

the vertical zonation of eukaryotic phyto-

plankton and zooplankton in the ocean�s water

column has been well documented for over a

century (1). In the photic zone, steep gradients

of light quality and intensity, temperature, and

macronutrient and trace-metal concentrations

all in�uence species distributions in the wa-

ter column (2). At greater depths, low tem-

perature, increasing hydrostatic pressure, the

disappearance of light, and dwindling energy

supplies largely determine vertical strati�ca-

tion of oceanic biota.

For a few prokaryotic groups, vertical dis-

tributions and depth-variable physiological

properties are becoming known. Genotypic

and phenotypic properties of strati�ed Pro-

chlorococcus �ecotypes� for example, are

suggestive of depth-variable adaptation to

light intensity and nutrient availability (3�5).

In the abyss, the vertical zonation of deep-sea

piezophilic bacteria can be explained in part

by their obligate growth requirement for el-

evated hydrostatic pressures (6). In addition,

recent cultivation-independent (7�15) surveys

have shown vertical zonation patterns among
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speci�c groups of planktonic Bacteria, Ar-

chaea, and Eukarya. Despite recent progress

however, a comprehensive description of the

biological properties and vertical distributions

of planktonic microbial species is far from

complete.

Cultivation-independent genomic surveys

represent a potentially useful approach for

characterizing natural microbial assemblages

(16, 17). �Shotgun� sequencing and whole

genome assembly from mixed microbial as-

semblages has been attempted in several en-

vironments, with varying success (18, 19). In

addition, Tringe et al. (20) compared shotgun

sequences of several disparate microbial as-

semblages to identify community-speci�c

patterns in gene distributions. Metabolic re-

construction has also been attempted with

environmental genomic approaches (21).

Nevertheless, integrated genomic surveys of

microbial communities along well-de�ned

environmental gradients (such as the ocean�s

water column) have not been reported.

To provide genomic perspective on micro-

bial biology in the ocean�s vertical dimension,

we cloned large [∼36 kilobase pairs (kbp)]

DNA fragments from microbial communities

at different depths in the North Paci�c Sub-

tropical Gyre (NPSG) at the open-ocean time-

series station ALOHA (22). The vertical dis-

tribution of microbial genes from the ocean's

surface to abyssal depths was determined by

shotgun sequencing of fosmid clone termini.

Applying identical collection, cloning, and

sequencing strategies at seven depths (ranging

from 10 m to 4000 m), we archived large-in-

sert genomic libraries from each depth-strati-

�ed microbial community. Bidirectional DNA

sequencing of fosmid clones (∼10,000 se-

quences per depth) and comparative sequence

analyses were used to identify taxa, genes, and

metabolic pathways that characterized verti-

cally strati�ed microbial assemblages in the

water column.

Study Site and Sampling Strategy

Our sampling site, Hawaii Ocean Time-series

(HOT) station ALOHA (22°45′ N, 158°W),

represents one of the most comprehensively

characterized sites in the global ocean and

has been a focal point for time series�oriented

oceanographic studies since 1988 (22). HOT

investigators have produced high-quality spa-

tial and time-series measurements of the de�n-

ing physical, chemical, and biological oceano-

graphic parameters from surface waters to the

sea�oor. These detailed spatial and temporal

datasets present unique opportunities for plac-

ing microbial genomic depth pro�les into ap-

propriate oceanographic context (22�24) and

leverage these data to formulate meaningful

ecological hypotheses. Sample depths were

selected, on the basis of well-de�ned physi-

cal, chemical, and biotic characteristics, to

represent discrete zones in the water column

(Tables 1 and 2, Fig. 1; �gs. S1 and S2). Spe-

ci�cally, seawater samples from the upper

euphotic zone (10 m and 70 m), the base of

the chlorophyll maximum (130 m), below the

base of the euphotic zone (200 m), well below

the upper mesopelagic (500 m), in the core of

the dissolved oxygen minimum layer (770 m),

and in the deep abyss, 750 m above the sea-

�oor (4000 m), were collected for preparing

microbial community DNA libraries (Tables 1

and 2, Fig. 1; �gs. S1 and S2).

The depth variability of gene distributions

was examined by random, bidirectional end-

sequencing of ∼5000 fosmids from each depth,

yielding ∼64Mbp of DNAsequence total from

the 4.5 Gbp archive (Table 1). This represents

raw sequence coverage of about 5 (1.8 Mbp

sized) genome equivalents per depth. Because

we surveyed ∼180 Mbp of cloned DNA (5000

clones by ∼36 kbp/clone per depth), however,

we directly sampled ∼100 genome equivalents

at each depth. We did not sequence as deeply

in each sample as a recent Sargasso Sea survey

(19), where from 90,000 to 600,000 sequences

were obtained from small DNA insert clones,

from each of seven different surface-water

samples. We hypothesized, however, that our

comparison of microbial communities col-

lected along well-de�ned environmental gra-

dients (using large-insert DNA clones), would

facilitate detection of ecologically meaningful

taxonomic, functional, and community trends.

Vertical Profiles of Microbial Taxa

Vertical distributions of bacterial groups were

assessed by amplifying and sequencing small

subunit (SSU) ribosomal RNA (rRNA) genes

from complete fosmid library pools at each

Originally published 27 January 2006
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depth (Fig. 2; �g. S3). Bacterial phylogenetic

distributions were generally consistent with

previous polymerase chain reaction�based

cultivation-independent rRNA surveys of ma-

rine picoplankton (8, 15, 25). In surface-water

samples, rRNA-containing fosmids included

those from Prochlorococcus; Verrucomicro-

biales; Flexibacteraceae; Gammaproteobac-

teria (SAR92, OM60, SAR86 clades); Alpha-

proteobacteria (SAR116, OM75 clades); and

Deltaproteobacteria (OM27 clade) (Fig. 2).

Bacterial groups from deeper waters included

members of Deferribacteres; Planctomyce-

taceae; Acidobacteriales; Gemmatamonada-

ceae; Nitrospina; Alteromonadaeceae; and

SAR202, SAR11, and Agg47 planktonic bac-

terial clades (Fig. 2; �g. S2). Large-insert DNA

clones previously recovered from the marine

environment (9, 10) also provide a good met-

ric for taxonomic assessment of indigenous

microbes. Accordingly, a relatively large pro-

portion of our shotgun fosmid sequences most

closely matched rRNA-containing bacterio-

plankton arti�cial clones previously recovered

from the marine environment (�g. S3).

Taxonomic bins of bacterial protein ho-

mologs found in randomly sequenced fosmid

ends (Fig. 2; �g. S4) also re�ected distribu-

tional patterns generally consistent with pre-

vious surveys in the water column (8, 15).

Unexpectedly large amounts of phage DNA

were recovered in clones, particularly in the

photic zone. Also unexpected was a relatively

high proportion of Betaproteobacteria-like

sequences recovered at 130 m, most sharing

highest similarity to protein homologs from

Rhodoferax ferrireducens. As expected, repre-

sentation of Prochlorococcus-like and Pelagi-

bacter-like genomic sequences was high in the

photic zone. At greater depths, higher propor-

tions of Chloro�exi-like sequences, perhaps

corresponding to the cooccurring SAR202

clade, were observed (Fig. 2). Planctomyce-

tales-like genomic DNA sequences were also

highly represented at greater depths.

All archaeal SSU rRNA�containing fos-

mids were identi�ed at each depth, quanti�ed

by macroarray hybridization, and their rRNAs

sequenced (�gs. S5 and S6). The general pat-

terns of archaeal distribution we observed

were consistent with previous �eld surveys

(15, 25, 26). Recovery of �group II� plankton-

ic Euryarchaeota genomic DNA was greatest

in the upper water column and declined below

the photic zone. This distribution corrobo-

rates recent observations of ion-translocating

photoproteins (called proteorhodopsins), now

known to occur in group II Euryarchaeota in-

habiting the photic zone (27). �Group III� Eu-

ryarchaeota DNAwas recovered at all depths,

Table 1. HOT samples and fosmid libraries. Sample site, 22-45’ N, 158-W. All seawater samples
were pre-filtered through a 1.6-mm glass fiber filter, and collected on a 0.22-mm filter. See (35) for
methods.

Depth

(m)

Sample

date

Volume filtered

(liters)

Total fosmid

clones

Total DNA (Mbp)

Archived Sequenced

10 10/7/02 40 12,288 442 7.54
70 10/7/02 40 12,672 456 11.03

130 10/6/02 40 13,536 487 6.28
200 10/6/02 40 19,008 684 7.96

500 10/6/02 80 15,264 550 8.86
770 12/21/03 240 11,520 415 11.18

4,000 12/21/03 670 41,472 1,493 11.10

Table 2. HOT sample oceanographic data. Samples described in Table 1.
Oceanographic parameters were measured as specified at (49); values shown
are those from the same CTD casts as the samples, where available. Values in
parentheses are the mean T 1 SD of each core parameter during the period
October 1988 to December 2004, with the total number of measurements
collected for each parameter shown in brackets. The parameter abbreviations
are Temp., Temperature; Chl a, chlorophyll a; DOC, dissolved organic carbon;
NþN, nitrate plus nitrite; DIP, dissolved inorganic phosphate; and DIC,

dissolved inorganic carbon. The estimated photon fluxes for upper water
column samples (assuming a surface irradiance of 32 mol quanta mj2 dj1

and a light extinction coefficient of 0.0425 mj1) were: 10 m 0 20.92 (65%
of surface), 70 m 0 1.63 (5% of surface), 130 m 0 0.128 (0.4% of surface),
200 m 0 0.07 (0.02% of surface). The mean surface mixed-layer during the
October 2002 sampling was 61 m. Data are available at (50). *Biomass
derived from particulate adenosine triphosphate (ATP) measurements as-
suming a carbon:ATP ratio of 250. ND, Not determined.

Depth

(m)

Temp.

(-C)
Salinity

Chl a

(mg/kg)

Biomass*

(mg/kg)

DOC

(mmol/kg)

N þ N

(nmol/kg)

DIP

(nmol/kg)

Oxygen

(mmol/kg)

DIC

(mmol/kg)

10 26.40
(24.83 T 1.27)

[2,104]

35.08
(35.05 T 0.21)

[1,611]

0.08
(0.08 T 0.03)

[320]

7.21 T 2.68
[78]

78
(90.6 T 14.3)

[140]

1.0
(2.6 T 3.7)

[126]

41.0
(56.0 T 33.7)

[146]

204.6
(209.3 T 4.5)

[348]

1,967.6
(1,972.1 T 16.4)

[107]
70 24.93

(23.58 T 1.00)
[1,202]

35.21

(35.17 T 0.16)
[1,084]

0.18

(0.15 T 0.05)
[363]

8.51 T 3.22

[86]

79

(81.4 T 11.3)
[79]

1.3

(14.7 T 60.3)
[78]

16.0

(43.1 T 25.1)
[104]

217.4

(215.8 T 5.4)
[144]

1,981.8

(1,986.9 T 15.4)
[84]

130 22.19

(21.37 T 0.96)
[1,139]

35.31

(35.20 T 0.10)
[980]

0.10

(0.15 T 0.06)
[350]

5.03 T 2.30

[90]

69

(75.2 T 9.1)
[86]

284.8

(282.9 T 270.2)
[78]

66.2

(106.0 T 49.7)
[68]

204.9

(206.6 T 6.2)
[173]

2,026.5

(2,013.4 T 13.4)
[69]

200 18.53
(18.39 T 1.29)

[662]

35.04
(34.96 T 0.18)

[576]

0.02
(0.02 T 0.02)

[97]

1.66 T 0.24
[2]

63
(64.0 T 9.8)

[113]

1,161.9 T 762.5
[7]

274.2 T 109.1
[84]

198.8
(197.6 T 7.1)

[190]

2,047.7
(2,042.8 T 10.5)

[125]
500 7.25

(7.22 T 0.44)
[1,969]

34.07

(34.06 T 0.03)
[1,769]

ND 0.48 T 0.23

[107]

47

(47.8 T 6.3)
[112]

28,850

(28,460 T 2210)
[326]

2,153

(2,051 T 175.7)
[322]

118.0

(120.5 T 18.3)
[505]

2197.3

(2,200.2 T 17.8)
[134]

770 4.78
(4.86 T 0.21)

[888]

34.32
(34.32 T 0.04)

[773]

ND 0.29 T 0.16
[107]

39.9
(41.5 T 4.4)

[34]

41,890
(40,940 T 500)

[137]

3,070
(3,000 T 47.1)

[135]

32.3
(27.9 T 4.1)

[275]

2323.8
(2,324.3 T 6.1)

[34]
4,000 1.46

(1.46 T 0.01)
[262]

34.69

(34.69 T 0.00)
[245]

ND ND 37.5

(42.3 T 4.9)
[83]

36,560

(35,970 T 290)
[108]

2,558

(2,507 T 19)
[104]

147.8

(147.8 T 1.3)
[210]

2325.5

(2,329.1 T 4.8)
[28]
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but at a much lower frequency (�gs. S5 and

S6). A novel crenarchaeal group, closely relat-

ed to a putatively thermophilic Crenarchaeota

(28), was observed at the greatest depths (�g.

S6).

Vertically Distributed Genes
and Metabolic Pathways
The depths sampled were speci�cally chosen

to capture microbial sequences at discrete

biogeochemical zones in the water column

encompassing key physicochemical features

(Tables 1 and 2, Fig. 1; �gs. S1 and S2). To

evaluate sequences from each depth, fosmid

end sequences were compared against differ-

ent databases including the Kyoto Encyclo-

pedia of Genes and Genomes (KEGG) (29),

National Center for Biotechnology Informa-

tion (NCBI)�s Clusters of Orthologous Groups

(COG) (30), and SEED subsystems (31). Af-

ter categorizing sequences from each depth in

BLAST searches (32) against each database,

we identi�ed protein categories that were

more or less well represented in one sample

versus another, using cluster analysis (33, 34)

and bootstrap resampling methodologies (35).

Cluster analyses of predicted protein se-

quence representation identi�ed speci�c

genes and metabolic traits that were differen-

tially distributed in the water column (�g. S7).

In the photic zone (10, 70, and 130 m), these

included a greater representation in sequences

associated with photosynthesis; porphyrin and

chlorophyll metabolism; type III secretion

systems; and aminosugars, purine, propono-

ate, and vitamin B6 metabolism, relative to

deep-water samples (�g. S7). Independent

comparisons with well-annotated subsystems

in the SEED database (31) also showed simi-

lar and overlapping trends (table S1), includ-

ing greater representation in photic zone se-

quences associated with alanine and aspartate;

metabolism of aminosugars; chlorophyll and

carotenoid biosynthesis; maltose transport;

lactose degradation; and heavy metal ion sen-

sors and exporters. In contrast, samples from

depths of 200 m and below (where there is no

photosynthesis) were enriched in different se-

quences, including those associated with pro-

tein folding; processing and export; methio-

nine metabolism; glyoxylate, dicarboxylate,

and methane metabolism; thiamine metabo-

lism; and type II secretion systems, relative to

surface-water samples (�g. S7).

COG categories also provided insight into

differentially distributed protein functions and

categories. COGs more highly represented in

photic zone included iron-transport membrane

receptors, deoxyribopyrimidine photolyase,

diaminopimelate decarboxylase, membrane

guanosine triphosphatase (GTPase) with the

lysyl endopeptidase gene product LepA, and

branched-chain amino acid�transport system

components (�g. S8). In contrast, COGs with

greater representation in deep-water samples

included transposases, several dehydrogenase

categories, and integrases (�g. S8). Sequences

more highly represented in the deep-water

samples in SEED subsystem (31) compari-

sons included those associated with respira-

tory dehydrogenases, polyamine adenosine

triphosphate (ATP)�binding cassette (ABC)

transporters, polyamine metabolism, and al-

kylphosphonate transporters (table S1).

Habitat-enriched sequences.We estimated

average protein sequence similarities between

all depth bins from cumulative TBLASTX

high-scoring sequence pair (HSP) bitscores,

derived from BLAST searches of each depth

against every other (Fig. 3). Neighbor-joining

analyses of a normalized, distance matrix de-

rived from these cumulative bitscores joined

photic zone and deeper samples together in

separate clusters (Fig. 3). When we compared

our HOT sequence datasets to previously re-

ported Sargasso Sea microbial sequences (19),

these datasets also clustered according to their

depth and size fraction of origin (�g. S9). The

clustering pattern in Fig. 3 is consistent with

the expectation that randomly sampled photic

zone microbial sequences will tend on average

to be more similar to one another, than to those

from the deep-sea, and vice-versa.

We also identi�ed those sequences (some

of which have no homologs in annotated da-

tabases) that track major depth-variable en-

vironmental features. Speci�cally, sequence

homologs found only in the photic zone

unique sequences (from 10, 70, and 130 m), or

deepwater unique sequences (from 500, 770,

and 4000 m) were identi�ed (Fig. 3). To cat-

egorize potential functions encoded in these

photic zone unique (PZ) or deep-water unique

(DW) sequence bins, each was compared with

KEGG, COG, and NCBI protein databases in

separate analyses (29, 30, 36).

Some KEGG metabolic pathways ap-

peared more highly represented in the PZ

than in DW sequence bins, including those

associated with photosynthesis; porphyrin and

chlorophyll metabolism; propanoate, purine,

and glycerphospholipid metabolism; bacte-

rial chemotaxis; �agellar assembly; and type

III secretion systems (Fig. 4A). All proteorho-

dopsin sequences (except one) were captured

in the PZ bin. Well-represented photic zone

KEGG pathway categories appeared to re�ect

potential pathway interdependencies. For ex-

ample the PZ photosynthesis bin [3% of the

total (Fig. 4A)] contained Prochlorococcus-

like and Synechococcus-like photosystem

I, photosystem II, and cytochrome genes. In

tandem, PZ porphyrin and chlorophyll biosyn-

thesis sequence bins [∼3.9% of the total (Fig.

4A)] contained high representation of cyano-

bacteria-like cobalamin and chlorophyll bio-

synthesis genes, as well as photoheterotroph-

like bacteriochlorophyll biosynthetic genes.

Other probable functional interdependencies

appear re�ected in the corecovery of sequenc-

es associated with chemotaxis (mostly methyl-

accepting chemotaxis proteins), �agellar bio-

synthesis (predominantly �agellar motor and
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Fig. 1. Temperature versus salinity (T-S) relations for the North Pacific Subtropical Gyre at station
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hook protein-encoding genes), and type III se-

cretory pathways (all associated with �agellar

biosynthesis) in PZ (Fig. 4A).

DW sequences were enriched in several

KEGG categories, including glyoxylate

and dicarboxylate metabolism (with high

representation of isocitrate lyase� and formate

dehydrogenase�like genes); protein folding

and processing (predominantly chaperone and

protease like genes); type II secretory genes

(∼40% were most similar to pilin biosynthesis

genes); aminophosphonate, methionine, and

Fig. 2. Taxon distributions of top HSPs. The percent top HSPs that match
the taxon categories shown at expectation values of e1 � 10j60. Values
in parentheses indicate number of genomes in each category, complete

or draft, that were in the database at the time of analysis. The dots in the
lower panel tabulate the SSU rRNAs detected in fosmid libraries from
each taxonomic group at each depth (35) (figs. S3 and S6).
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sulfur metabolism; butanoate metabolism;

ion-coupled transporters; and other ABC

transporter variants (Fig. 4B). The high

representation in DW sequences of type II

secretion system and pilin biosynthesis genes,

polysaccharide, and antibiotic synthesis

suggest a potentially greater role for surface-

associated microbial processes in the deeper-

water communities. Conversely, enrichment of

bacterial motility and chemotaxis sequences in

the photic zone indicates a potentially greater

importance for mobility and response in these

assemblages.

Similar differential patterns of sequence

distribution were seen in COG categories

(Fig. 4B). COGs enriched in the PZ sequence

bin included photolyases, iron-transport outer

membrane proteins, Na+-driven ef�ux pumps,

ABC-type sugar-transport systems, hydro-

lases and acyl transferases, and transaldol-

ases. In deeper waters, transposases were the

most enriched COG category (∼4.5% of the

COG-categorized DW), increasing steadily

in representation with depth from 500 m to

their observed maximum at 4000 m (Fig.

4B; �g. S9). Transposases represented one

of the single-most overrepresented COG cat-

egories in deep waters, accounting for 1.2%

of all fosmids sequenced from 4000 m (�g.

S8). Preliminary analyses of the transposase

variants and mate-pair sequences indicate

that they represent a wide variety of differ-

ent transposase families and originate from

diverse microbial taxa. In contrast, other

highly represented COG categories appeared

to re�ect speci�c taxon distribution and

abundances. For example, the enrichment of

transaldolases at 70 m (Fig. 4B; �g. S9) were

mostly derived from abundant cyanophage

DNA that was recovered at that depth (see

discussion below).

Sargasso Sea surface-water microbial se-

quences (19) shared, as expected, many more

homologous sequences with our photic zone

sequences than those from the deep sea (�g.

S10). There were 10 times as many PZ than

DW sequences shared in common with Sar-

gasso Sea samples 5 through 7 (19) (�g. S10).

In contrast, PZ-like sequences were only three

times higher in DW when compared with se-

quences fromSargasso Sea sample 3 (�g. S10).

The fact that Sargasso sample 3 was collected

during a period of winter deep-water mixing

likely contributes to this higher representation

of DW-like homologs. Sargasso Sea homologs

of our PZ sequence bin included, as expected,

sequences associated with photosynthesis;

amino acid transport; purine, pyrimidine and

nitrogen metabolism; porphyrin and chloro-

phyll metabolism; oxidative phosphorylation;

glycolysis; and starch and sucrose metabolism

(�g. S10).

Tentative taxonomic assignments of PZ or

DW sequences (top HSPs from NCBI�s non-

redundant protein database) were also tabu-

lated (�g. S11). As expected, a high percent-

age of Prochlorococcus-like sequences was

found in PZ (∼5% of the total), and a greater

representation of Deltaproteobacteria-like,

Actinobacteria-like and Planctomycete-like

sequences were recovered in DW. Unex-

pectedly, the single most highly represented

taxon category in PZ (∼21% of all identi-

�ed sequences in PZ) was derived from vi-

ral sequences that were captured in fosmid

clones (�g. S11).

Community Genomics and
Host-Virus Interactions
Viruses are ubiquitous and abundant compo-

nents of marine plankton, and in�uence lateral

gene transfer, genetic diversity, and bacterial

mortality in the water column (37�40). The

large number of viral DNA sequences in our

dataset was unexpected (Fig. 5; �g. S12), be-

cause we expected planktonic viruses to pass

through our collection �lters. Previous studies

using a similar approach found only minimal

contributions from viral sources (19, 40). The

majority of viral DNA we captured in fosmid

clone libraries apparently originates from rep-

licating viruses within infected host cells (35).

Viral DNA recovery was highest in the photic

zone, with cyanophage-like sequences repre-

senting 1 to 10% of all fosmid sequences (Fig.

5), and 60 to 80% of total virus sequences

there. Below 200 m, viral DNA made up no

more than 0.3% of all sequences at each depth.

Most photic zone viral sequences shared high-

est similarity to T7-like and T4-like cyano-

phage of the Podoviridae and Myoviridae.

This is consistent with previous studies (40�

42), suggesting a widespread distribution of

these phage in the ocean.

Analyses of 1107 fosmid mate pairs pro-

vided further insight into the origins of the

viral sequences. About 67% of the viruslike

clones were most similar to cyanophage on at

least one end, and half of these were highly

similar to cyanophage at both termini. Many of

the cyanophage clones showed apparent syn-

teny with previously sequenced cyanophage

genomes (�g. S12). About 11% of the cyano-

phage paired-ends contained a host-derived

cyanophage �signature� gene (43) on one ter-

minus. The frequency and genetic-linkage of

phage-encoded (but host-derived) genes we

observed, including virus-derived genes in-

volved in photosynthesis (psbA, psbD, hli),

phosphate-scavenging genes (phoH, pstS), a

cobalamin biosynthesis gene (cobS), and car-

bon metabolism (transaldolase) supports their

widespread distribution in natural viral popu-

lations and their probable functional impor-

tance to cyanophage replication (43, 44).

If we assume that the cyanophages� DNA

was derived from infected host cells in which

phage were replicating, the percentage of

cyanophage-infected cells was estimated to

range between 1 and 12% (35). An apparent

cyanophage infection maxima was observed

at 70 m, coinciding with the peak virus:host

ratio (Fig. 5). Although these estimates are

tentative, they are consistent with previously

reported ranges of phage-infected picoplank-

ton cells in situ (38, 45).

About 0.5% of all sequences were likely

prophage, as inferred from high sequence sim-

ilarity to phage-related integrases and known

Fig. 3. Habitat-specific
sequences in photic zone
versus deep-water communi-
ties. The dendrogram shows
a cluster analysis based on
cumulative bitscores de-
rived fromreciprocalTBLASTX
comparisons between all
depths. Only the branch-
ing pattern resulting from
neighbor-joining analy-
ses (not branch-lengths)
are shown in the dendro-
gram. The Venn diagrams
depict the percentage of se-
quences that were present
only in PZ sequences (n 0

12,713) or DW sequences
(n 0 14,132), as deter-
mined in reciprocal BLAST
searches of all sequences in
each depth versus every
other. The percentage out
of the total PZ or DW sequence bins represented in each subset is shown. See SOM for methods (35).
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Fig. 4. Cluster analyses of KEGG and COG annotated PZ and DW
sequence bins versus depth. Sequence homologs unique to or shared
within the photic zone (10, 70, and 130 m) and those unique to or shared
in DW (500, 770, and 4000 m) were annotated against the KEGG or COG
databases with TBLASTX with an expectation threshold of 1 � 10j5.
Yellow shading is proportional to the percentage of categorized sequences
in each category. Cluster analyses of gene categories (left dendrograms)
were performed with the Kendall’s tau nonparametric distance metric,
and the Pearson correlation was used to generate the top dendrograms
relating the depth series (33, 34). Dendrograms were displayed by using
self-organizing mapping with the Pearson correlation metric (33, 34). Green
lines in top dendrograms show PZ sequences, blue lines DW sequences. (A)
KEGG category representation versus depth. KEGG categories with a
standard deviation greater than 0.4 of observed values, having at least two
depths R0.6% of the total KEGG-categorized genes at each depth, are
shown. For display purposes, categories 98% in more than two depths are
not shown. (B) COG category representation versus depth. COG categories

with standard deviations greater than 0.2 of observed values, having at least two depths R0.3% of the total COG-categorized genes at each depth, are
shown.

prophage genes (35). Paired-end analyses of

viral fosmids indicated that ∼2.5% may be de-

rived from prophage integrated into a variety

of host taxa. A few clones also appear to be

derived from temperate siphoviruses, and a

number of putative eukaryotic paired-end vi-

ral sequences shared highest sequence identity

with homologs from herpes viruses, mimivi-

ruses, and algal viruses.

Ecological Implications and
Future Prospects
Microbial community sampling along well-

characterized depth strata allowed us to iden-

tify signi�cant depth-variable trends in gene

content and metabolic pathway components

of oceanic microbial communities. The gene

repertoire of surface waters re�ected some of

the mechanisms and modes of light-driven

processes and primary productivity. Envi-

ronmentally diagnostic sequences in surface

waters included predicted proteins associ-

ated with cyanophage, motility, chemotaxis,

photosynthesis, proteorhodopsins, photoly-

ases, carotenoid biosynthesis, iron-transport

systems, and host restriction-modi�cation

systems. The importance of light energy to

these communities as re�ected in their gene

content was obvious. More subtle ecophysi-

ological trends can be seen in iron transport,

vitamin synthesis, �agella synthesis and se-

cretion, and chemotaxis gene distributions.

These data support hypotheses about potential

adaptive strategies of heterotrophic bacteria

in the photic zone that may actively compete

for nutrients by swimming toward nutrient-

rich particles and algae (46). In contrast to

surface-water assemblages, deep-water mi-

crobial communities appeared more enriched

in transposases, pilus synthesis, protein ex-

port, polysaccharide and antibiotic synthesis,

the glyoxylate cycle, and urea metabolism

gene sequences. The observed enrichment in

pilus, polysaccharide, and antibiotic synthe-

sis genes in deeper-water samples suggests a

potentially greater role for a surface-attached

life style in deeper-water microbial communi-

ties. Finally, the apparent enrichment of phage

genes and restriction-modi�cation systems

observed in the photic zone may indicate a

greater role for phage parasites in the more

productive upper water column, relative to

deeper waters.

At �ner scales, sequence distributions we

observed also re�ected genomic �microvar-

iability� along environmental gradients, as

evidenced by the partitioning of high- and

low-light Prochlorococcus ecotype genes ob-

served in different regions of the photic zone

(Fig. 5). Higher-order biological interactions

were also evident, for example in the negative

correlation of cyanophage versus Prochloro-

coccus host gene sequence recovery (Fig. 5).
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This relation between the abundance of host

and cyanophage DNA probably re�ects spe-

ci�c mechanisms of cyanophage replication in

situ. These host-parasite sequence correlations

we saw demonstrate the potential for observ-

ing community-level interspecies interactions

through environmental genomic datasets.

Obviously, the abundance of speci�c taxa

will greatly in�uence the gene distributions

observed, as we saw, for example, in Prochlo-

rococcus gene distribution in the photic zone.

Gene sequence distributions can re�ect more

than just relative abundance of speci�c taxa,

however. Some depth-speci�c gene distribu-

tions we observed [e.g., transposases found

predominantly at greater depths (Fig. 4B; �g.

S8)], appear to originate from a wide variety

of gene families and genomic sources. These

gene distributional patterns seem more indica-

tive of habitat-speci�c genetic or physiologi-

cal trends that have spread through different

members of the community. Community gene

distributions and stoichiometries are differen-

tially propagated by vertical and horizontal

genetic mechanisms, dynamic physiological

responses, or interspecies interactions like

competition. The overrepresentation of certain

sequence types may sometimes re�ect their

horizontal transmission and propagation with-

in a given community. In our datasets, the rela-

tive abundance of cyanobacteria-like psbA,

psbD, and transaldolase genes were largely a

consequence of their horizontal transfer and

subsequent ampli�cation in the viruses that

were captured in our samples. In contrast, the

increase of transposases from 500 to 4000

m, regardless of community composition, re-

�ected a different mode of gene propagation,

likely related to the slower growth, lower pro-

ductivity, and lower effective population sizes

of deep-sea microbial communities. In future

comparative studies, similar deviations in en-

vironmental gene stoichiometries might be

expected to provide even further insight into

habitat-speci�c modes and mechanisms of

gene propagation, distribution, and mobility

(27, 47). These �gene ecologies� could read-

ily be mapped directly on organismal distribu-

tions and interactions, environmental variabil-

ity, and taxonomic distributions.

The study of environmental adaptation

and variability is not new, but our technical

capabilities for identifying and tracking se-

quences, genes, and metabolic pathways in

microbial communities is. The study of gene

ecology and its relation to community metab-

olism, interspecies interactions, and habitat-

speci�c signatures is nascent. More extensive

sequencing efforts are certainly required to

more thoroughly describe natural microbial

communities. Additionally, more concerted

efforts to integrate these new data into stud-

ies of oceanographic, biogeochemical, and

environmental processes are necessary (48).

As the scope and scale of genome-enabled

ecological studies matures, it should become

possible to model microbial community ge-

nomic, temporal, and spatial variability with

other environmental features. Signi�cant

future attention will no doubt focus on inter-

preting the complex interplay between genes,

organisms, communities and the environ-

ment, as well as the properties revealed that

regulate global biogeochemical cycles. Future

efforts in this area will advance our general

perspective on microbial ecology and evolu-

tion and elucidate the biological dynamics that

mediate the �ux of matter and energy in the

world�s oceans.
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M
olecular-level studies of organic

compounds in marine sediments

can provide awealth of information

on the carbon cycle in past and present-day

oceans as well as information on the deposi-

tional setting and origin of organic matter. Of

greatest utility are lipid biomarkers that are

speci�c to individual or a restricted range of

organisms and that are suf�ciently refractory

to be preserved in sediments. Three character-

istic features of individual organic compounds

are currently exploited by biogeochemists:

precise molecular structure, absolute or rela-

tive abundance, and stable carbon isotopic

composition. A fourth feature, the radiocarbon

content, has been added to the list (1). The
14C content provides a means to evaluate the

source and fate of natural and anthropogenic

organic compounds in the biogeosphere.

Organic materials from various sources

and with different ages are deposited concur-

rently in marine sediments. This is particularly

the case near continents where fresh vascular

plant debris, soil organic matter, and OC erod-

ed from sedimentary rocks may be deposited

together with autochthonous biomass synthe-

sized in the water column. The construction

Variability in Radiocarbon Ages

of Individual Organic Compounds

from Marine Sediments
Timothy I. Eglinton,* Bryan C. Benitez-Nelson, Ann Pearson, Ann P. McNichol, James

E. Bauer, Ellen R. M. Druffel

Organic carbon (OC) from multiple sources can be delivered contemporaneously to aquatic
sediments. The influence of different OC inputs on carbon-14–based sediment chronologies is
illustrated in the carbon-14 ages of purified, source-specific (biomarker) organic compounds
from near-surface sediments underlying two contrasting marine systems, the Black Sea and
the Arabian Sea. In the Black Sea, isotopic heterogeneity of n-alkanes indicated that OC was
contributed from both fossil and contemporary sources. Compounds reflecting different
source inputs to the Arabian Sea exhibit a 10,000-year range in conventional carbon-14 ages.
Radiocarbon measurements of biomarkers of marine photoautotrophy enable sediment
chronologies to be constructed independent of detrital OC influences.

of carbon budgets and sediment chronologies

based on 14C measurements of total organic

carbon (TOC) depends on being able to accu-

rately quantify these inputs. The ages of spe-

ci�c OC inputs and their in�uence on TOC 14C

ages have remained elusive. Measurements of

different compound classes in sediments have

indicated that 14C contents are heterogeneous

(2), but it is only at the biomarker level that

these variations are fully expressed and can be

attributed to speci�c inputs.

Here we present an assessment of radio-

carbon ages measured in individual biomark-

ers from two contrasting marine sedimentary

systems. The Black Sea is a strati�ed anoxic

marine basin, and the Arabian Sea is a highly

productive system supported by intense sea-

sonal upwelling. Organic carbon�rich sedi-

ments accumulating in both seas are strongly

in�uenced by terrigenous inputs. Numerous

large rivers drain into the western Black Sea

and affect the hydrography and geochemistry

of this system (3), whereas eolian dust asso-

ciated with seasonal monsoons is the primary

mode of supply of continental OC to the Ara-

bian Sea (4).

In the Black Sea, we studied laminated

OC-rich (TOC, 5.5%) sediments at a depth

of 4 to 7 cm recovered by a Mk-III box corer

(BC4, station 2; 42°51′N, 31°57′E, at a water

depth of 2129 m) during leg 134-9 of the 1988

R/V Knorr expedition. In the Arabian Sea, we

studied a sediment sample (box core 6BC,

depth of 2 to 4 cm; TOC, 6.7%) obtained from

the Oman upwelling region in the Arabian

Sea (17°48.7′N, 57°30.3′E, at a water depth

of 747 m) during leg TN041 of the R/V T.G.

Thompson expedition in 1994. We measured

the natural 14C content of speci�c biomarker

compounds chosen to re�ect both autochtho-

nous and allochthonous inputs (5) in order

to evaluate the magnitude and source of age

variation in these components of sedimentary

organic matter.

We selected a series of long chain (C
37�39

)

alkenes (compounds i in Table 1), the domi-

nant unsaturated hydrocarbons in the Black

Sea lipid extract, for radiocarbon dating as

biomarkers of marine photoautotrophy. These

compounds are derived from prymnesiophyte

algae, such as the coccolithophorid Emiliania

huxleyi, a major phytoplankter and important

contributor to sinking particulate matter in the

contemporary Black Sea (6). An autochtho-

nous origin for these compounds is supported

by their δ13C values (Table 1), which are con-

sistent with values for lipids from marine phy-

toplankton (7). The similarity in both 13C val-

ues and the conventional 14C ages (8) (Table

1) between the alkenes [average δ13C = −25.5

per mil; 950 years before the present (B.P.),

respectively] and TOC (δ13C = −24.2 per mil;

880 years B.P.) suggests that modern photo-

autotrophic biomass is a major component of

the bulk OC in these sediments. The similarity

in 14C ages between prymnesiophyte alkenes

and TOC also suggests that, contrary to previ-

ous assumptions (9), older detrital OC inputs

have a minimal in�uence on the 14C
TOC

age

of late Holocene Black Sea sediments. Con-

version of conventional radiocarbon ages to

reservoir-corrected ages for marine carbon

requires that the reservoir age be accounted

for before calibration against tree-ring records

of atmospheric 14C abundance (10). The res-

ervoir age describes the difference in 14C ac-

tivity between atmospheric CO
2
and surface-

dissolved inorganic carbon (DIC) in marine

systems resulting from the mixing of older

waters from depth into the surface layer of the

ocean. For a reservoir correction of 400 years

(9), the alkenes yield a revised 14C age for the

depth interval of 4 to 7 cm of 550 years B.P.

and a calibrated (calendar) age of ∼1425A.D.,

consistent with published 210Pb and 14C pro-

�les from abyssal Black Sea sediment cores.

This age implies that sedimentation rates were

10 to 20 cm per thousand years during the late

Holocene (9,11).

We assessed directly the allochthonous OC

inputs from 14C measurements of individual

C
29
and C

31
n-alkanes (compounds v and vi,

respectively) (Fig. 1A). The chain length dis-

tribution, odd over even carbon number pre-

dominance (OEP), and δ13C compositions (Ta-

ble 1) of these hydrocarbons are highly char-

acteristic of leaf wax inputs from C
3
vascular

(land) plants (plants in which the �rst product

of photosynthesis is a three-carbon acid) (12).

The young conventional 14C ages for the C
29

and C
31
homologs relative to bulk OC (Fig.

2A) demonstrate that corrections for detrital

contributions to Black Sea sediments should

not necessarily invoke older OC inputs. In-
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deed, accounting for the reservoir age correc-

tion for the prymnesiophyte alkenes (vascular

plants �x atmospheric CO
2
directly, so their

14C compositions are not subject to any res-

ervoir correction), we �nd that the n-C
29
and

n-C
31
alkanes are similar in calendar age to the

marine phytoplanktonic biomarkers. Taken to-

gether, these data indicate that relatively fresh

terrestrial (land plant) debris is deposited with

autochthonous OC of similar age in Black Sea

sediments.

In contrast, a suite of shorter chain (C
23
to

C
27
) n-alkanes (compounds ii through iv) as

well as the total saturated hydrocarbon (HC)

fraction exhibit signi�cantly older 14C ages

than either the vascular plant n-alkanes or

TOC (Fig. 2A and Table 1). Given the similar-

ity in δ13C values to those of the longer chain

alkanes, an independent source for the shorter

chain n-alkanes seems unlikely. Instead, we

infer that fossil hydrocarbons partly contrib-

ute to the lower molecular weight homologs.

Assuming that there was simple mixing of two

end members, we can substitute ∆14C values

(8) (Table 1) into an isotopic mass balance (1)

to estimate the proportion of fossil hydrocar-

bon required to produce the observed radio-

carbon values. For a 14C-free signature (∆14C

= −1000 per mil) for the fossil component and

−66 per mil for a fresh higher plant compo-

nent (n-C
31
alkane, Table 1), the measured

∆14C value for the C
23
n-alkane (−153 per mil)

would correspond to 9% fossil n-alkane. Simi-

larly, given the ∆14C value of the saturated HC

fraction (−155 per mil), fossil hydrocarbons

likely represent a small but signi�cant compo-

nent of this fraction. This minor contribution

would have little in�uence on the carbon num-

ber distribution or δ13C values but is clearly

revealed by 14C analysis. Thermogenic hydro-

carbons have been detected (13) in suspended

particles from the Black Sea on the basis of a

low OEP n-alkane distribution dominated by

lower carbon number homologs (C
23
to C

27
).

If a similar input was responsible for the fos-

sil hydrocarbons we observed, the C
23
and C

25

n-alkanes would be most strongly in�uenced

by the fossil sources. Because abyssal Black

Sea sediments are �nely laminated (nonbio-

turbated) and the depth interval we studied is

believed to predate signi�cant human use of

fossil fuels (pre-1880), we conclude that these

hydrocarbons entered sediments by natural

processes such as erosion of petroleum-bear-

ing sediments (14) or seepage from depth (15).

We selected two sterenes (compounds e

and f) as generic markers of marine primary

productivity from the Arabian Sea sediment

sample because sterols, their precursor natural

products (16), are biosynthesized by a wide

range of phytoplankton and some zooplank-

ton. Conventional 14C ages of these com-

pounds (mean = 680 years B.P.) are signi�-

cantly younger than the TOC age (890 years

B.P.). Consequently, in contrast to the Black

Sea, the offset between sterene and TOC con-

ventional 14C ages likely re�ects contribu-

tions of older OC to the sediment. This age

discrepancy is ampli�ed further when a series

of highly branched isoprenoid (HBI) alkenes

(compounds a through d), characteristic dia-

tom biomarkers (17), are examined (Fig. 2B).

The C
25
HBI alkenes exhibit substantially

younger 14C ages (mean = 280 years B.P.) than

both the sterenes and TOC. Their 14C compo-

sitions would yield present-day 14C ages after

a 400-year reservoir correction is applied and

are likely the result of downward mixing of

sur�cial material containing bomb radiocar-

bon (from nuclear weapons testing). This mix-

ing could result from sediment winnowing, a

process that has been suggested to be a domi-

nant control on the composition of Arabian

Sea sediments (18). An alternative explana-

tion giving rise to 14C variations in different

photoautotrophic biomarkers is heterogene-

ity in the reservoir age of the DIC pool. The

strong seasonal variations in phytoplankton

productivity, community structure, and verti-

cal distribution in the Arabian Sea are related

to wind-driven (monsoonal) upwelling and

mixing of the water column (19). The balance

between the upwelling of deep waters (low 14C

activity) and the physical invasion or biologi-

cally driven draw-down of atmospheric CO
2

(high 14C activity) into the surface ocean may

give rise to spatial and temporal variability

in 14C
DIC
(and, consequently, planktonic 14C).

Consequently, differences in 14C and 13C com-

position, such as those between the C
25
and C

30

HBI alkenes, may be a function of the ecologi-

cal characteristics (such as depth of growth)

of their photoautotrophic source�the former

having been identi�ed in Haslea sp. and the

latter in Rhizosolenia sp. (20). Such discrep-

ancies between 14C ages of phytoplanktonic

markers raise the possibility that information

on past variations in water column structure

may be carried by the isotopic signatures of

Table 1. Isotopic composition of bulk fractions and isolated compounds.The δ13C values were determined
by irm-GC-MS (5), exceptwhen noted, andwere calculated relative to PDB.The 14C age is the conventional
radiocarbon age (8, 10). Prym., prymnesiophytes;Vas., vascular (higher) plant; Fos., fossil carbon; Diat., dia-
toms;Phyt., phytoplankton;Bac., bacteria; ID, compound identification;n.d., not determined (δ13C assumed
as −25 per mil in these instances).
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different photoautotrophic biomarkers and

preserved in the sedimentary record.

The hopanoid alkenes (compounds g

through l), which were chosen as bacterial

biomarkers (21), yielded with one exception

(22) conventional 14C ages that are 300 to 400

years older than the sterenes. The structures

of the individual compounds measured do

not permit categoric assignment of precursor

organisms; however, their relatively uniform

δ13C compositions (Table 1) clearly point to

a marine origin. Deep-dwelling cyanobacteria

could yield older 14C ages as a result of up-

take of respired DIC emanating from the O
2
-

depleted waters underlying the Oman upwell-

ing zone (7), whereas benthic heterotrophic

or chemoautotrophic bacteria may consume

older carbon associated with bottom waters or

sediments (23).

We determined the 14C compositions of

selected saturated hopanoid (compound m)

and normal (compounds n through p) hydro-

carbons to investigate isotopic characteristics

of allochthonous sources of OC. In marked

Fig. 2. Plot of conventional 14C ages (determined by AMS) for individual hy-
drocarbons and bulk fractions: (A) Black Sea core BC4, 4 to 7 cm, and (B) Ara-
bian Sea core 6BC, 2 to 4 cm. See Table 1 for individual compound identifica-

Fig. 1. Partial high-resolution gas chromatograms [with flame ionization de-
tection (FID)] of total saturated hydrocarbon fractions from (A) Black Sea core
BC4 (4 to 7 cm), and (B)Arabian Sea coreAS-2 (2 to 4 cm).Numbers in italics

contrast to the sterenes and HBI alkenes, these

hydrocarbons display much older convention-

al 14C ages ranging from 7200 to 10,000 years

B.P. (Fig. 2B). As for the Black Sea sample, a

pronounced OEP for the C
25
to C
31
n-alkanes

indicates that OC from higher plants was sup-

plied to the sediments (Fig. 1B). Plant detri-

tus is likely delivered to this region by eolian

processes, primarily the Somali Jet, which

entrains dust from the Arabian Peninsula and

the Horn of Africa (4). Older ages for the n-

alkanes could be expected because the OC

tions. Note break in y-axis in (B). Error bars represent uncertainty associated
with statistics of theAMSmeasurement.Overall error is believed to be better
than 5% (in ∆14C) (1).

indicate carbon chain lengths of n-alkanes. Numbers and letters in paren-
theses denote compounds isolated for 14C analysis from these fractions (see
Table 1).
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in dust plumes from this region are believed

to arise from desiccated lacustrine sediments

and paleosols formed at times when the cli-

mate in eastern Africa was less arid (before

∼6000 years B.P.) (24). The hopanoid al-

kane (compound m) may derive from similar

sources (soil or lacustrine bacteria); however,

the similarity of its δ13C value to the photo-

autotrophic biomarkers suggests that is has

a marine origin. We suspect that the old 14C

ages of the n-alkanes and hopane are a result

in part of the presence of fossil OC. Support

for this interpretation is provided by the lack

of OEP in a series of n-alkanes extending to

C
40
(Fig. 1B), indicating the presence of ther-

mogenic hydrocarbons. The lack of an associ-

ated unresolved envelope suggests that these

fossil hydrocarbons are protected from micro-

bial degradation, possibly through association

with mineral matrices (25). The overlap in

then-alkane envelopes from the higher plant

and fossil inputs (Fig. 1B) provides an oppor-

tunity to estimate the 14C age for the plant wax
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(Arabian Sea HBI alkenes). These molecular

isotopic measurements thus illustrate how dif-

ferent sources can affect sedimentary 14C
TOC

composition.

Differences in 14Cagecannowbeexplained

in the context of isotopic characteristics of

speci�c source inputs and hence can be used

to interpret the biogeochemical processes

that govern their provenance in sediments.

Two examples of long-standing issues in

biogeochemistry that bene�t from molecular
14C measurements are the origin of non-

zero 14C
TOC
ages commonly observed for

marine surface sediments (27), and the

development of re�ned chronostratigraphies

free of interferences due to detrital OC

inputs and selective degradation of different

organic components. The latter also holds

promise for other disciplines where accurate
14C measurements are important (such as

archeology) but may be compromised by the

presence of extraneous carbon-containing

material.
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L
ess than 40% of sinking POC collected

below the euphotic zone can be molecu-

larly characterized (1, 2). The unchar-

acterized fraction constitutes an increasing

proportion of POC with the depth at which it

is collected, with the highest fraction in sedi-

mentary organic carbon (1). What is the com-

position of the uncharacterized fraction and

how is it formed?

One hypothesis for the formation of the

uncharacterized fraction is abiological recom-

bination of small molecules such as amino

acids and carbohydrates produced by degra-

dation of labile organic matter (3, 4). This hy-

pothesis has been challenged by results of 13C

and 15N nuclear magnetic resonance (NMR)

spectroscopy (5, 6). A second hypothesis is

that biologically produced refractory com-

pounds are selectively accumulated whereas

labile compounds are remineralized (7, 8).

Hydrolysis-resistant cell wall�derived mate-

rial has been observed in recent and ancient

sediments (9�11). A third hypothesis involves

physical protection of organic carbon by re-

fractory organic or inorganic matrices (12,

13). A recent study explored solid-state 13C

NMR spectra of plankton and sinking POC

collected at shallow and deep waters (14). The

similarity of the spectra led Hedges et al. to

suggest that the uncharacterized fraction was

the same organic material produced biologi-

cally but was protected by mineral matrices or

refractory biomacromolecules.

Biologically produced lipids, amino acids,

and carbohydrates have distinct stable carbon

isotope [δ13C (15)] signatures because of the
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Lipid-Like Material as the Source

of the Uncharacterized Organic

Carbon in the Ocean?
Jeomshik Hwang and Ellen R. M. Druffel

The composition and formation mechanisms of the uncharacterized fraction of oceanic
particulate organic carbon (POC) are not well understood.We isolated biologically important
compound classes and the acid-insoluble fraction, a proxy of the uncharacterized fraction,
from sinking POC in the deep Northeast Pacific and measured carbon isotope ratios to
constrain the source(s) of the uncharacterized fraction. Stable carbon and radiocarbon isotope
signatures of the acid-insoluble fraction were similar to those of the lipid fraction,
implying that the acid-insoluble fraction might be composed of selectively accumulated
lipid-like macromolecules.

different physiological fractionation of car-

bon during their syntheses (16, 17). There-

fore, comparison of the δ13C signature of the

uncharacterized fraction with those of other

organic fractions will provide insights as to

its source(s). The radiocarbon isotope [∆14C

(18)] signatures of all organic fractions are

the same when measured in plankton from the

surface water because they are fractionation-

corrected. The overall signature changes

when carbon with a different ∆14C signature

is incorporated and when the carbon is aged

(19). Therefore, organic fractions that have

similar sources, sinks, and residence times in

the ocean will have similar ∆14C signatures.

We measured δ13C and ∆14C values in

sinking POC collected from a depth of 3450

m, at a site (Station M, 4100 m deep at the

bottom, 34°50′N, 123°00′W) 220 km west of

the California coast. We isolated biologically

important compound classes: lipids, total hy-

drolyzable amino acids (THAA), total hydro-

lyzable neutral carbohydrates (TCHO), and

a proxy of the uncharacterized fraction, the

acid-insoluble fraction (20). The acid-insolu-

ble fraction that remains after organic solvent

extraction and acid hydrolysis accounts for

∼70% of the uncharacterized fraction (21).

Sinking POC originates mainly from dis-

solved inorganic carbon (DIC) in surface wa-

ters, and it reaches the deep water on a time

scale of months. Therefore, bulk sinking POC

is expected to have similar ∆14C values to

those of DIC in surface waters [40 to 80 per

mil (�) (22)]. The observed ∆14C values of

bulk sinking POC collected at a depth of 3450

m are lower than the expected values, which

means that sinking POC acquired old carbon

from other carbon reservoirs during the transit

from the surface to the sampling depth. Thus,

∆14C can be an indicator of diagenetic status

of POC (i.e., how much old, degraded carbon

is incorporated into sinking POC), assuming

constant ∆14C values of the source organic

carbon.

The weight percentages of the character-

izable fractions such as lipids, THAA, and

TCHO are positively correlated with the ∆14C

values of bulk POC, whereas that of the ac-

id-insoluble fraction is negatively correlated

(Fig. 1). Thus, the higher the fraction of acid-

insoluble organic carbon, the lower the bulk

POC ∆14C value.

The ∆14C values of each organic fraction

are plotted with respect to the bulk POC ∆14C

to show the relative amounts of old and new

carbon (Fig. 2). The ∆14C values of THAAand

TCHO are similar to each other and close to

those of surface water DIC. The ∆14C values

of lipids and the acid-insoluble fractions are

similar to each other but are lower than those

of THAA and TCHO. The ∆14C values of lip-

ids and the acid-insoluble fraction decrease at

slightly higher rates than THAA and TCHO,

making the difference between the two groups

bigger as the bulk POC ∆14C values decrease.

The slopes of the lines imply that ∆14C values

will converge at or around the range of DIC

∆14C in surface waters. The ∆14C values of the

four fractions from plankton collected at the

same station were equal to the range of DIC

∆14C (23). This indicates that all organic frac-

Fig. 1. Percent of each organic com-
pound class (lipids, solid circles; THAA,
solid triangles; TCHO, open triangles;
acid-insoluble fraction, open circles)
separated from several 10-day samples
of sinking POC collected at a depth of
3450 m at Station M in the Northeast
Pacific. The amounts of CO2 of each
compound class were measured mano-
metrically after combustion and were
compared to the organic carbon con-
tent measured with an element analyz-
er. The uncertainty is the larger value of
1
 of either the yield of standard ma-
terial (replicate number 	5) or a dupli-
cate run of samples (3% for lipids, 5%
for THAA, 3% for TCHO, and 1% for acid-insoluble fraction).
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tions of sinking POC originated from modern

source(s) of carbon, but lipids and the acid-

insoluble fraction acquired more old carbon

than did THAA and TCHO.

The δ13C values of lipids are 3 to 4� low-

er than those of THAA and TCHO (Fig. 3),

as expected from physiological fractionation

(16, 17), but approximately equal to those of

the acid-insoluble fraction. The differences in

δ13C between the organic fractions for each

sample are constant even though δ13C values

in bulk POC samples vary by 2.5�.

The constant differences in δ13C between

the acid-insoluble fraction and the other or-

ganic fractions provide constraints on its

source(s). One possible scenario is that the

acid-insoluble fraction is synthesized by the

reaction between THAA and TCHO that are

tightly bound with particles. However, the

differences in δ13C between the acid-insoluble

fraction and THAA and TCHO (∼4�) argue

against the degradation-recombination hy-

pothesis of amino acids and carbohydrates for

the formation of the acid-insoluble fraction.

Two 13C-enriched fractions cannot combine

to form a 13C-depleted fraction unless kinetic

fractionation occurs during the chemical re-

actions. If kinetic fractionation occurs, one

would expect 13C to be enriched in remaining

THAA and TCHO (24). However, the δ13C

values of the compound fractions were re-

ported to remain constant for organic carbon

of detrital aggregates, sediment �oc, and sedi-

ment (0 to 20 cm) at the same location, and

Wang et al. concluded that δ13C signatures of

each organic fraction were not affected by de-

composition processes of organic matter (23).

The differences in δ13C between the acid-

insoluble fraction and THAA and TCHO ar-

gue against nonselective mineral protection as

well. If the acid-insoluble fraction is simply

the same material produced biologically as

lipids, THAA, and TCHO, with the only dif-

ference that they are protected by mineral ma-

trices, its isotopic signature should be similar

to those of THAA and TCHO. Furthermore,

treatment of the acid-insoluble fraction of

POC with an HCl-HF solution to dissolve the

mineral phases did not increase the extract-

able fraction of THAA and TCHO signi�cant-

ly [<5% of total organic carbon (OC)] (25,

26). However, our data do not argue against

the hypothesis of selective mineral protection.

Another possibility is that the acid- in-

soluble fraction is protected lipids, THAA,

and TCHO and contains a small fraction of

old carbon [for example, old terrestrial carbon

considering the location of the sampling site

(220-km offshore)]. About 10% of the acid-

insoluble fraction needs to be old carbon to

explain observed low ∆14C values (27). How-

ever, in order to explain the low δ13C values

of the acid-insoluble fraction, a much larger

fraction (up to 50%) needs to be terrestrial

carbon (27). Therefore, this mechanism can-

not satisfy the δ13C and ∆14C results at the

same time.

It is most likely that the major part of the

acid-insoluble fraction is a selectively pre-

served part of organisms that is chemically

different from amino acids and carbohydrates.

Low ∆14C values can be explained if the major

portion of the acid-insoluble fraction is sur-

face-originated fresh carbon and only a small

fraction is older carbon that has aged and was

incorporated into the particles. The source of

the old carbon can be either dissolved organic

carbon (DOC) or suspended POC. Resus-

pended sedimentary organic carbon will be

old, but δ13C values will be very similar to

those of POC (28). Old carbon from eroded

marine-origin bedrock is another possible

source of old suspended POC (29).

The incorporation of old carbon into

particles occurs more actively for lipids and

the acid-insoluble fraction. Because lipids

are hydrophobic and water-insoluble, they

are more likely to be adsorbed to particles

than are THAA and TCHO, most of which

are water-soluble (30). The fact that the

acid-insoluble fraction has similar ∆14C

values to those of lipids suggests that the

two fractions have similar physicochemical

properties. The similarity of δ13C in lipids

and the acid-insoluble fractions may suggest

that both fractions are synthesized by similar

biochemical pathways that are different from

those for THAA and TCHO.

Our results suggest that the major portion

of the acid-insoluble fraction is composed of

lipid-like material that is biosynthesized by

similar pathways to the extractable lipids, but

somehow is resistant to organic solvents and

acids. In fact, lipids are enriched in resistant

parts of organisms such as membranes,

spores, and cuticles (4). Selective preservation

of these resistant lipids has been considered

as one method of kerogen formation (4).

The refractory cell wall�derived material of

microalgae and bacteria, known as algaenans

and bacterans, respectively, were found to

make up a large part of kerogen and refractory

organic carbon in sediments (8, 11, 31�33).

They are, essentially, highly aliphatic lipids

(i.e., a large number of carbon-to-carbon

bonds) evidenced by release of n-alkane

and n-alka-1-ene upon pyrolysis and by a

high alkyl signal in 13C NMR spectra. A

network structure built up by cross-linking

of long hydrocarbon chains was suggested

as a protection mechanism against chemical

Fig. 2. The �14C values of each
organic compound class (sym-
bols are as defined in Fig. 1). The
black arrow by the right y axis
indicates the range of DIC �14C
values in surface waters at Sta-
tion M. The �14C values are
blank-corrected. We measured
�14C of an amino acid standard
solution (mixture of 17 amino
acids), D-glucose powder, and
cod liver oil by the same meth-
ods as the samples. We com-
pared these values with those of
unprocessed standards to calcu-
late the �14C values of the
blanks. The amounts of the blank
were measured manometrically by combining five or six blanks together. Blanks were higher for
THAA and TCHO, because there were more steps involved in their separation. The acid-insoluble
fraction was not blank-corrected because the blank was smaller than 0.01 mg (�0.7% of the
sample). The uncertainty is the larger value of 1
 of either standard material (replicate number	5)
or duplicates of samples.

Fig. 3. The �13C values of each com-
pound class (symbols are as defined in
Fig. 1). The �13C values are blank-cor-
rected by the same method as �14C.
The uncertainty is the larger value of 1

of either standard material or dupli-
cates of samples.

-



37

attack (9). Considering that the mechanisms

of lipid synthesis are similar in all organisms

(17), these refractory macromolecules might

be expected to have similar δ13C signatures

as those for the extractable lipids. The

similarity of the nonhydrolyzable fraction

and nonprotein alkyl carbon in chemical

composition and abundance was observed

in sediment from the continental margin of

northwestern Mexico, and it was suggested

that those components were compositionally

similar to cell wall�derived algaenans (33).

Even though these refractory lipid-like

macromolecules have been studied only in

sediments, selective accumulation of the

lipids is likely to occur in the water column

as the POC sinks. Selective accumulation of

the refractory lipid-like material in the water

column was evidenced by the observation that

alkanes accounted for increasing fractions

of the pyrolyzates of sinking POC as depth

increased in the Equatorial Paci�c (34) and

the Mediterranean Sea (35).

Even though results of the 13C NMR spec-

troscopy and direct temperature-resolved

mass spectrometry on the samples from the

Equatorial Paci�c do not support the predom-

inance of lipid-like material in sinking POC

(14, 34), the composition of sinking POC

might vary depending on the local environ-

ment (36). The percentage of lipid in sinking

POC in the Arabian Sea was twice as high as

that in the Equatorial Paci�c (14). Also, our

sampling site can be in�uenced by laterally

transported old carbon from the continental

shelf or slope and from rivers in the California

coast (37). Further study will be necessary to

con�rm if our observation is universal in the

oceans. These results should provide impor-

tant information to understand how organic

carbon is preserved and removed from the

carbon cycle in the ocean.
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Two Chemically Distinct

Pools of Organic Nitrogen

Accumulate in the Ocean
Lihini I. Aluwihare,1* Daniel J. Repeta,2 Silvio Pantoja,3

Carl G. Johnson2

The chemical dynamics of marine dissolved organic nitrogen (DON), a reser-
voir featuring surface accumulations even in areas where nitrogen limits pro-
ductivity, have yet to be resolved. We exploited differences in the acid lability
of amide bonds within high-molecular-weight (HMW) DON to show that ver-
tical DON profiles result in part from the presence of two chemically distinct
pools of amide. Half of HMWDON in surface waters is present as N-acetyl
amino polysaccharides. In contrast, nearly all deep-sea HMWDON, and there-
fore, most HMWDON, is present in amides that resist both chemical hydrolysis
and biological degradation.

Low concentrations of inorganic nitrogen (such

as nitrates and ammonia) are assumed to lim-

it primary production over wide expanses of

the surface ocean. However, in many of these

areas, dissolved organic nitrogen (DON) accu-

mulates to measurable quantities (1–3) despite

a demonstrated role in fueling both primary and

secondary production (4). Given the importance

of nitrogen for limiting ocean productivity,

mechanisms that regulate DON production

and removal could help control both the ocean_s

N balance and, consequently, the sequestra-

tion of atmospheric carbon dioxide.

Processes that lead to DON accumulation

in seawater are unclear, but vertical profiles

show that upper ocean DON concentrations

are enhanced by 30 to 50% over deep water

values (5). This observation suggests a major

source for DON in the upper ocean and is

consistent with findings that a large fraction

of inorganic N assimilated by marine phyto-

plankton can be returned to seawater as DON

(6). However, an important step for explaining

DON profiles in the ocean is to identify com-

positional features that differentiate DON frac-

tions with diverse biological reactivity. Here

we report evidence for major structural differ-

ences between the DON pools of the surface

and the deep ocean.

About 30% of DON occurs as a high-

molecular-weight fraction (HMWDON) that

can be sampled by ultrafiltration (6, 7). The

depth profile of HMWDON is similar to that of

total DON, with high near-surface concentra-

tions. Despite a decline in HMWDON con-

centrations below the mixed layer, nuclear

magnetic resonance (NMR) spectra and amino

acid analyses imply a homogenous chemical

composition throughout the water column

(8, 9). Nitrogen-15 NMR (15N-NMR) spectros-

copy shows that nearly all HMWDON in the

ocean is chemically bound as amide func-

tional groups (8). Amides are commonly

found in living marine organisms within pro-

teins and biopolymers of N-acetyl amino

polysaccharides (N-AAPs, e.g., chitin and

peptidoglycan). However, acid hydrolysis of

HMWDON yields only small amounts of

amino acids and amino sugars, suggesting

that HMWDON is deficient in these poly-

mers (9, 10). However, previous studies have

also demonstrated that it is difficult to draw

quantitative conclusions from analyses that

require depolymerization of HMWDON com-

pounds (10).

Rather than relying on a hydrolysis method

that efficiently depolymerizes polysaccharides

and proteins, we exploited differences in the

amide bonds of proteins and N-AAPs to quan-

tify the contribution of these biochemicals to

marine DON. Amide bonds in proteins are an

integral part of the peptide linkage, and amide

hydrolysis depolymerizes proteins to yield ami-

no acids (Fig. 1). Amide bonds in N-AAPs are

not an integral part of the glycosidic linkage,

and amide hydrolysis of N-AAPs is not di-

rectly coupled to depolymerization. Instead,

amide hydrolysis de-acetylates the polysaccha-

ride, releasing 1 mole of acetic acid for each

mole of amide-N that is hydrolyzed (Fig. 1).

Therefore, proteins can be quantified and

distinguished from N-AAPs by the products

of acid hydrolysis (amino acids and acetic

acid, respectively). In both cases (proteins

and N-AAPs), the hydrolysis of the amide

bond produces amine-N. We used solid-state

(cross-polarization magic-angle spinning) 15N-

NMR spectroscopy to follow the hydrolysis

of HMWDON amide and quantify the con-

version of amide-N to amine-N. Concurrent

measurements of acetic and amino acid gen-

eration were used to partition HMWDON into

proteins and N-AAPs. These experiments al-

lowed us to construct a budget of nitrogen-

containing biopolymers in marine HMWDON.

High molecular weight dissolved organic

matter (HMWDOM) in surface seawater is

rich in carbohydrate (60 to 80% of total C)

and acetate (5 to 7% of total C), as seen in the
1H-NMR spectrum for Woods Hole surface

seawater (Fig. 2A) Ecarbohydrates, 5.2, 4.5-

3.2, and 1.3 parts per million (ppm); acetate,

2 ppm^. Previous studies have shown that

the chemical composition of Woods Hole

HMWDOM is representative of marine

HMWDOM in general (10, 11). The 15N-NMR

for this sample (Fig. 2B) shows one major

resonance at 124 ppm for amide-N (92% of

total N) and a minor resonance at 35 ppm for

amine-N (8% of total N). We hydrolyzed
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Fig. 1. Schematic show-
ing the effect of mild
acid hydrolysis on the
amide linkage of pro-
teins and N-AAPs (chi-
tin). Mild acid hydrolysis
(13) completely destroys
the amide linkage (gray
shaded area) in an N-
AAP and quantitative-
ly releases acetic acid.
However, the glyco-
sidic linkage remains
unaffected, and the
macromolecule is not
depolymerized. Mild acid
hydrolysis could like-
wise destroy the amide
linkage in proteins (gray
shaded area), thereby
depolymerizing the mac-
romolecule to release amino acids. If proteins and N-AAPs are the major biochemical components
of HMWDON, then the sum of acetic and amino acids recovered after mild acid hydrolysis should
equal the amount of amide destroyed during the reaction.
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Two Chemically Distinct Pools

of Organic Nitrogen Accumulate

in the Ocean
Lihini I. Aluwihare,1* Daniel J. Repeta,2 Silvio Pantoja,3 Carl G. Johnson2

The chemical dynamics of marine dissolved organic nitrogen (DON), a reservoir featuring
surface accumulations even in areas where nitrogen limits productivity, have yet to be
resolved.We exploited differences in the acid lability of amide bonds within high-molecular-
weight (HMW) DON to show that vertical DON profiles result in part from the presence of
two chemically distinct pools of amide. Half of HMWDON in surface waters is present as
N-acetyl amino polysaccharides. In contrast, nearly all deep-sea HMWDON, and there-
fore, most HMWDON, is present in amides that resist both chemical hydrolysis and
biological degradation.
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Woods Hole HMWDON using conditions that

were considerably milder than those typically

employed for peptide bond hydrolysis (12)

but that quantitatively release acetic acid from

N-acetyl glucosamine and chitotriose (13). As

expected in the case of N-AAPs, the acid

hydrolysis (13) removed acetic acid from our

samples (Fig. 2C) in quantifiable yield (Table

1) (14). Concurrent with the loss of acetic acid,

there was a decrease in amide-N from 92% of

the total N (7.1 mmol of N) to 35%, and an

increase in the amount of amine-N from 8% of

the total (0.6 mmol of N) to 65% (5 mmol of N)

N (Fig. 2D and Table 1). Amino acid analysis

showed that some proteins were hydrolyzed to

amino acids that were recovered at 13% (Table

1) of the total N (15). The amount of amide-N

converted to amine-N during acid hydrolysis,

as quantified by 15N-NMR spectroscopy,

nearly equaled the molar sum of acetic and

amino acids recovered by molecular level

techniques (4.4 versus 4.3 mmol) (Table 1).

The agreement between NMR spectroscopy

and these molecular level analyses confirms

that the hydrolyzed amide was originally

present in HMWDON as proteins and N-

AAPs. Under stronger hydrolysis conditions

(12), we were able to recover 21% (1.6 mmol

of N) of the total N in the sample as amino

acids.

Using acetic acid as a proxy for N-AAPs,

our results indicate that HMWDON in sur-

face seawater is 43% N-AAPs (Table 1), 21%

hydrolyzable protein, and 29% (2.2 mmol of

N) nonhydrolyzable amide (16). The remain-

ing HMWDON in our Woods Hole sample

(8%, 0.6 mmol of N) initially present as amine

was not characterized by our analyses but may

be present as basic or N-terminal amino acids

of proteins or as amino sugars. We obtained

a similar agreement between the quantity of

N converted from amide to amine and the

molar sum of amino acids plus acetic acid

recovered by molecular level analyses for

HMWDON sampled from the North Pacific

Ocean (Table 1); the agreement confirms the

ubiquity of N-AAPs. Our analyses demon-

strate that soluble N-AAP biopolymers con-

tribute È26% of the carbon and 40 to 50% of

the nitrogen to surface ocean HMWDOM (16).

Peptidoglycan, currently assumed to domi-

nate the oceanic reservoir of HMWDON, is

rich in N-acetyl glucosamine and N-acetyl

muramic acid (present in a 1:1 ratio) (9). Both

sugars contain amide-N and are potential

sources for the N-AAPs we quantified by our

NMR experiment. The presence of acetylated

amino sugars in HMWDON has been inferred

previously from mass spectrometric data

(17, 18), but recoveries of N-acetyl glucosa-

mine and N-acetyl muramic acid, which make

up the amide-rich glycan of peptidoglycan,

are low (10, 11, 19). Even under conditions

specific for peptidoglycan hydrolysis (20, 21),

we were unable to detect muramic acid in

our samples. Glucosamine, though present,

contributed G1% of the total carbon, far low-

er than the È10% HMWDOM-carbon ex-

Fig. 2. The effect of mild acid hydrolysis (13) on the amide linkages of HMWDON isolated from
Woods Hole surface seawater. (A) The 1H-NMR spectrum [300 MHz, D2O, d (chemical shift in ppm
downfield from tetramethylsilane)] shows bound acetic acid (*, 2.0 ppm). (B) The 15N-NMR
spectrum [400 MHz, solid-state, d (chemical shift in ppm downfield from liquid NH3)] before acid
hydrolysis shows most nitrogen (92%) bound as amide. (C) Mild acid hydrolysis and organic
extraction removes acetic acid, demonstrating complete de-acetylation. (D) This hydrolysis
converts 57% of the amide-N into amine, commensurate with the amount of acetic and amino
acids recovered by molecular level analyses (56%) (Table 1) and increases the total amine-N to
65%. Pyridine added to quantify losses during sample processing showed 98% recovery of
HMWDON. IS, internal standard.

Table 1. Change in amide content and yields of acetic and amino acids, upon mild acid hydrolysis of HMWDON. All percentages are expressed relative to total
mmol of N.

Sample
Total

(mmol N)*
Amide

(mmol N)
D Amide
(mmol N)y

Acetic acid
(mmol)

Amino acids
(mmol)

S Acetic þ amino acids
(mmol)

Unhydrolyzed amide
(mmol N)z

Woods Hole (5 m) 7.7 7.1 (92%) –4.4 3.3 (43%) 1.0 (13%) 4.3 2.7 (35%)
MAB (1000 m) 7.7 7.7 (100%) –1.8 1.3 (17%) 0.8 (10%) 2.1 5.8 (76%)
Hawaii (23 m) 6.2 6.2 (100%) –3.7 3.3 (53%) 0.5 (8%) 3.8 2.4 (39%)
Hawaii (600 m) 6.2 6.2 (100%) –3.7 3.4 (55%) 0.4 (6%) 3.8 2.4 (39%)

*Values are expressed per 100 mmol of HMW dissolved organic carbon and calculated based on the C/N ratio of each sample. .D Amide is the change in the amount of amide-N
after hydrolysis, as quantified by integration of the 15N-NMR spectra. In all cases, hydrolysis resulted in the loss of amide-N. -The quantity (mmol of N) of amide remaining in the
sample after mild (13) hydrolysis, quantified directly by 15N-NMR spectroscopy. Higher concentrations of HCl (12) hydrolyzed a greater percentage of the amide-N, leaving slightly
less (2.2 and 5.5 mmol) amide-N unhydrolyzed in the Woods Hole and MAB samples, respectively. In order to quantify the amount of amide-N remaining after strong acid hydrolysis
the Sacetic acid (mild) þ amino acids (strong) was first determined and then subtracted from the initial amide content of the HMWDON sample (before hydrolysis) (16). Here, acetic
acid is being used as a proxy for N-AAPs.

∑
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pected if all of the acetic acid in our samples

was from peptidoglycan. Possible explanations

for the general discrepancy between NMR-

derived estimates of N-AAPs and molecular-

level carbohydrate analyses are incomplete

depolymerization of N-AAPs and rapid

Maillard condensation reactions of hydrolysis

products (22).

Muramic acid also contains lactic acid,

which can be quantitatively released from pep-

tidoglycan without depolymerizing the glycan

(23). For peptidoglycan, 1 mol of lactic acid

will be released for every 2 mol of acetic

acid. Concentrations of lactic acid (14) in our

samples were G0.4% of HMWDOM-carbon,

an order of magnitude less than expected if

all of the acetic acid we recovered was from

peptidoglycan. The low concentration of lac-

tic acid measured in this study and the low

concentration of D-amino acids previously

reported for HMWDON (9) together suggest

that peptidoglycan is at best only a minor com-

ponent of HMWDON. In addition, the D-amino

acids in HMWDON so far identified to be

present in peptidoglycan (9) could be present in

a number of compounds synthesized by

prokaryotes and eukaryotes (24, 25).

Because N-AAPs represent È40 to 50% of

the HMWDON in surface waters, and given

that 40 to 50% of HWMDON is removed

below the mixed layer (6, 8), we hypothesize

that the global decrease in HMWDON with

depth in the oceans results from the selective

removal of N-AAPs. To test this hypothesis,

we analyzed HMWDOM collected from a

depth of 1000 m in the Middle Atlantic Bight

(MAB), which has radiocarbon, 1H-NMR,

and molecular-level properties characteristic

of deep-sea HMWDOM (10). In agreement

with previous 15N-NMR spectra of deep sea

HMWDON (8), the 15N-NMR spectrum of our

sample shows one major resonance character-

istic of amide-N (100% of total N) (Fig. 3A).

Mild acid hydrolysis (13) decreased amide-N

from 100% to 76% of total N and increased

amine-N from undetectable levels to 24%

of total N (Fig. 3B and Table 1). After acid

hydrolysis, acetic acid was released from

HMWDOM, as were amino acids, which in-

creased from undetectable levels to 10% of

total N. The sum of acetic plus amino acids

(2.1 mmol) in the hydrolysis products was

similar to the increase in amine-N (1.8 mmol

of N) observed with 15N-NMR spectroscopy.

Molecular-level analyses after strong acid

hydrolysis showed deep-sea HMWDON was

17% N-AAPs (Table 1), 12% hydrolyzable

protein, and 71% nonhydrolyzable amide (5.5

mmol of N) (16). Despite the surface water

abundance, a large fraction of N-AAPs are

lost during mixing into the deep ocean. Pro-

ton NMR spectra of numerous deep-sea sam-

ples showed a sharp decrease in acetate below

the mixed layer, confirming the loss of N-

AAPs with depth (Fig. 4). The loss in N-AAPs

and the relative increase in nonhydrolyzable

amides will not result in any change to the
15N-NMR spectrum (8).

The lack of amines in marine HMWDON

implies that amine-N is more labile than

amide-N. Many marine microorganisms have

cell surface–bound deaminases that are ca-

pable of extracting amine-N from a variety

of organic compounds (26). These enzymes

could render HMW amine-N more biologically

available by allowing organisms to bypass

polymer hydrolysis or uptake. The even-

tual depth-dependent loss of N-AAPs from

HMWDON suggests either that N-AAP com-

pounds are labile or that organisms have de-

veloped a mechanism to access the nitrogen in

N-AAPs without complete hydrolysis of the

polymer (perhaps through cell surface–bound

acetamidases). Although we were unable to

depolymerize N-AAPs using acid hydrolysis,

the capacity to enzymatically degrade N-AAPs

may be widespread among marine microbes.

In particular, the ability to hydrolyze chitin

Eb (1Y 4)-(poly) N-acetyl D-glucosamine^

is notable in members of the marine a-

proteobacteria and the Cytophaga-Flavobacter

cluster (27, 28). The widespread occurrence

of chitinase activity and the ubiquity of

chitinase genes in marine bacteria (29) imply

that chitin-like biopolymers are important sub-

strates in the marine environment, consistent

with the abundance of N-AAPs in HMWDON.

The presence of specialized bacteria could

explain the ultimate removal of N-AAPs from

the marine environment.

More than 90% of DON is sequestered in

the deep sea, and most deep-sea HMWDON

300 200 100 0 300 200 100 0

A BAmide N

(100%)

Amine N

24%

Amide N

(76%)

Pyridine

(IS)

Fig. 3. The effect of mild acid (13) hydrolysis on the amide linkage of deep-sea HMWDON. (A) The
15N-NMR spectrum of HMWDON shows only one resonance for amide-N [400 MHz, solid state d

(chemical shift in ppm downfield from liquid NH3)]. (B) Treatment of the sample with mild acid
converts 24% of the nitrogen to amine but does not affect most (76%) of the nitrogen. Pyridine
(IS), added as an internal recovery standard, showed 998% N recovery through the hydrolysis
procedure. Deep-sea HMWDON may also include some (G13% total N) contribution from pyrrole-
and indole-N, which resonate between 130 and 215 ppm and overlap with the amide region in our
15N-NMR spectrum.

7 6 5 4 3 2 1 0

Surface

600m

3600m

Fig. 4. The 1H-NMR spectra [400 MHz, D2O,
d(ppm)] of HMWDOM isolated from several
depths (surface, 600 m, and 3600 m) in the
Pacific Ocean (31-N, 159-W; the total water
column depth was 5770 m). The peak at 2.0 ppm
(*) arises from acetate, which is presumed to be
present in N-AAPs. The clear decrease in the
relative amount of acetate with depth is inter-
preted as a depth-dependent loss of N-AAPs.
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is not hydrolyzed by treatment with strong acids

(Table 1). Hydrolysis-resistant amides have been

observed in marine particulate matter and sed-

iments, where the resistance to chemical hydrol-

ysis has been attributed to physical sorption

and encapsulation (30). Amide-N in DON is

not physically protected, but previous experi-

ments have shown that the biodegradation

rate of labile compounds such as proteins is

substantially reduced by abiotic complexation

within marine DOM (31). Long-term protein-

DOM interactions may lead to structural

modifications that render proteins resistant to

chemical hydrolysis and unavailable to bac-

teria. This mechanism could lead to the seques-

tration of nitrogen in the dissolved phase (32)

and give rise to the hydrolysis-resistant

amide-N observed by 15N-NMR.

Our data show that two chemically distinct

pools of organic nitrogen accumulate in the

ocean. The higher concentration of HMWDON

in the mixed layer (relative to deep ocean val-

ues) largely reflects the presence of N-AAPs,

which degrade on time scales of upper ocean

mixing. These newly added biopolymers

are chemically distinct from the refractory

HMWDON pool that exists throughout the

water column. If we assume the proportion

of N-AAPs, protein, and nonhydrolyzable

amide measured in our samples is represent-

ative of global HMWDON, then as much as

80% of the decrease in HMWDON with

depth involves the removal of N-AAPs. The

abundance of amide-N throughout the water

column suggests amides are more biologically

recalcitrant than other forms of organic-N.

The ubiquity of amide linkages in HMWDON

is not surprising, given that most organic ni-

trogen in phytoplankton is protein. However,

the important contribution of N-AAPs to up-

per ocean HMWDOM, and the resistance of

amides in deep sea HMWDOM to chemical

and biological degradation, are unexpected

results that help elucidate the currency of

DON in the marine nitrogen cycle.
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C
oncerns over climate change due to an-

thropogenic CO
2
have stimulated inten-

sive research on the capacity of the ocean

for long-term carbon sequestration. Historically, it

has been recognized since the 1970s that solving

this problem would necessitate a fundamental un-

derstanding of the functioning of the global ocean

carbon cycle (1, 2). In order to address this, large

multidisciplinary studies were conducted on ocean

carbon biogeochemistry over the past three decades

[see (1) for a historical account]. The goals of these

studies have been to quantify, model, and predict

the spatial-temporal patterns of downward �ux of

organic matter and its relationship to primary pro-

ductivity and foodweb dynamics in the water col-

umn. This research led to the formulation and de-

velopment of the paradigm of the biological pump: A variable fraction

of the biogenic debris from the upper ocean escapes decomposition and

respiration, sinking down to the deep sea and to the sea�oor and becom-

ing buried in the sediments.

The advent of the microbial loop in the 1980s revealed that approxi-

Fig. 1. Diagram showing the MCP and its relationship

with the biological pump. The MCP and the biologi-

cal pump are intertwined in the ocean carbon cycle.

While the majority of the primary production is in the

form of POM, a portion of the fixed carbon is released

as DOM into the water. This DOM together with

DOM from other sources along the food chain can be

partially transformed by the MCP into RDOM. During

the sinking process, a great deal of POM is hydrolyzed

by attached microbes and becomes DOM contributing

to the MCP, while some RDOM molecules are scav-

enged by POM, joining the biological pump. In con-

trast to the exponential attenuation of the POM flux

along water depth, the RDOM persists throughout the

water column. The relative importance of MCP vs. the

biological pump varies with environmental scenarios.

[after Jiao et al., 2010 (4)]
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mately one-half of the �xed carbon in fact �ows through the dissolved

organic matter (DOM) pathways, with most presumed to be rapidly

respired or assimilated (labile DOM) by heterotrophic bacteria (now

known to include Archaea) (3). However, these rapid �uxes of labile

DOM occur in the presence of an enormous pool of refractory dissolved

organic matter (RDOM), which accounts for >90% of the organic mat-

ter in seawater and may persist for thousands of years. Thus far, the bio-

geochemical behavior of RDOM, its origin, and its place in the ocean

carbon cycle has been technically dif�cult to determine.

The Microbial Carbon Pump

Synthesizing the knowledge on microbial carbon cycling in the ocean,

Jiao et al. (4) proposed that microbial metabolism of labile DOM and

trophic interactions within the microbial loop generate RDOM. This

process would result in long-term carbon sequestration in the dissolved

phase throughout the water column. It could be a modulating factor in

the redistribution of carbon among the Earth�s surface reservoirs and

thus in�uence climate change (5). The proposed pathway (the micro-

bial carbon pump, MCP) had not previously been explicitly included

in ocean carbon cycle. It is argued that the MCP is a quantitatively

signi�cant biogeochemical pathway for RDOM generation and carbon

sequestration that should be speci�ed in ocean carbon models (4, 6).

The MCP framework also enables researchers to explore the hypothesis

that shifts in metabolic accessibility of RDOM to bacteria andArchaea,

resulting in its respiration, could in�uence the global carbon cycle and

climate. Microbial generation and cycling of RDOM could thus be sig-

ni�cant variables in the ocean carbon cycle (Fig. 1).

RDOM Biogeochemistry, a Molecular Problem

Measurements of particle �ux, elemental analysis, and primary pro-

ductivity can reasonably well constrain the biological pump models

of carbon sequestration and its relationship to

surface productivity. In contrast, the kinetics

and mechanisms of carbon sequestration by the

MCP is more complex, determined by intricate

interactions of molecules and microbes (Fig.

1). This is also true of metabolic interactions

of bacteria with organic particles since bacte-

ria must �rst hydrolyze the particles to diffus-

ible molecules within their microenvironments.

Studies to understand MCP-mediated carbon

sequestration must therefore contend with great

molecular and microbial diversity and system

complexity�as well as minuscule, nanometer

to micrometer, ecosystem scales relevant to the

realms of microbes and molecules. Further, the

need is to measure the production of molecules

of currently unknown structures (7). Thus, MCP

research will require new approaches and tools

that enable studies at a molecular resolution

and distinct from those used in studying particle

phase sequestration by the biological pump. This

also argues in favor of a dedicated focus on the

MCP component of the ocean carbon cycle, while

also integrating these �ndings with data on the

biological pump.

New Tools of the Trade

Taken together, these considerations underscore

the usefulness of the MCP as a framework for

studying carbon sequestration in the dissolved

phase throughout the ocean�s water column on

both a molecular and global level. Molecular char-

acterization of RDOM has been largely intractable thus far, but recent

analytical advances [for example, ultrahigh resolution mass spectrom-

etry] (7) are beginning to resolve this fundamental problem. While the

technique has already yielded thousands of molecular formulas for

DOM components, the challenge to determine the corresponding chem-

ical structures still remains. On the microbial side of the interactions,

advances in genomics, transcriptomics, and proteomics can be applied

to determine the metabolic capabilities of the microbes involved and

how they might modify the labile organic matter to produce RDOM.

Simultaneous expression pro�les of thousands of relevant genes can be

determined by Q-CHIP technology (8). This technique could, in prin-

ciple, be con�gured to detect the expression of genes relevant to the

presence of speci�c DOM components, once their chemical structures

have been determined. Developing tools to accurately measure respira-

tion in minimally perturbed samples is an important goal, as it may elu-

cidate how microbial metabolism partitions DOM between respiration

and sequestration in changing biogeochemical scenarios in the ocean.

Respiration methods that do not require physical separation of bacteria

and Archaea from other plankton are being developed (9) and should

provide better quantitative constraints on bacterial processing of DOM

and generation of RDOM.

RDOM Sources, Mechanisms, and Constraints on Decomposition

Jiao et al. (4) have argued that microbes generate RDOM as they act

on diverse dissolved and particulate sources of organic matter (Fig. 2)

as well as participate in foodweb trophic dynamics (Fig. 1). These in-

teractions have the potential to generate molecular diversity that may

include RDOM. Highly abundant and diverse lytic viruses may gener-

ate unique RDOM as they probably lyse most marine organisms and

release (rather than digest) the cellular material (10). In addition, some

RDOM may be produced de novo by the metabolic activities of phyto-

Fig. 2. Three pathways of RDOM generation are summarized in the MCP: direct production of

RDOM from microbial cells (center), RDOM derived from POM degradation (right), and residual

DOM after microbial modification of the bulk DOM (left). In the direct pathway, the mainmech-

anisms are exudation from active microbial cells and release form viral lysis or grazing.Viral lysis

can offset as much as half of the microbial production and one-quarter of primary production in

the ocean; a portion of the DOM produced by viral lysis could be RDOM (19, 20).About 25% of

the ocean RDOM is estimated to be of bacterial origin (6). For the POM pathway, ectoenzymes

expressed by microorganisms convert POM to DOM at rates that often exceed microbial up-

take of the DOM (21, 22) and some byproducts of this hydrolytic activity could be resistant to

further utilization by microbes (either free-living or attached to POM), thus becoming RDOM.

In the residual DOM pathway, a part of bulk DOM can remain/become RDOM after microbial

processing, such as acylheteropolysaccharide originated from products of phytoplankton and

bacteria (23).
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plankton or bacteria (mechanistically distinct from the bacteria acting

on organic matter). New approaches are already emerging to quantify

the overall contribution of microbes to RDOM generation (6) and fu-

ture analyses need to identify the dominant pathways within the MCP

and the necessary ecosystem conditions for RDOM formation. While

MCP studies are mainly focused on the contribution of microbes to car-

bon sequestration, other biotic and abiotic RDOM sources should also

be taken into consideration when carbon budget and age are concerned.

For example, the old DOM from sea�oor seeps (11, 12) may not neces-

sarily be all RDOM (13).

Understanding the MCP also challenges scientists to elucidate the

mechanistic underpinnings of RDOM generation, which will be es-

sential for developing re�ned models of carbon sequestration. There

is good reason to believe that the mechanisms of RDOM generation

will eventually be revealed at the biochemical level. For example, it

was recently demonstrated that incomplete hydrolysis of organic mat-

ter by bacterial ectohydrolases could lead to RDOM formation (14).

Further, bacterial ectohydrolases have already been shown to be central

to connecting the biological pump with the MCP, particularly through

particle hydrolysis (15).

A question of great interest is why bacteria and Archaea do not me-

tabolize RDOM. This question is critical for predicting long-term net

carbon sequestration in the dissolved phase. Highlighting this long-

standing question in the context of the MCP is stimulating research

on whether the persistence of RDOM could be due to the extreme

dilution of individual molecular species, making their utilization en-

ergetically unfavorable for bacteria and Archaea (7). Another unan-

swered question is whether there are structural constraints on RDOM

decomposition. This should bene�t from the development of model

systems of known RDOM components (currently none is known)

and bacteria.

Integration of MCP and Biological Pump

The MCP and the biological pump are mechanistically intertwined

in the ocean carbon cycle, a fact that necessitates integrated research

strategies. For example, bacteria act on sinking particles to cause

quantitatively major particulate organic matter (POM) to DOM �ux,

some of which may become RDOM. Conversely, sinking particles

can scavenge RDOM from seawater and carry it into the carbon

sequestration process of the biological pump. The interconnection

between the MCP and the biological pump is also apparent from the

concept that organic matter cannot be neatly divided into DOM and

POM, but instead exists as a continuum of small molecules to large

sinking particles (16�18). Therefore, the realms of the MCP and the

biological pump can overlap as microbes and other organisms interact

with the organic matter continuum and among themselves to create

overlapping yet distinctive patterns of carbon cycling and sequestration.

This view of the organic matter continuum underscores a need for an

integrated approach to further our understanding of the mechanistic and

predictive nature of the carbon cycle. Further, a �cultural integration�

of the biological pump community and the emergent MCP community

could move us towards this goal.

Future

The unfolding climate change scenarios will demand a quantitative,

mechanistic, and predictive understanding of ocean carbon biogeo-

chemistry to guide policy and advise the global society on adaptive

measures. Explicit incorporation of the MCP into the concept and mod-

els of the ocean carbon cycle will be essential and will require new

emphasis on methods development and global ocean �eld programs. It

is important that the MCP community collaborates closely with other

geochemists and biogeochemists to develop an integrated view of the

ocean carbon cycle and its response to climate change.
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A
bout 660 petagrams (Pg; 1015 g) of dissolved organic carbon

(DOC) resides in the global ocean, but the origin, formation,

structure, and reactivity of this large reservoir of reduced car-

bon are largely unknown (1, 2). The vast majority of this dissolved

organic matter (DOM), which includes DOC as well as other dissolved

organic elements, is resistant to biodegradation and comprises carbon

sequestered from the atmosphere over timescales of decades to millen-

nia. The recognition that relatively small changes in the ocean reservoir

of DOC can have signi�cant impact on the atmospheric reservoir of

CO
2
(1, 2) has stimulated research on the mechanisms of production

of semilabile and refractory DOM in the ocean. Heterotrophic bacte-

ria process about half of net primary production and thereby play a

dominant role in the microbial carbon pump (MCP) by altering and

transforming labile forms of organic matter into refractory forms that

persist in the ocean (3). This article provides a short review of bioassay

experiments describing the transformation of labile to refractory DOM,

the use of biomarkers to trace DOC of bacterial origin in the ocean,

and the size of the ocean reservoirs of semilabile and refractory DOC

produced by the MCP.

Microbial Transformations of Labile to Semilabile

and Refractory DOM

Early bioassay experiments demonstrating the microbial production

of refractory DOM from labile substrates were conducted in natural

seawater samples amended with simple 14C-labeled compounds,

such as glucose and leucine (4). Rapid (between two to �ve days)

transformations of labile substrates to semilabile and refractory forms

of DOMwere observed in surface and deep waters incubated in the dark

for several months (4, 5). Dissolved humic substances were formed (6),

and the molecular weight distribution of labeled DOM at the end of

the incubations was similar to that of natural marine DOM suggesting

the processes occurring in these laboratory experiments were similar

to those in the ocean. It was demonstrated that bacterial capsular

material is an important component of the DOM produced during

these experiments (7). The yields of biorefractory DOM production

from simple substrates ranged from 1 to 5% (4). These studies linked

refractory DOM formation with microbial transformations, but they

were not able to identify the speci�c microbial origins, chemical forms,

or mechanisms of production of refractory DOM.

More recent bioassay experiments have added labile substrates,

such as glucose and glutamate, as the sole carbon sources to arti�cial

seawater inoculated with natural microbial assemblages. Bacteria

rapidly used the added labile substrates and produced semilabile and

refractory DOM that was chemically complex and included combined

forms of neutral sugars, amino acids, and amino sugars (8). Bacteria

shaped the composition of the DOM, and its refractory nature was

demonstrated during long-term (1 to 1.5 yr) incubations. The DOM

produced in these experimentswas of similar composition andmolecular

weight distribution as natural marine DOM (9�11). Bacteria also

release refractory forms of chromophoric DOM (CDOM) of varying

molecular weight during the utilization of glucose (12, 13). Fluorescent

components of the CDOM were resistant to photodegradation, and

photochemical transformations of the DOM did not enhance its

subsequent bioavailability. These experiments suggest that bacteria

are a likely source of the �uorescent DOM maximum observed in the

oxygen-minimum zone of the ocean (14).

The mechanisms of release of DOM from bacteria have been

examined in bioassay experiments using labile substrates as sole

carbon sources. The direct release of dissolved D/L-enantiomers of

hydrolysable amino acids and amino sugars from bacteria was observed

during exponential growth of bacterial cells (15). The bioavailability of

the DOM released during cell growth was highly variable and included

labile, semilabile, and refractory components. The release of dissolved

amino acids from bacteria during viral lysis was observed using a

model system comprising a bacterial strain and a strain-speci�c virus

(16). Combined forms of amino acids were abundant in the lysate, and

the nonprotein amino acid diaminopimelic acid, a unique component

of the peptide bridge in peptidoglycan, was observed. A model system

using glucose as the sole carbon source and a speci�c bacterium and

its ciliate grazer was used to investigate the release of DOM from

bacteria during grazing (17). The presence of the ciliate enhanced the

production of bacterially derived DOM, but the grazing process did not

appear to alter the chemical composition of the resulting DOM. The

vast majority of molecular masses identi�ed as refractory DOM at the

end of the experiments were produced during the �rst two days of the

incubation before the ciliate was added to the culture.

Taken together, these studies indicate that bacterially derived DOM is

rapidly produced through direct release from growing cells, viral lysis,

and protozoan grazing. Bacterially derived DOM ranges in bioavail-

ability from labile to refractory. The rapid accumulation of DOM that is

highly resistant to microbial degradation is both surprising and baf�ing.

The bacterial transformation of labile to semilabile and refractory DOC

occurs within hours to days at room temperature and in the dark (8).

How does this happen? The exact mechanism is unclear, but the pro-

cess is biologically mediated. Nonspeci�c enzyme activities could play

Bacterially Derived Dissolved Organic Matter

in the Microbial Carbon Pump
Ronald Benner1* and Gerhard J. Herndl2

Most of the carbon fixed through photosynthesis is rapidly respired to CO2 by biota in the surface ocean, but a small fraction of this carbon
is transformed into dissolved organic carbon (DOC) that persists for extended periods of time. Seawater bioassay experiments demonstrate
that bacteria rapidly transform labile DOC to semilabile and refractory forms, suggesting enzymatic activity plays an important role in the
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Fig. 1. (A) Concentrations of total dissolved D-Aspartic acid (D-Asp), D-Glutamic acid (D-Glu), and
D-Alanine (D-Ala) in the water column at the Hawaii Ocean Time Series Station Aloha (20). (B)
Average concentrations of DOC derived from bacteria as calculated from the yields of total dissolved
D-Asp, D-Glu, and D-Ala in the water column and the yields of these D-amino acids in bioassay
experiments (20).

an important role in producing chemically complex and biologically

refractory DOM (8). The existence of such a mechanism would suggest

that semilabile and refractory DOM are produced largely in the upper

ocean where most biological production and decomposition occur.

It is critical to link observations from laboratory experiments to

the ocean carbon cycle, and the bioassay experiments provide this

connection by demonstrating that semilabile and refractory DOM

produced in the MCP include bacterial biomarkers such as the

D-enantiomers of alanine (Ala), glutamic acid (Glu), and aspartic acid

(Asp). These bacterial biomarkers can be used to trace the production,

reactivity, abundance, and distribution of semilabile and refractory

DOM in the ocean.

Tracing Bacterially Derived DOC and the MCP in the Ocean

The contributions of bacteria to marine DOM has gained attention

over the last decade following the observation that bacteria contribute

to marine dissolved organic nitrogen based on the abundance of

D-enantiomers of speci�c amino acids (D-Ala, D-Glu, D-Asp) in

marine DOM (18). The L-enantiomers of amino acids are common to

all organisms and are the building blocks of proteins, whereas speci�c

D-enantiomers are synthesized by bacteria and incorporated into a

variety of unusual cell wall and membrane molecules (19�21). The

D-amino acids are ubiquitous in marine DOM and particulate organic

matter and are most useful for tracing bacterial contributions because

they can be measured directly in seawater without preconcentration,

they are found in all marine bacteria and bacterially derived DOM,

they occur in a variety of biochemical components of bacterial

cells, and they are not known to occur in combined form in any

marine organisms besides bacteria (15, 20, 22�25). Other bacterial

biomarkers have been observed in DOM, including muramic acid (26),

diaminopimelic acid (27), and short-chain 3-hydroxy fatty acids (28),

further indicating the diversity of bacterially derived compounds in

seawater DOM.

The concentrations and depth distribution of total dissolved D-Ala,

D-Glu, and D-Asp in the water column at the Hawaii Ocean Time

Series StationAloha are shown in Fig. 1A. Concentrations of individual

D-amino acids range from 4 to 12 nM in surface waters and decline by

approximately 70% at a depth of 750 m. The D-amino acids removed in

the upper 750 m are considered to be components of semilabile DOM

based on ventilation ages (years to decades) for these water masses (10).

The concentrations of individual D-amino acids in deep waters (2500

and 4000 m) are low (1 to 4 nM) and relatively constant, indicating the

refractory nature of bacterially derived DOM in the deep ocean (20).

The yields of D-amino acids (D-Asp, D-Ala, D-Glu) can be used to

estimate the bacterial contributions to DOC in the ocean (20). Based

on these three D-amino acid biomarkers, the average concentrations

of bacterially derived DOC in the water column at Station Aloha are

shown in Fig. 1B. Concentrations of bacterially derived DOC range

from ~7 to 25 μM, indicating the MCP is a major source of semilabile

and refractory DOC in the ocean.

The Ocean Reservoir of Semilabile and Refractory

DOC Derived from the MCP

The ocean reservoir of DOC is chemically complex and has multiple

origins (29�32). The MCP contributes to the semilabile and refractory

DOC reservoirs, and bacterial biomarkers provide an approach for

tracing and quantifying the contributions of the MCP to marine DOC.

The D-amino acid biomarkers have been used to estimate that about

25% of the DOC throughout the ocean water column is of bacterial

origin (20). The global ocean reservoir of DOC is estimated to be

approximately 660 Pg, with about 40 Pg in the form of semilabile DOC

and the remaining 620 Pg in the form of refractory DOC (33). Based

on these totals and the fraction of bacterially derived DOC in each

reservoir, approximately 10 Pg of semilabile DOC and approximately

155 Pg of refractory DOC of bacterial origin reside in the global

ocean (Fig. 2).

The rates of production of semilabile and refractory DOM in the

MCP can be estimated from the annual rate of heterotrophic bacterial

production in the upper ocean and the ef�ciency of DOC release from

bacteria. This approach assumes that bacteria use, alter, and transform

the �xed carbon derived from primary production that is not respired

and remineralized to CO
2
in the euphotic zone. Furthermore, it assumes

that bacterial production, a measurable quantity, is representative of

these activities. Bacterial production in the upper ocean is estimated

to be approximately 15% of net primary production (34), or about

7.5 PgC y-1. If it is assumed that 10 to 30% of bacterial production

is released as DOC in the MCP (35), this means that 0.75 to 2.25

Pg of DOC is produced annually in the upper ocean MCP. Bioassay

A B



48

experiments indicate that only 1 to 5% of this DOC is refractory on

time scales of several months to a year, and for the purpose of this

calculation we have assumed that 1%, or 0.008 to 0.023 Pg, is

transformed into refractory DOC annually. Based on these estimates,

the remaining component of the DOC produced annually in the upper

ocean MCP, 0.74 to 2.23 Pg, is presumed to be semilabile DOC (Fig.

2). These calculations also indicate that refractory DOC production

from heterotrophic bacteria in the upper ocean MCP could account

for 0.015 to 0.023% of annual primary production. Semilabile DOC

production in the MCP accounts for 1.5 to 4.5% of annual primary

production. For comparison, approximately 0.1% of annual primary

production is buried in marine sediments via sinking particles in the

biological pump (36). Bacteria are present throughout the ocean water

column and in marine sediments, but the productivity of these bacteria

is not well known. Likewise, the role of Archaea in the MCP also has

not been considered in this analysis. Therefore, these estimates of the

production of semilabile and refractory DOC in the MCP are likely to

be conservative.
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Discovery of Photoheterotrophic Bacteria in the Ocean

In 2000, two independent studies documented the widespread ability

of marine bacteria to utilize light energy. In the �rst article, which

appeared in the September 14 issue of Nature, Kolber et al. (1)

reported the observation of distinct signals of bacteriochlorophyll

a-containing microorganisms in the surface waters of the tropical

Paci�c. The recorded signals were linked with the presence of aerobic

anoxygenic phototrophic (AAP) bacteria. These organisms contain

bacteriochlorophyll a as the main light-harvesting pigment but, in

contrast to purple nonsulfur photosynthetic bacteria, they are obligate

aerobes requiring oxygen for their metabolism and growth (2, 3). Only

one day later, Béjà et al. (4) announced in Science the discovery of a

new rhodopsin gene in DNA samples recovered from Monterey Bay

in California. Rhodopsins are well-known membrane proteins serving

as photoreceptor molecules in Metazoa, including humans, or as

proton pumps in halophilic Archaea, but until Béjà�s report they were

not thought to be present in Proteobacteria. For this reason the newly

discovered protein was termed proteorhodopsin (PR) to make a clear

distinction from the only distantly related archaeal bacteriorhodopsins

and visual rhodopsins (see box on right).

These and follow up studies (5�7) have attracted signi�cant scientif-

ic attention. The ability to use light energy challenged the classical view

ofmarine bacteria as strictly heterotrophic organisms fully dependent on

recycling dissolved organic matter (DOM) produced by photoautotro-

phic phytoplankton (Fig. 1). An important turning point represented the

identi�cation of thePRgene in aSAR11 isolate,Pelagibacter ubique (8).

The SAR11 clade represents the most abundant bacterial group inhabit-

ing theupperocean (9),which suggests that photoheterotrophycouldbea

common phenomenon.

Light Utilization in Photoheterotrophic Bacteria

The phototrophic competence of AAP and PR-containing bacteria, and

the way they use light as an energy source, remains a matter of ongoing

research. These organisms contain photochemically active reaction

centers, but are not able to grow photoautotrophically, as they require a

supply of organic carbon (3, 5, 10�12). Experiments with Erythrobacter

sp. NAP1 and Dokdonia sp. MED134 revealed light-enhanced CO
2

incorporation, however the activity was only weak, likely re�ecting

enhanced anaplerotic carboxylation activity (5, 11). In AAP bacteria,

light has been shown to inhibit respiration and stimulate synthesis of

ATP, which indicates that photophosphorylation replaces oxidative

phosphorylation (12, 13). Physiological experiments conducted with

heterologously expressed PR proteins demonstrated that light exposure

led to the formation of proton gradients across the membrane (4, 14),

which also con�rms that PR drives photophosphorylation and provides

ATP for cellular metabolism. Thus,AAP and PR-containing bacteria are

photoheterotrophic organisms, as they use light energy to supplement

their primarily heterotrophic metabolism. The ability to use light

energy could allow phototrophs to store more carbon (which would

otherwise be respired) in their biomass. Indeed, light-enhanced biomass

accumulation has been repeatedly con�rmed in AAP bacteria (5, 15,

16), but in PR-containing organisms the situation is less clear. The �rst

experiments showed no growth stimulation by light in Pelagibacter

ubique (8). In contrast, later work with Dokdonia sp. MED134 and

Vibrio sp. AND4 demonstrated enhanced growth and better survival

under starvation conditions when the bacteria were exposed to light,

indicating that PR provided energy for growth (17, 18).

Distibution of Photoheterotrophs

In his pioneering paper, Kolber et al. (1) hypothesized that the abil-

ity to utilize light might be bene�cial especially in nutrient-poor en-

vironments. The �rst quanti�cation of PR-containing bacteria was

attempted from the frequency of PR genes in metagenomic libraries.

Using samples from the Mediterranean and Red Sea, it was estimated

that PR genes were present in 13% of total bacteria (19). A more di-

rect approach was used in the waters of the North Atlantic, applying

quantitative polymerase chain reaction technique. It was found that PR-

containing bacteria represented between 9 and 53% of total bacteria

Role of Photoheterotrophic Bacteria
in the Marine Carbon Cycle
Michal Koblížek

Uncovering the ecological role of photoheterotrophic bacteria in the ocean is one of the main accomplishments of marine microbiology of the
past decade. Marine photoheterotrophs include two main groups: Aerobic anoxygenic phototrophic (AAP) bacteria and proteorhodopsin (PR)-
containing bacteria. These organisms make up large fractions of the microbial communities inhabiting the euphotic zone of world‘s oceans. In
spite of similar metabolisms,AAP and PR-containing bacteria differ in their photochemistry, physiology, and ecology. The ability to use light
energy appears to allow more economical utilization of dissolved organic matter, which implies that photoheterotrophic bacteria may play a
unique role in the microbial carbon pump.

MARINE PHOTOHETEROTROPHIC ORGANISMS

Aerobic Anoxygenic Phototrophic (AAP) Bacteria

These organisms harvest light by bacteriochlorophylls and

carotenoids. The excitation energy is transferred to pheophytin-

quinone-type reaction centers, which drive the electron

transport and ATP synthesis. In contrast to their close relatives,

purple photosynthetic bacteria, AAP bacteria are strict aerobes.

They do not form a compact phylogenetic group, being

scattered among a number of clades of Alpha-, Beta-, and

Gammaproteobacteria.

Proteorhodopsin-containing Bacteria

Proteorhodopsin is a pigment protein composed of the protein

moiety, opsin, and a pigment cofactor, retinal. Proteorhodopsins

are analogous to visual rhodopsins and bacteriorhodopsins

found in Archaea. The absorption of light by retinal causes

the translocation of protons across the membrane driving ATP

synthesis (Photophosphorylation). PR genes were found in a

number of species including Alpha- and Gammaproteobacteria,

Flavobacteria, Actinobacteria, and Archaea.

Institute of Microbiology CAS, Opatovický mlýn, 379 81 Třeboň, Czech Republic
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in the Sargasso Sea, and in the more productive waters of the

North Atlantic they still represented 4 to 15% of total bacte-

ria (20). AAP bacteria can be conveniently counted by infrared

epi�uorescence microscopy. Despite some initial controversies,

it has been found that AAP bacteria on average constitute 1 to

7% of total prokaryotes in oligotrophic areas (21�24). In more

productive environments such as coastal waters, shelf seas, and

river estuaries, they represent up to 30% of total prokaryotes

(25�27). The latter data contradicts the assumption that pho-

toheterotrophy would be more advantageous in nutrient poor

areas, as AAP bacteria appear to prefer more eutrophic envi-

ronments. However, Kolber�s hypothesis seems to hold for

PR-containing bacteria, which have indeed been shown to be

abundant in oligotrophic regions (Fig. 2).

Role of Photoheterotrophs in the Marine Carbon Cycle

The role of photoheterotrophs in the microbial carbon pump

(MCP) is complex (28). Their ability to use light energy can

reduce their carbon requirement, which means that less organic

matter would be respired and converted into CO
2
. This might

be especially important in the oligotrophic regions of the ocean

(29), which are generally considered to be carbon sinks (30).

The additional energy from light may also help to fuel various

energy-demanding processes such as active transport of sub-

strates and nutrients across membranes, production of ecto-

enzymes, breakdown of complex organic molecules, and cell

motility. In spite of the fact that PR genes are present in very

diverse organisms (31), most of them are likely to be oligotro-

phic species inhabiting nutrient-scarce ocean areas, potentially

giving them a unique place and role in the MCP. In contrast,

AAP bacteria seem to be highly active organisms with larger

cell sizes (21) and high growth rates (23). This suggests that

despite their smaller numbers, AAP bacteria can process a large

part of the available DOM, most likely the more readily acces-

sible labile DOM.

Our knowledge of photoheterotrophic organisms has ex-

panded signi�cantly in the past decade. The need for appropri-

ate tools led to the development of many new experimental

techniques. Yet, our understanding of the role photohetero-

trophs play in the marine environment and organic matter cy-

cling is still only fragmentary. The increasing number of organ-

Fig. 1. Schematic representation of dissolved organic matter (DOM) cycling in the upper ocean.
Photosynthetic phytoplankton are photoautotrophic organisms, which harvest light energy to support
inorganic carbon fixation. These so-called primary producers provide organic matter for heterotrophic
and photoheterotrophic species. Photoheterotrophic bacteria utilize organic matter for growth, but are
capable of using light energy for their metabolism. They are unable to perform autotrophic growth, but
can grow heterotrophically in the dark. Heterotrophic bacteria
(Organotrophs) depend on organicmatter produced by autotrophic
species both as a source of energy and as a substrate for growth.

Fig. 2. Contribution of photoheterotrophic bacteria to the microbial community
(expressed as a percentage of total prokaryotes) in various marine environments
with different trophic status. Proteorhodopsin-containing bacteria abundance
data were taken from (20). AAP data for the subtropical Atlantic were taken
from (23), for the Baltic Sea from (25), and for the Mediterranean Sea from (32). FI
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isms available in laboratory cultures makes it possible to design better

experiments, which, in combination with genomic data, can provide

important insights into cell metabolism and photobiology. Field studies

should focus on environmental factors driving the distribution and ac-

tivity of photoheterotrophic species. Manipulation and enrichment ex-

periments can be especially bene�cial in elucidating the main bottom-

up and top-down factors shaping the natural microbial populations and

establishing the role these organisms play in the marine carbon cycle.
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T
he downward �ux of organic carbon from the surface ocean to

depth via passive sinking of particles, active transport by ani-

mals, and mixing of dissolved organic matter (DOM) is known as

the biological carbon pump (BCP). The microbial carbon pump (MCP)

is a conceptual component of the BCP, used to describe the microbial

production of refractory DOM (RDOM) which can be stored for mil-

lennia in the deep sea, rather than being respired to dissolved inorganic

carbon and returned to the atmosphere (1). Heterotrophic bacteria and

Archaea generate RDOM through degradation and transformation of

particulate and dissolved organic matter, exudation, and cell lysis (2,

3). In addition to assimilation and transformation of recently produced

DOM, prokaryotes also degrade �older� DOM (4) derived from pho-

tochemically transformed upwelled DOM (5, 6) and potentially from

methane seeps (7). Hence, understanding the magnitude and variabil-

ity of the production and respiration of bacteria and Archaea is impor-

tant not only for quantifying the ef�ciency of the BCP (8) and the role

of prokaryotes in regulating carbon �uxes (9), but also for constraining

the �ow of DOM through the MCP.

The composition and lability of DOM affect the prokaryotic carbon

demand [PrCD = prokaryotic production (PrP) + prokaryotic respira-

tion (PrR)] and the prokaryotic growth ef�ciency (PrGE = PrP/PrCD,

the proportion of the prokaryotic carbon demand used for prokaryotic

production). PrGE is in�uenced by the availability of organic and inor-

ganic substrates as well as the energetic costs of growth in a particular

environment, and so tends to be low at times of nutrient limitation or

environmental stress and higher during increased primary productivity

and supply of nutrients (8, 10).

The direct measurement of PrP and PrR and calculation of PrCD

and PrGE is technically and interpretatively challenging. This is due to

uncertainties associated with factors such as the pre-incubation sepa-

ration of the heterotrophic bacterioplankton fraction from the rest of

the plankton community, the different incubation times required for

PrR and PrP measurements, the effect of light on PrP and PrR, the

quanti�cation of prokaryotic excretion of DOM, and the conversion

factors used to derive rates of carbon production and respiration from

radiolabeled thymidine or leucine incorporation and oxygen consump-

tion (8,9). Large uncertainties in PrGE contribute signi�cantly to the

mismatch between measurements of mesopelagic microbial metabolic

activity and estimates of the in�ux of organic carbon that could sup-

port this microbial activity (11).

Recent methodological developments have the potential to reduce

uncertainties in PrR and PrP determinations. For example, measure-

ments of in vivo electron transport system activity estimated from the

reduction of the tetrazolium salt INT are linearly related to in situ rates

of respiration, and avoid problems associated with pre-incubation �l-

tration and relatively long incubation times (24 hours) (12). Addition-

ally, single cell assays that measure incorporation of selected organic

compounds by speci�c prokaryotic groups compare and contrast the

components of DOM taken up by bacteria and Archaea (13). Includ-

ing these assays in time series studies can elucidate the in�uence of

environmental factors such as light on PrP (14, 15).

Climate change will likely affect precipitation, river �ow, ice

melt, atmospheric deposition, and the timing and strength of along-

shore winds that stimulate coastal upwelling, and so may signi�cantly

change the supply of inorganic and organic substrates to marine pro-

karyotes. Concomitant increases in sea surface temperature and de-

creases in pH and carbonate ion concentration could lead to changes

in phytoplankton and zooplankton community structure, subsequently

impacting foodweb-derived DOC (16). In short-term experiments,

prokaryotic turnover of phytoplankton-derived polysaccharides was

increased at the lower pH levels projected to occur with a doubling of

atmospheric CO
2
, with the potential to reduce carbon export and en-

hance respiratory CO
2
production (17). Field studies and inorganic and

organic nutrient bioassay experiments show PrR and PrGE in coastal

regions to be either mainly controlled by the DOC pool or colimited by

organic and inorganic nutrients (18�20). Climate-driven increases in

DOC supply may also impact the plankton community photosynthesis

to respiration (P:R) ratio. When released from organic carbon limita-

tion, heterotrophic prokaryotes can outcompete phytoplankton for in-

organic nutrients, thereby decreasing the overall P:R ratio, increasing

the proportion of DOC that is respired, and decreasing the amount that

is sequestered (21).

This review aims to highlight our incomplete understanding for the

causes of variability in the PrGE and respiratory potential of heterotro-

phic bacteria and Archaea. As new research supports the pivotal role

of these microbes in the present and future ocean (22, 23), the lack

of routine measurements of PrP and PrR in relation to phylogenetic

composition, as well as to DOM characterization and assimilation po-

tential, becomes increasingly dif�cult to defend.

Microbial Heterotrophic

Metabolic Rates Constrain the

Microbial Carbon Pump
Carol Robinson1* and Nagappa Ramaiah2

The respiration of dissolved organic matter by heterotrophic bacteria and Archaea represents the largest sink in the global marine biological
carbon cycle, an important constraint on organic carbon supply, and the major driver of global elemental nutrient cycles. Direct measurement
of heterotrophic production and respiration is difficult. However, the recent development of methods involving in vivo electron transport
system activity, bioassay uptake of specific prokaryotic substrates, and nutrient addition incubations are poised to discern the complex
interactions between metabolic rate, community structure, and organic and inorganic nutrient availability. In a changing global environment,
it is important to understand how increasing sea surface temperature, melting sea ice, ocean acidification, variable dust deposition, and
upwelling intensity will impact the metabolism of Bacteria and Archaea and so the balance between carbon sequestration and carbon
dioxide evasion to the atmosphere. Continued and improved measures of prokaryotic production and respiration are vital components of
this endeavor.
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V
iruses are the most abundant �life� forms in

the ocean (1) and some studies suggest that

they signi�cantly impact the mortality rates

of marine prokaryotes and eukaryotic algae (2, 3), re-

leasing cellular material from infected hosts into the

environment. This release of lysis products from all

trophic levels as dissolved organic matter (DOM) and

particulate organic matter (POM) has been termed the

�viral shunt� (4) (Fig. 1). Viral lysis is now considered

a major source of dissolved organic carbon (DOC) in

marine systems, one that rivals leaching from phyto-

plankton, the collapse of bloom events (sometimes by

programmed cell death), sloppy feeding by zooplank-

ton, and egestion by protists.

The DOC pool in the ocean contains approxi-

mately the same amount of carbon as is stored as CO
2

in the atmosphere. This DOC, which would other-

wise be lost from the rest of the foodweb, is primar-

ily consumed by heterotrophic prokaryotes (Bacteria

and Archaea). These prokaryotes are subsequently

consumed by small grazers (protists), connecting the

DOM to the foodweb via the �microbial loop� (5).

Thus, quantifying the source(s) of DOM and the fate

of prokaryotic carbon production is an important step

in understanding the marine carbon cycle. Microor-

ganisms are also involved in the formation and dis-

solution of particles (�marine snow�). The transfer of

carbon into the deep sea via sinking of biogenic par-

ticles is a major pathway of the �biological pump� (6).

Within this framework, microbial activity converts a

fraction of organic matter into refractory DOM (RDOM), marine car-

bon that in the oceans appears to be biologically unavailable to micro-

organisms; as such, DOC is relatively old (~5,000 years of age). The

process driving this conversion has recently been termed the microbial

carbon pump (MCP) (7). In the following, we summarize the state of

knowledge concerning the potential role of viruses and their activity as

a source of carbon, RDOM, and precursors for aggregate formation, as

well as the implications of this activity for the biological and microbial

carbon pumps (7).

Viral Lysis Products and Virus-mediated Aggregation

of Organic Matter

The composition of virus-generated lysis products is poorly studied.

Nevertheless, studies with laboratory virus-host systems (VHSs), as

well as microbial communities, have shown that lysis changes the

composition of DOM (8, 9). In VHSs, material from the bacterial cell

wall, including various D-isomers of amino acids, glucosamine, and

diaminopimelic acid have been found in the dissolved fraction (8). An

Virus-Mediated Redistribution and Partitioning

of Carbon in the Global Oceans
Markus G. Weinbauer1,2*, Feng Chen3, Steven W. Wilhelm4**

Viruses in marine systems influence biogeochemical cycles by releasing organic matter during the lysis of host cells. This process redistributes
this biological carbon across a continuum of organic materials, from dissolved to particulate. Estimates of release rates of viral lysis products,
studies manipulating viral effects on natural communities, and efforts using virus-host systems indicate that viral lysis changes the chemical
composition, distribution, and character of organic matter. The majority of these lysis products can be assimilated rapidly by prokaryotes.
Moreover, viral lysis appears to influence the formation and stability of organic particles (“marine snow”), altering carbon flow through the
biological pump from the surface to deep ocean.While well defined, the net outcomes of these virus-mediated activities remain uncertain.
The consistent experimental observation that viral lysis decreases the growth efficiency of residual prokaryotic communities further suggests
that the activity of viruses generates, in part, organic matter that is biologically recalcitrant.While this clearly indicates an influence on the
mineralization and transformation of organic matter, new observations across spatial and temporal gradients are needed to develop our
understanding of the potential role of viruses in marine carbon cycles.
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Fig. 1. The viral shunt in marine foodwebs. Viruses divert the flow of carbon and nutrients
from secondary consumers (black arrows) by destroying host cells and releasing the
contents of these cells into the pool of dissolved organic matter (DOM) in the ocean (green
arrows). The electron micrograph insert shows a cyanobacterial cell in the process of lysis.
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accumulation of polymeric and total DOM

(such as amino acids and carbohydrates) due

to viral lysis has also been demonstrated (8,

9). VHS studies have also shown a promo-

tion of the formation of submicron colloids

(10). Overall, viral lysis predictably increas-

es the DOM pool, particularly the polymeric

and colloidal components.

Reports of direct release rates of lysis

products remain rare due to methodo-

logical challenges (for example, 11). How-

ever, research using estimations of cellular

carbon:nitrogen:phosphorus quota and mor-

tality rates has shown that viral lysis trans-

forms signiicant quantities of microbial

biomass into DOM and colloidal pools (12,

13). Experimental studies with VHSs (12,

14–16), model communities (17) and natural

communities (11, 18) indicate that the major-

ity of these lysis products are rapidly (with-

in days) degraded and belong to the labile

DOM (LDOM) fraction. This should result

in a reduced transfer of carbon to higher

trophic levels and fuel the microbial part of

the foodweb (19).

In an elegant study, the effect of lysis

products on bacterial activity was studied

using a bacterial VHS and the lysis products

from this VHS (15). Bacterial carbon pro-

duction and enzymatic activity increased,

while bacterial growth eficiency decreased

in the presence of the either added viruses

or lysis products. These observations can

be explained by an increase in prokaryotic

energy demand associated with the degrada-

tion of polymeric organic nitrogen and phos-

phorus from the lysate products. Subsequent

research on microbial communities, manipu-

lating the presence and absence of viruses

using various experimental approaches,

demonstrates a consistent pattern: Lysis in-

creases prokaryotic respiration and decreas-

es growth eficiency (20, 21). This means

that more organic matter has been processed

and turned into CO
2
and that a greater per-

centage of the nutrients within the DOM are

mineralized (16). Within this context it is

also conceivable that enhanced prokaryotic

respiration and reduced growth eficiency

should prime the MCP to produce more RDOM, or at least increase the

ratio of RDOM to LDOM and semilabile DOM (SDOM). This is one

area that remains ripe for experimental exploration.

Another consequence of virus activity is the potential to inluence

the aggregation of organic matter (Fig. 2). There is experimental evi-

dence that viruses delay the formation of phytoplankton blooms (3, 22)

and thus the formation of biotic (organic) particles (23). Similar trends

have been found for prokaryotic aggregation and particle colonization

(24, 25). Viruses can, however, increase the size and stability of algal-

derived aggregates (23), for instance through the formation of colloidal

material and the release of “sticky” intracellular contents (10). In one

mesocosm study, the termination of a phytoplankton bloom by viral

lysis was associated with a large production of biological aggregates

(26, 27).

Viruses and infected cells can also be found on, as well as in, ag-

gregates (28). This may increase the dissolution of sinking particles

through the direct destruction of particle nucleating bacteria or the re-

lease of intracellular enzymes that facilitate aggregate dissolution. The

true role of viruses in particle dissolution and aggregation is likely a

delicate balance of these two processes (29).

Viruses and the Biological Carbon Pump

The export of carbon out of the euphotic zone by the biological pump is

a central component of marine carbon cycles (6). The location of viral

activity within the water column, in respect to the depth and strength

of the pycnocline, is thus crucial as it inluences whether the lysed ma-

terial is recycled in the euphotic zone or exported into the deep sea. To

describe this, a conceptual model was developed with three scenarios

Fig. 2. The viral shunt in the context of oceanic carbon cycling. Potential major influences of virus
are shown in green. Note that the grazing food chain, the microbial loop, and the viral shunt are only
shown schematically (for more details, see Fig. 1). The role of the microbial carbon pump (MCP) is
shown as well. This scheme assumes that aggregation of marine snow dominates in surface water,
whereas dissolution dominates in the dark ocean. DOM, dissolved organic matter; POM, particulate
organic matter; RDOM, refractory DOM.
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for infected cells of the bloom-forming algaHeterosigma akashiwo and

viruses that infect them (30). In scenario 1, when strati�cation is strong

or the pycnocline is deep, cells lyse above the pycnocline and lysis

products remain in the mixed layer. In scenario 2, when strati�cation

is weak and waters are shallow, infected cells will reach the benthos

before lysis and lysis products remain at the sediment-water interface.

In scenario 3, cells are also not retained by the pycnocline and lysis

products are subject to processes in the deeper water column. The exact

fate and quantity of primary production shunted into the DOM and col-

loidal pool will depend on the actual scenario in play.

In addition to the location of viral infection in the water column,

the following mechanisms may in�uence the biological pump: (i) The

conversion of cellular material into the dissolved and colloidal forms

should increase the retention time of carbon and nutrients in surface

water and thus reduce export; (ii) Aggregation driven by lysis products

will increase carbon export unless this aggregation also increases the

buoyancy of particles (for example, by retaining gases from metab-

olism) and thus the retention time in the euphotic zone; (iii) Nutrient

(nitrogen, phosphorus, and iron) release within lysis products may

act as a feedback mechanism and stimulate primary production with

unpredictable consequences for the biological pump; and (iv) If viral

lysis stimulates the microbial loop and reduces carbon transfer to high-

er trophic levels, less carbon is available for zooplankton-mediated

particle formation (for example, fecal pellets or larvacean houses);

this would shift aggregation to one based on phytoplankton-derived

materials.

Since these mechanisms are dif�cult to disentangle (and others yet

might not be recognized), it is still not possible to assess whether the net

effect of viral activity is to prime or short-circuit the biological pump

(31). Indeed, research during the last two decades has revealed that

virus activity depends strongly on spatial and temporal scales (even

in the deep sea) (32, 33). Thus, the role of viruses within the MCP and

the biological pump is potentially environment and condition speci�c.

Viruses and the Microbial Carbon Pump

Functionally there now also appears to be a �horizontal� component

(the pumping of biomass into the RDOM pool) within microbial carbon

cycles, which, at some level, is undoubtedly in�uenced by the viral

shunt (7). In the euphotic zone, viral lysis of picocyanobacteria and

autotrophic eukaryotic plankton will contribute, in addition to bacterial

cell lysates, to the DOM and subsequently RDOM pools (and �nally

export). Since representative cyanobacterial VHSs are available for the

euphotic zone, they may serve as good models for understanding the

dispersal of virus-mediated lysis products in the natural environment.

In the deep ocean (where most of the recalcitrant carbon is found),

signi�cant viral activity has been reported for benthic and pelagic sys-

tems (33, 34). Viral lysis of Bacteria and Archaea (which become more

abundant in the dark ocean) should produce mainly LDOM. Since this

material will be consumed rapidly (and potentially help sustain high

prokaryotic production in the deep sea), lysis may increase the ratio of

RDOM to LDOM and SDOM. In a similar manner to the conversion of

some LDOM and SDOM into RDOM by prokaryotic activity (35), viral

lysis in the deep sea should also promote RDOM production directly

in the environment where long term storage occurs. Since RDOM is

resistant to microbial utilization, is stored in the ocean for millennia,

and accounts for more than 95% of the total DOC pool (7), alterations

of RDOM dynamics within the microbial carbon pump by viral activity

will undoubtedly in�uence the global carbon cycle.
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D
issolved organic carbon (DOC) represents the largest pool of

reduced carbon in the ocean with a global inventory of approxi-

mately 662 petagrams of carbon (PgC) (1). The pool contains

a myriad of organic molecules, comprising broad fractions of variable

lability that turn over on time scales from minutes to millennia (2, 3). Of

the approximately 50 PgC y-1 of global net primary production, greater

than 50% is partitioned as DOC to be processed through the microbial

foodweb (3, 4). The majority of the newly produced DOC is rapidly

remineralized by heterotrophic bacterioplankton within ocean�s surface

layer (5). However, about 20% of the annual global ocean net com-

munity production (~1.8 PgC y-1) escapes degradation long enough to

be exported from the euphotic zone through overturning circulation of

the water column. Once exported, the dissolved organic matter (DOM)

and its remineralization byproducts travel by isopycnal pathways into

the ocean�s interior (1, 6�9). Figure 1 provides evidence of export with

deep water formation in the North Atlantic, where mid-latitude, warm,

DOC-enriched surface waters are transported with surface currents to

high latitude (Fig. 1A), at which point deep water formation transports

the DOC deep into the interior (Fig. 1, B and C) where it slowly declines

during southward �ow. Additional processes such as the solubilization

of sinking particles (10) and DOC release from vertically migrating

zooplankton (11) result in further DOC introduction into the subsurface

layers. Factors that regulate persistence of exported DOC include inor-

ganic nutrients required by heterotrophic microbes (12, 13), the quality

of the exported DOM (14, 15), the microbial community structure (16,

17), and the expression of proteins involved in cell growth optimization

(18).

The mechanisms of production that result in DOC compounds that

persist from months to millennia are not well described, but both abiotic

and biotic processes have been shown to transform DOM to molecular

forms that resist rapid microbial degradation. Abiotic processes include

adsorption of labile DOC to colloidal material (19, 20), modi�cation of

chemical bond structure by ultraviolet light exposure (19�21), and the

formation of compounds like melanoidins via condensation reactions

(22). Biotic sources of resistant DOM may include direct exudation

from phytoplankton [for example, as acylheteropolysaccharides (14),

DOC Persistence and Its Fate After

Export Within the Ocean Interior
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Biotic and abiotic processing of organic matter originally created through photosynthesis can lead to its accumulation as dissolved organic
matter (DOM) in surface waters of the ocean. Components of this dissolved material are resistant to microbial remineralization, persisting long
enough to be entrained during ventilation of the ocean interior, and resulting in carbon export to great ocean depths. Upon downward mix-
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face bacterioplankton respond to these export events, remineralizing the same DOM that had been largely resistant to microbial degradation
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Fig. 1. Meridional distributions of mean dissolved organic carbon (DOC)
concentrations for (A) the euphotic zone (0 to 100 m), (B) the mesopelagic
zone (100 to 1000 m), and (C) the bathypelagic zone (1000 to 3000 m)
within the North Atlantic Basin. Surface waters elevated in DOC at low
latitudes are transported to the north with surface circulation. The surface
concentrations decrease with overturning circulation, thereby increasing
concentrations at depth in the north. Over time, with flow of those deep
waters to the south, the exported DOC concentrations decline. Mean DOC
concentrations were determined by integrating DOC stocks within each
depth horizon for each hydrostation and normalizing to the depth of each
depth horizon. Filled circles, open triangles, and open squares are DOC
values from the Climate Variability and Predictability (CLIVAR) program's
transect lines A16, A22, and A20, respectively. Note scales of the y-axes
change between panels. Adapted from (37).
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bacterially derived cell wall material (23�26), liposome-like colloids

produced via microzooplankton grazing (27), and the release of me-

tabolites (28)]. The preferential removal of speci�c sugars and amino

acids can also transform DOM to recalcitrance (29�32).

The production of refractory DOM compounds via heterotrophic

microbial processes has been termed the microbial carbon pump (MCP)

(33). In this conceptual model, a fraction of the bioavailable organic

compounds processed by heterotrophic microbes is shunted to a bio-

logically refractory form of organic matter. Experiments with marine

microbes have shown that a portion of model biolabile organic com-

pounds are transformed to products that persist for periods of months

to years (34, 35). Other studies have identi�ed bacterial biomarkers

(D-enantiomer amino acids) in the high molecular weight fraction of

oceanic DOM, lending support to the hypothesis that some portion of

the refractory DOM pool is of heterotrophic prokaryotic origin (24, 25).

It is estimated that approximately 23% of the bulk oceanic DOC pool

(~155 PgC) (36) is derived via the MCP.

The accumulation of DOC is most pronounced in surface waters of

the well-strati�ed subtropical gyres, reaching concentrations >80 μmol

C kg-1 (1, 37) (Fig. 2). This accumulation is unambiguous evidence for

its resistance to decay. However, DOM that is persistent at one geo-

graphical location or depth horizon can be bioavailable at another. For

example, of the 1.8 PgC of DOM exported from the euphotic zone,

only ~0.2 PgC survives to depths greater than 500 m (1). Some meso-

pelagic bacterial lineages undergo productivity pulses during or shortly

following water column overturn events, presumably due to the deliv-

ery of surface-derived DOM (17, 38, 39) (Fig. 3). The remineraliza-

tion of exported DOC accounts for up to half the oxygen utilized in the

Fig. 3. Contours of plot of SAR11 subclade II cell densities (E8 L-1) in
the surface 300 m from 2003 through 2005 at the Bermuda Atlantic
Time-series Study site. The white dashed line represents, mixed layer
depth and is used to examine distribution patterns in the context of
mixing and stratification. The data reported in this figure demonstrate
a response of mesopelagic subclade of the bacterioplankton SAR11

during or shortly following deep convective overturn. This response is
presumed in part to result from the delivery of surface derived organic
matter (i.e., DOC flux) into the mesopelagic during mixing. A portion of
the DOC that persisted in the surface waters appears to become available
to the organisms in the mespelagic zone triggering biomass production.
Adapted from (39).

Fig. 2.Distributions of DOC (µmol C kg-1) at 30 m. Meridional and zonal lines of data are observed
values, while the background field is modeled [see (1) for details]. Adapted from (1).
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mesopelagic zone (7, 40, 41).At >1000m, DOC removal occurs at much

slower rates, accounting for < 20% of oxygen consumption (37, 42).

The response of deep microbial lineages to exported DOC indicates

that microbial processes in the ocean�s interior are capable of metaboliz-

ing some of these persistent polymeric compounds. Microbial diversity

in oceanic systems is high, although there remains uncertainty with re-

gard to how much of this diversity is functionally signi�cant (16, 43,

44). Vertical partitioning of major prokaryotic groups, particularly be-

tween the euphotic and aphotic regions of the oceanic water column, is

well documented (16, 17, 38, 39, 45, 46) and presumably linked to gra-

dients in the character and quantity of DOM as well as to the availability

of inorganic nutrients. Genomic and transcriptomic data demonstrate

the potential for marine bacterioplankton to utilize a range of DOM tar-

gets (28, 47�49). DeLong et al. (2006) identi�ed a greater number of

genes, putatively involved in polysaccharide degradation, in deep mi-

crobial populations compared to those found in the surface populations

(16). The genes associated with the deep microbial assemblages are

better suggestive of a surface-attached lifestyle capable of degrading

recalcitrant pools of organic matter (16, 28).

Speci�c groups of heterotrophic prokaryotes have been shown to re-

spond differently to the quality and quantity of organic substrates (38,

49�54). Thus, organic compounds resistant to microbial degradation

at one depth horizon may serve as substrates for deeper population of

heterotrophic microbes. For example, D-enantiomeric amino acids de-

rived from the peptidoglycan of bacterioplankton cell walls have been

observed to persist within the DOM pool (24, 25). However, there is a

signi�cant increase in the uptake ratio of D-aspartic acid by microbes

in the meso- and bathypelagic realms of the North Atlantic (55, 56),

indicating that deep microbes more readily utilize D-amino acids. These

deep-sea piezophilic microorganisms display metabolic capabilities

that allow them to thrive under cold and high-pressure conditions (57).

Some piezophiles are capable of degrading complex organic matter (58)

by modifying their gene structure and protein regulation (59). For exam-

ple, in Photobacterium profundum SS9 the metabolic pathways used to

degrade polymers such as chitin, pullulan, and cellulose are controlled

by pressure: upregulation of proteins occurs above 28 MPa and down-

regulation below 0.1 MPa. Cell-speci�c ectoenzymatic activities are

greater in deep waters compared to the surface (60�64), providing ad-

ditional evidence that deep-sea microorganisms are adapted to degrade

more refractory pools of organic matter (65), under in situ pressure and

temperature (61, 63).

The production of refractory DOM can be important in ocean carbon

sequestration. First, DOM that persists in the surface ocean long enough

for its eventual mixing to greater ocean depths represents a carbon-rich

export term, contributing to 20% of the biological carbon pump (1, 6, 7,

66). Second, a fraction of this exported DOM can persist for centuries

to millennia, thus the carbon remains stored in an organic form and un-

available for exchange with the atmosphere as CO
2
. The degree to which

the MCP shunts carbon to long-term storage as organic matter, versus

brief storage associated with export and rapid, deep remineralization, is

unknown. Resolving these fates and identifying causative mechanisms

and controls of the MCP remain important challenges.
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M
ost of the dissolved organic matter (DOM) produced in sur-

face waters, such as labile proteins, carbohydrates, and lipids,

is mineralized by microbial activity,

and the remaining material is transformed into

semilabile DOM and �nally refractory DOM

(1), a process in which the microbial carbon

pump (MCP) plays an important role (2). The

molecular composition of labile DOM is modi-

�ed rapidly during decay, creating a material for

which chemical structures are largely unknown

and currently indeterminable. The decay pro-

cess results in a large variety of compounds with

completely new chemical structures, which ex-

ist in predominantly dissolved, but also particu-

late, forms. These transformations are mediated

by microbial, viral, and photochemical activity,

and proceed continuously over periods from

days to months and beyond to decades and hun-

dreds of years. Dissolved organic carbon (DOC)

in the deep ocean therefore has an average age

of 4,000 to 6,000 years (3).

A puzzling and still unanswered question is

why this DOM resists biotic and abiotic decom-

position and why it is unavailable to heterotro-

phic prokaryotes. Without knowing the molec-

ular structures it is impossible to successfully

tackle this question. However, it is also important to examine whether

the prokaryotes in the ocean, and in particular in the dark ocean where

the refractory DOM accumulates, have the genetic repertoire and appro-

priate conditions to express the suitable genes encoding enzymes that

can cleave and decompose the DOM molecular structures. Appropriate

metagenomic and metatranscriptomic methods are now available to do

this (4, 5, 6). In contrast, tools for the structural characterization of DOM

in the ocean are limited by a number of factors: (i) Analyses thus far

have essentially been restricted to carbohydrates, amino acids, amino-

sugars, and lipids (7), compounds that represent only 10 to 20% ofDOM

in the near-surface and even less in the deep ocean; (ii) Because only a

minor portion of these molecules exist as monomers, they are usually

analyzed only after considerable chemical treatment (for example, hy-

drolysis) and thus the chemical structures in which they were originally

embedded remain unknown; (iii) Data are often obtained following

isolation and fractionation of DOM using, for example, solid-phase ex-

traction and ultra�ltration, but resulting fractions represent only a small

portion of total DOM (~25% for ultra�ltration and ~40% for solid-

phase extraction).

Successful molecular characterization of DOM using ultrahigh res-

olution mass spectrometry (Fourier transform ion cyclotron resonance

mass spectrometry; FT-ICR MS) represents a signi�cant advance in the

�eld, and progress has also been made applying collision induced dis-

sociation FT-ICR MS (8). To date several thousand molecular formulas

have been identi�ed (Fig. 1) and a number of these may act as potential

markers of DOM sources and modi�cation processes. The occurrence

of pseudohomologous series (addition/removal of CH
2
, H
2
, O
2
, or H

2
O

to/from a given molecular formula) shows that there are regular pat-

terns within the strong complexity of the molecular formulas of DOM

(Fig. 2). Approximately one third of the detectable formulas are present

in all marine samples and most likely represent a common refractory

background in DOM (9).

The Problem: Why Microbes Cannot Decompose Refractory

Deep-sea DOM

It has been previously argued that concentrations of individual DOM

Molecular Characterization of Dissolved Organic

Matter and Constraints for Prokaryotic Utilization
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microbial DOM consumption, even though bacteria have the genetic repertoire to exploit a high variety of molecular DOM structures. Further
improvements in analytical and genomic technologies that will aid in the elucidation of DOM molecule structure, source, and degradation
pathways should reveal the role refractory DOM and the MCP play in the global carbon cycle.
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Fig. 1. Different mass arrays of an ultrahigh resolution FT-ICR mass spectrum (electrospray ioniza-
tion, negative mode) of a marine dissolved organic matter (DOM) sample that was extracted using
a solid-phase process [sorbent PPL (17)]. From the exact masses, molecular formulas can be calcu-
lated for thousands of peaks in each sample.
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compounds might be far below the chemoreceptive threshold for pro-

karyotes thus preventing the energy-efÝ cient uptake of DOM (10). This 

notion could explain the slow DOM degradation and its seemingly re-

calcitrant behavior. Prokaryotes can exploit substrates only above a cer-

tain concentration, and their uptake systems have been shown to drive 

concentrations below this threshold (11). High-afÝ nity uptake systems 

have a substrate afÝ nity constant (K
s
) value in the nanomolar range 

(12, 13) but considerations based on FT-ICR MS analyses of DOM im-

ply that concentrations of individual DOM compounds in the deep sea 

are likely far below this range. An early attempt to induce prokaryotic 

decomposition of deep-sea DOM by raising the ambient 

DOM concentration Ý vefold did not yield any microbial 

DOM decomposition (14) presumably because concen-

trations of individual compounds were still below this 

threshold concentration. 

The intrinsic stability of chemical structures of deep-

sea DOM compounds may further explain their recal-

citrance to microbial degradation. The low proportion 

of hydrogen (average hydrogen to carbon ratio is ~1.25; 

Fig. 2) reÞ ects a substantial proportion of stable aromatic 

backbones, structures known to be difÝ cult for prokary-

otes to degrade. However, there is very little mechanistic 

evidence for a principal molecular resistance to bacterial 

enzymatic attack. Most molecules are highly oxygenated 

(oxygen to carbon ratio of ~0.45; Fig. 2), which implies 

that they are not stable, per se, and should be susceptible 

to utilization by prokaryotes. This high oxygen content, 

which primarily exists in carboxylic functions [refractory 

carboxyl-rich alicyclic molecules (15)], reÞ ects a high de-

gree of polarity and may therefore require a highly spe-

ciÝ c and energy-efÝ cient uptake system. Recent studies of 

the genetic potential of deep-sea prokaryotes revealed that 

bacteria are capable of taking up and degrading a great va-

riety of DOM compounds including 2,4-dichlorobenzoate, 

which requires the cleavage of the aromatic ring (4). These 

observations are in line with the assumption that the vari-

ous DOM compounds are biodegradable by prokaryotes. 

However, the energetic yield of degrading these highly 

oxygenated compounds might not be proÝ table enough to 

gain metabolic energy for growth and may require comple-

mentary consumption of other compounds with a higher 

energetic yield.

To obtain more detailed information on the composi-

tion of DOM, it is necessary to fractionate it into smaller 

units with similar characteristics. Attempts to do so have 

already been made using polarity or size criteria, reveal-

ing several different mass formulas found exclusively in 

individual fractions (16). Further improvements in fractionating indi-

vidual molecules using FT-ICR MS will likely be available in the near 

future and improvements in NMR techniques, for which increasingly 

little material is necessary to obtain structural information, also seem 

probable. 

It may be some time before unequivocal chemical structures of 

DOM are identiÝ ed. This knowledge is crucial to enable the further in-

vestigation of the microbial- and photochemical-based degradation and 

transformation of DOM and to better understand the cycling of DOM 

in the global ocean. 
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Fig. 2. FT-ICR mass spectrum (electrospray ionization, negative mode) of a solid-phase ex-

tracted [sorbent PPL (17)] marine deep-sea dissolved organic matter (DOM) sample. Com-

mon molecular formulas in marine DOM contain carbon, hydrogen, and oxygen. Each formu-

la in the plot is represented by its molecular element ratio (hydrogen/carbon versus oxygen/

carbon) and its relative peak magnitude [color scale, from higher (violet, center) to lower 

(blue, edge) intensities]. Pseudohomologous series of sequential addition or loss of molecular 

fragments (along the arrows) point to regularities in the molecular composition of DOM. 

Average element ratios of lipids, carbohydrates, and peptides (similar ratios for proteins)  do 

not overlap with the element ratios of DOM molecules. 
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T
he light absorbing and �uorescent fractions of dissolved organic

matter (DOM) are referred to as colored or chromophoric DOM

(CDOM) and �uorescent DOM (FDOM) (Fig. 1A). For several

decades, absorption and �uorescence properties of DOM have been

used to follow the spatial and temporal distribution of the bulk DOM,

tracing speci�c humic- and protein-like �uorophores (1) and character-

izing the aromaticity and relative molecular weight of DOM through

optical indices derived from their spectra (2�4). Current research in the

�eld is a convergence of four main interests: (i) tracing water mass mix-

ing in estuarine, coastal and continental shelf waters; (ii) quantifying

underwater ultraviolet and visible light penetration; (iii) resolving re-

mote sensing of ocean color; and (iv) studying the impact of microbial

and photochemical processes on the chemical structure of DOM. The

major advantage of using the UV and visible spectroscopic properties

of DOM is that it requires very small sample volumes and minimal

preparation before analysis. Moreover, the high sensitivity of the cur-

rent spectro�uorometers allows estimation of the turnover of speci�c

DOM subfractions during both short- and long-term incubation experi-

ments designed to test the susceptibility of DOM to photochemical and/

or microbial degradation (3, 5, 6). The major pitfall of this approach is

that the actual compounds and processes responsible for the measured

absorption and �uorescence remain poorly characterized. Resolving

this presents a considerable analytical and experimental research chal-

lenge, which can in part be addressed by coupling of absorption and

�uorescence measurements to molecular level characterization using

mass spectrometry. In spite of this limitation, CDOM and FDOM mea-

surements are currently being used as markers of different DOM frac-

tions and to shed light on DOM production, turnover, and fate in the

ocean and how this might impact the role of the microbial carbon pump

(MCP) in the ocean carbon cycle (7) (Fig. 1B).

In surface waters, autotrophic and heterotrophic activity and photo-

chemical degradation largely control the molecular characteristics and

distribution of DOM (for now putting aside the effects of the mixing

of waters of different origins). This is re�ected in FDOM and CDOM

pro�les (Fig. 2) that show sharp changes in concentration and character

depending on the balance of dominating processes (biological produc-

tion, and combined photochemical and microbial transformation and

removal). At the ocean surface, ultraviolet light penetrates and acts to

either directly decompose to colorless the organic compounds, CO, and

CO
2
, or to alter the remaining DOM, in�uencing its chemical composi-

tion and availability to microbes (8�10). This is evident from ocean

pro�les of CDOM and FDOM (11, 12), but is often not as clear when

using other bulk DOM measurements such as dissolved organic carbon

(DOC). The effects of photodegradation diminish rapidly with increas-

ing depth as the high-energy wavelengths are attenuated. Away from

the immediate surface, photic and aphotic microbial processing domi-

nate, with subsurface maxima in absorption and protein-like �uores-

cence of CDOM often found in association with the productive plank-

ton biomass (Fig. 2).

In the dark ocean, DOM is continually modi�ed by microbes and

the effect of the MCP on DOM optical characteristics becomes more

apparent. Entrainment of DOM produced in the photic zone through

seasonal vertical mixing (13) and the constant supply of organic matter

from sinking particles (14) drives much of this activity, although the

latter most likely dominates. The net result is an increase in the humic

character of CDOM and FDOM, measured as a relative increase in lon-

ger wavelength absorption and humic-like �uorescence signals (Fig. 2).

Although not entirely the same, this parallels the humi�cation process

that occurs in soils (Fig. 1B), but with alternate precursor material. The

increases observed in CDOM and FDOM in the meso- and bathype-

lagic ocean are correlated to apparent oxygen utilization (AOU) and

nutrient remineralization (11, 12, 15�18). These trends reveal the MCP

in action, representing the gradual accumulation of a persistent DOM

fraction that is directly linked to heterotrophic activity, with the humic

CDOM/FDOM essentially representing biologically refractory metabo-

lites. Data supporting this trend have recently been collected in all the

major oceans (12, 16, 18). High-resolution measurements using in situ

instruments are revealing that the techniques are sensitive enough to in-

dicate differences in the ratio of humic �uorescence production toAOU

for individual intermediate and bottom water masses. Additionally, de-

tailed spectral characterization has shown that this humic �uorescence

signal is actually composed of two independent fractions, which accu-

mulate at different rates in the deep ocean.

Armed with expanding global datasets and with the dark ocean

as an incubator, the research community is gradually resolving the

UV-visible spectroscopic signature of refractory DOM produced by

the MCP. The combination of long ocean-mixing time scales, the ab-

sence of photochemistry, and the limited input of labile DOM makes

the dark ocean an ideal environment for further studies in this area.

Shedding Light on a Black Box: UV-Visible
Spectroscopic Characterization of Marine
Dissolved Organic Matter
Colin A. Stedmon1* and Xosé Antón Álvarez-Salgado2

The processes that drive the microbial carbon pump (MCP) in the ocean have yet to be fully characterized. Among the topics that are central
to addressing this deficit are tracing the microbial production of refractory dissolved organic matter (DOM) by the MCP, and resolving how the
chemical composition and structure of DOM changes as a result. A fraction of DOM absorbs ultraviolet (UV) and visible light, while a specific
subset of this subsequently exhibits a natural fluorescence. These spectroscopic properties can be used as markers for the turnover of different
DOM fractions in the ocean. Recent research has linked the UV-visible characteristics of DOM to its chemical structure, carbon content, and
photochemical and microbial reactivity. In addition, widespread measurements of DOM optical properties in the ocean indicate that they can
be used to trace the humification processes that lead to the production of part of the refractory DOM pool. These measurements are suited to
being carried out using in situ or remote platforms in the ocean and can provide high-resolution temporal and spatial DOM data. In conjunc-
tion with other techniques, this will pave the way for new insights into the possible role of the MCP in the global carbon cycle.
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Fig 1. (A) Colored and fluorescent DOM (CDOM and
FDOM, respectively) together represent a subfraction of
the total DOM pool. Part of DOM does not absorb UV
and visible light and is largely characterized as mono-
meric and polymeric aliphatic compounds such as carbo-
hydrates, lipids, and aliphatic amino acids. The presence
of conjugated double bonds (polyenes) results in absorp-
tion of UV and visible light. The presence of aromatic
rings often also results in fluorescence. The large arrow
indicates increasing aromaticity, conjugation, and carbon
to hydrogen (C/H) ratio. Examples of CDOM absorption
spectra and excitation-emission matrices are shown over
the CDOM and FDOM domains, respectively. Structure
of tryptophan, a natural amino acid, and vanillin, a con-
stituent of lignin, are shown as examples of fluorescent
CDOM. The grey lines indicate the position of their re-
spective fluorescence excitation-emission peaks. (B) Soils
of the sea: The processing of organic matter (particulate
and dissolved, colored and colorless) by the microbial
carbon pump (MCP) (7) not only results in formation of
refractory DOM (RDOM) but also an alteration of the
remaining organic matter, often referred to as humifica-
tion and in principle similar to what occurs in soils. Dur-
ing processing by the MCP, colorless or weakly colored
bioavailable DOM (BDOM) and particulate organic mate-
rial (POM) is transformed into colored refractory CDOM.
The large arrow indicates that during this process both
the carbon-specific absorption and apparent fluorescence
quantum yield increase.

Fig 2. Generalized vertical distribution of the quantity
and quality of DOM in the ocean. Idealized vertical pro-
files of dissolved organic carbon (DOC) concentration,
fluorescence intensity of amino acids (FDOM AA-like),
and humic organic matter (Humic-like), and the concen-
tration (solid line) and character (dotted line) of colored
dissolved organic matter (CDOM). CDOM character is
depicted as the slope of the absorption spectrum in the
UV-visible wave-length range.

Additional widespread sampling, experimentation, and method-

ological re�nements linking UV-visible spectroscopic character of

DOM to molecular level characterization (19) and carbon content

(20) stand to pave the way for enhancing the utility of these optical

measurements. In conjunction with the technological advances in op-

tical instrumentation, this will lead to the development of improved

in situ instruments measuring �uorescence or absorption at speci�c

wavelengths or spectral bands with high spatial and temporal resolu-

tion, and designed to be routinely deployed on moorings, gliders, and

pro�ling instrumentation.
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Application of Functional Gene Arrays (GeoChips)

in Monitoring Carbon Cycling
Joy D. Van Nostrand and Jizhong Zhou*

Functional gene arrays (FGAs) provide a way, through in-depth genomic analysis, to link environmental processes with microbial communities.
They comprise probes for a wide range of genes involved in functional processes of interest (e.g., carbon degradation, C- and N-fixation, metal
resistance) from many different microorganisms, both cultured and uncultured. The most comprehensive FGA reported to date is the GeoChip
3.0, which includes approximately 28,000 probes covering approximately 57,000 gene variants from 292 functional gene families involved
in carbon, nitrogen, phosphorus and sulfur cycling, energy metabolism, antibiotic resistance, metal resistance, and organic contaminant
degradation. This technology has been used successfully to examine the effects of environmental change on microbial communities. This article
provides an overview of GeoChip development and utilization with an emphasis on studies examining various aspects of carbon cycling.

D
NAmicroarrays can overcome many of the limitations of other

molecular techniques such as the need for polymerase chain

reaction (PCR) ampli�cation steps, which restricts the number

of genes that can be detected due to limitations in primer availability

and coverage. Microarrays provide information on the functional

abilities of microbial communities and can also provide phylogenetic

information at a higher resolution than other 16S rRNA-based methods

and with fewer sampling errors. GeoChip provides a species-strain level

of resolution (1) while 16S rRNAgene-based sequencing only provides

a genus-species level of resolution (Zhili He, personal communication).

They are less time-consuming and often cheaper to use than other

methods, and have the ability to provide more accurate comparisons

since they can interrogate multiple samples using the same set of probes

(2). One disadvantage, however, is the inability of arrays to interrogate

novel sequences.

GeoChip Functional Gene Arrays

Functional gene arrays (FGAs) are composed of probes for microbial

genes involved in functional processes, such as nitri�cation or carbon

degradation (3�5). The most comprehensive FGAs are the GeoChip ar-

rays, which contains probes for thousands of functional genes (4, 5).

The �rst reported FGA used PCR amplicon probes and demonstrated

that such arrays are an effective tool for genomic studies of microbi-

al communities (3). Later versions use oligonucleotide probes (1, 6),

which, although less sensitive, provide higher speci�city since they are

easily customized to afford a more targeted probe design (7).

The GeoChip has gone through several development iterations,

from the �rst proof-of-concept array to the current version 4.0, with the

ultimate goal of providing a comprehensive probe set with high speci-

�city and able to distinguish between highly homologous genes (4, 5).

GeoChip 4.0 uses the Nimblegen array format, covering 410 functional

gene families including probes for carbon, nitrogen, phosphorus, and

sulfur cycling, metal resistance and reduction, virulence genes, stress

response, and bacterial phage genes.

GeoChip Development

Probe design. Gene regions selected for targeting on an array should

encode the catalytic or active sites of proteins key to the functions of

interest. To �nd these, public DNA databases are searched for suitable

genes using broad search terms. Seed sequences from only those genes

that have had protein identity and function experimentally determined

are used to con�rm sequence identity for all downloaded sequences us-

ing HMMER alignment (8). Probes (50-mer) are then designed using

CommOligo software (9) based on experimentally determined criteria

(sequence homology, continuous stretch length, and free energy) (10),

and screened against the GenBank database to ensure speci�city.

Target preparation and hybridization. The use of high quality

nucleic acid starting material to query microarrays is extremely im-

portant. Puri�ed DNA should have absorbance ratios of A
260
:A
280

> 1.8 and A
260
:A
230
> 1.7. The A

260
:A
230
ratio has the most in�uence

on hybridization success (11). Whole community genome ampli�ca-

tion (WCGA) can increase the amount of DNA available using a small

quantity of initial DNA (1 to 100 ng) and provide a sensitive (10 fg

detection limit) and representative ampli�cation (12). To examine ac-

tivity, RNA can be used. Stable isotope probing is another means to

evaluate activity, by hybridizing 13C-DNA after incubation with a 13C-

labeled carbon source, such as biphenyl (13). Nucleic acids are then

labeled with cyanine dye, puri�ed, dried, and resuspended in a hybrid-

ization buffer. GeoChips are hybridized at 42 to 50°C and 40 to 50%

formamide (4, 14, 15).

Issues in Microarray Application

Sensitivity. The current sensitivity for oligonucleotide arrays using en-

vironmental samples is approximately 50 to 100 ng (107 cells) (1, 6,

16) or ~5% of the microbial community (16), providing coverage of

only the most dominant community members. Several strategies can

be used to increase sensitivity, including (i) amplifying target DNA or

RNA (12, 17), (ii) increasing probe length (7, 18) [although this also

decreases speci�city (19)], (iii) increasing probe concentration per spot

(19), (iv) decreasing hybridization buffer volume (20), (v) mixing dur-

ing hybridization (21), (vi) alternate labeling (7), and (vii) reducing

ozone concentrations (22).

Speci�city. Speci�city is especially important since so many en-

vironmental microorganisms remain uncharacterized. Strategies to in-

crease speci�city include (i) modifying probe design criteria (4, 18)

or (ii) increasing hybridization stringency by elevating temperature or

formamide concentration.

Quantitation. There is a correlation between signal intensity and

DNA concentration, indicating that microarrays can provide quantita-

tive information. Oligonucleotide probes (50-mer) have been shown to

maintain a linear relationship (r=0.98�0.99) over a concentration range

of 8 to 1000 ng (1), while RNA has a linear response over the range of

50 to 100 ng (17).

Application of the GeoChip

GeoChips have been used to examine a variety of microbial communi-

ties at contaminated sites (1, 4, 6, 12, 15, 23, 24), in marine environ-

ments (25), and in soils (2).
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Insights into carbon cycling. The latest GeoChips (versions 3.0

and 4.0) include coverage of many genes that are useful for studying

the microbial carbon pump (26). GeoChip version 3.0 contains probes

for 41 genes involved in carbon cycling, including four CO
2
�xation

genes and 25 genes involved in carbon degradation (labile to refrac-

tory), methanogenesis, two for methane oxidation, acetogenesis, and

another eight miscellaneous enzymes. GeoChip 4.0 has expanded gene

coverage to include those for bacterial lysis by viruses, which may be

involved in the release of dissolved organic carbon in the oceans (26).

Genes for carbon �xation and degradation in algae and other microbial

eukaryotes will be included in future versions.

While not directly examining carbon pumps, several GeoChip stud-

ies have provided insights into carbon cycling in the marine environ-

ment. GeoChip analysis has indicated that carbon �xation, methane

oxidation, and methanogenesis may be occurring in deep-sea basalts,

activities that had not previously been associated with this environment

(14). In a study examining deep sea hydrothermal vent microbial com-

munities, GeoChips detected RuBisCO genes that perform an impor-

tant initial step in carbon �xation from photosynthetic microorganisms,

supporting the assertion that organisms able to grow by acquiring geo-

thermal radiation may live in environments lacking light, such as this

one (27). In addition, detection of a large number of genes involved in

the Calvin Benson Bassham cycle suggested that autotrophic microor-

ganisms within the hydrothermal vent communities may principally use

this cycle rather than the Krebs cycle, providing a greater insight into

carbon cycling occurring in the deep ocean (27).

Previous research focusing on the effects of elevated CO
2
levels in

soil communities may lend some insight into how climate change can

affect the global carbon cycle, including carbon pumps in the ocean.

In one study, results of GeoChip 3.0 analysis following a ten-year

exposure of grassland to elevated CO
2
indicated that there were both

overall changes in the soil microbial community�s functional structure

and composition (as evidenced by distinct clustering of ambient and

elevated CO
2
samples in detrended correspondence analysis) as well as

a signi�cant increase in carbon �xation (28).

Summary

GeoChip arrays have garnered a great deal of attention and have

been demonstrated to be useful for studying microbial ecology, link-

ing microbial communities with geochemical cycling, and addressing

high-level ecological questions pertaining to global climate change

and ecological theory. The GeoChip provides sensitive, speci�c, and

potentially quantitative information regarding microbial communi-

ties. However, many technical, experimental, and data analysis chal-

lenges remain, including a need to improve the sensitivity and quan-

titative accuracy of the arrays and to develop bioinformatic tools and

techniques to analyze, evaluate, and interpret the vast amounts of data

being generated.

References and Notes
1. S. M. Tiquia, et al., Biotechniques. 36, 1 (2004).
2. J. Zhou, S. Kang, C.W. Schadt, and C. T. Garten, Jr., Proc.Natl. Acad. Sci.
U.S.A.105, 7768 (2008).

3. L.Wu, et al., Appl. Environ.Microbiol.67, 5780 (2001).
4. Z. He, et al., ISME J.1, 67 (2007).
5. Z. He, et al., ISME J.4, 1167 (2010).
6. S. K. Rhee, et al., Appl. Environ.Microbiol. 70, 4303 (2004).
7. V. J. Denef, et al., Environ.Micrbiol. 5, 933 (2003).
8. S. R. Eddy, Bioinformatics.14, 755 (1998).
9. X. Li, Z. He, J. Zhou,Nucleic Acids Res.33, 6114 (2005).
10. Z. He, L.-Y.Wu, X.-Y. Li, M.W. Fields, J.-Z. Zhou, Appl. Environ.Microbiol.

71, 3753 (2005).
11. J. Ning, et al., Appl.Microbiol. Biotechnol.82, 983 (2009).
12. L.Wu, X. Liu, C.W. Schadt, J. Zhou, Appl. Environ.Microbiol.72,
4931 (2006).

13. M. B. Leigh, et al., ISME J. 1, 134 (2007).
14. O. U. Mason, et al., ISME J. 3, 231 (2009).
15. P. J.Waldron, et al., Environ. Sci. Technol.43, 3529 (2009).
16. L. Bodrossy, et al., Environ.Microbiol. 5, 566 (2003).
17. H. Gao, et al., Appl. Environ.Microbiol. 73, 563 (2007).

18. Z. He, L.Wu, M.W. Fields, J. Zhou, Appl. Environ.Microbiol.71,
5154 (2005).

19. A. Relógio, C. Schwager, A. Richter,W.Ansorge, J.Valcárcel,Nucleic Acids
Res.30, e51 (2002).

20. L.Wu, et al., Environ. Sci. Technol.38, 6775 (2004).
21. C. J. Schaupp, G. Jiang, T. G. Myers, M.A.Wilson, BioTechniques. 38, 117

(2005).
22. W. Branham, et al., BMC Biotechnol. 7, 8 (2007).
23. J. Xiong, et al., Appl. Environ.Microbiol. (2010), doi:10.1128/AEM.00500-10.
24. T. C. Hazen, et al., Science. 330, 204 (2010).
25. N. E. Kimes, J. D.Van Nostrand, E.Weil, J. Zhou, P. J. Morris, Environ.
Microbiol. 12, 541 (2010).

26. N. Jiao, et al.,Nat. Rev.Microbiol. 8, 593 (2010).
27. F.Wang, et al., Proc.Natl. Acad. Sci. U.S.A. 106, 4840 (2009).
28. Z. He, et al., Ecol. Lett.13, 564 (2010).
29. This work was supported by ENIGMA (DE-AC02-05CH11231),

Environmental Remediation Science Program, Oklahoma Applied
Research Support, Oklahoma Center for the Advancement of Science and
Technology, Oklahoma Bioenergy Center, the State of Oklahoma
(AR062-034).



66

M
odeling dissolved organic carbon (DOC) degradation remains

challenging due to factors including the complex nature of

DOC, the variety of microorganisms using different meta-

bolic pathways necessary for DOC breakdown, and the various oceanic

physicochemical conditions that regulate bacterial metabolism. In this

review, we identify those variables (for example, DOC concentration

and bacterial biomass) relevant to accurately model bacterial-driven

DOC pathways and forcing factors (forces external to the system, act-

ing upon it, for example, temperature and depth).

The Multi-G model represents DOC degradation using DOC con-

centration as a single variable. DOC concentration decay is assumed to

be at a constant rate and is therefore represented by �rst order kinetics

(Eq. 1, Table 1) (1, 2). Multi-G-based models do not include speci�c

biological activity (Fig. 1A), even though bacteria are recognized as the

main agents of DOC degradation (3). A more accurate representation

of DOC dynamics requires the inclusion of more detailed information

about bacterial metabolism (4). The Monod model is an example of the

next generation of model, which includes bacterial biomass as a vari-

able (Eq. 2, Table 1). This model is the most widely used in ecosystem

studies, taking into account bacterial population growth as a result of

DOC consumption (5�7). It assumes that assimilated DOC is instanta-

neously converted to bacterial biomass with constant bacterial growth

ef�ciency (BGE), and that the complementary proportion (1-BGE) is

used for bacterial respiration (Fig. 1B). Although the predicted results

obtained when applying the Monod model agree well with experimen-

tal observations (8), certain parameters such as BGE vary widely as a

function of DOC chemical characteristics (9) and environmental con-

ditions [temperature (10), and depth (8)]. This model fails, however,

when DOC availability changes suddenly, making it inappropriate for

modeling natural ecosystems that are subject to frequent environmental

variations (11).

Variability in DOC and nutrient quality and availability may have

some effects on the physiological status of bacterial communities (12).

These effects on bacterial stoichiometry have been modeled using the

Droop equations, where, for example, carbon and phosphorus (13), or

carbon, nitrogen, and phosphorus (14), are limiting. According to this

model, population growth depends on a pool of internal nutrients inside

the bacterial cells (Fig. 1C; Eq. 3, Table 1), such as an internal reserve

of organic carbon that allows cells to survive periods of starvation. This

can also be taken into account using the dynamic energy budget (DEB)

model (15), where population growth resulting from DOC consumption

is modeled using at least two bacterial variables, the reserve and the

structure of the cell (Fig. 1D; Eq. 4, Table 1). The DEB model is also

appropriate for handling variable resource environments and variable

bacterial stoichiometry because it can be extended to deal with systems

using several substrates (15) (Fig. 1E). Furthermore, DEB considers the

concept of maintenance that re�ects the fact that bacteria use intracel-

lular DOC not only for growth but also for physiological activities that

do not produce new biomass (osmotic regulation, maintenance of intra-

cellular pH, macromolecule turnover) (16, 17). The importance of such

considerations in changing environments has been demonstrated in ex-

periments in which bacteria are exposed to episodic inputs of labile

DOC (LDOC), where DOC utilization for maintenance is detectable

during starvation (11). Maintenance cannot be neglected, since bacte-

rial survival under starvation conditions is a fundamental aspect of bac-

terial existence and something bacteria experience often (17). In some

studies of marine DOC cycling, maintenance modeling is restricted to

the respiration process (R
B
in Eq. 3, Table 1) (13, 16, 18). These models

may prove useful for estimating the contribution from bacteria to the

biological carbon pump, but not to the microbial carbon pump (MCP),

since the latter assesses the role of microbial processes in refractory

DOC (RDOC) generation and in carbon storage in the ocean (19). By

contrast, in the DEB model, maintenance activity incorporates not only

respiration, but also a set of processes which can include RDOC pro-

duction (Fig. 1D). This RDOC contributes to the total RDOC in the

ocean. Since the DEB model accounts for this RDOC production ex-

plicitly, its use is relevant for connecting the biological carbon pump

and the MCP.

Although RDOC production by marine bacteria has been studied

both under controlled experimental conditions (20�22) and in situ (23),

mechanisms of this production are still unresolved. Only a few models

include bacterially derived DOC at either a microbial level (11, 20, 24)

or at an ecosystem level (25). A study based on pure cultures indicated

that bacterial RDOC production may occur as a stress response when

LDOC availability is low; this can be represented using the DEB model

where, in the case of starvation, maintenance costs are mainly paid not

by bacterial reserve, but rather by bacterial structure, leading to the pro-

duction of RDOC (20).

In order to extrapolate how long-term changes (e.g. warming) in-

�uence DOC dynamics and organic carbon storage in marine waters,
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mathematical models describing DOC concentration should account

for the effects of these changes on the rates of DOC production and

consumption. Few modeling studies consider the temperature effect

on bacterial metabolic rates; some authors have used an exponential

function to predict the effects of temperature changes on the rate of

population growth (7), whereas others have applied the Q10 model to

DOC assimilation and maintenance respiration (24) or to the population

growth rate (6). The Q10 function represents one of the easiest ways

to incorporate temperature dependence into a mathematical model. It

estimates the change in a particular variable that would result from a

temperature increase of 10°C. The Arrhenius function provides a more

sophisticated way to consider temperature variations in a model, incor-

porating a high and low tolerance range (15). This representation might

be useful in view of the wide range of temperatures in which bacteria

can survive. However, to the best of our knowledge, it has never been

used to model DOC generation and degradation by bacteria.

Although properties of bacterial metabolism like BGE (8) and bac-

terial production (26) are known to vary as a function of depth, the

direct effects of continuously increasing pressure are poorly understood

(27). Recent data suggest that bacterial production and extracellular hy-

drolytic enzyme activities are generally higher under in situ pressures

than at atmospheric pressures, but the reasons for this remain unclear

Fig.1. Schematic representation of fluxes in Multi-G model (A), Monod model (B), Droop model with LDOC and
dissolved phosphorus (DP) as limiting nutrients (C), DEB model with LDOC as the single limiting nutrient (D),
and DEB model for two limiting nutrients, here LDOC and DP (E). Only the DEB model considers bacterial RDOC
production, which can contribute to the total RDOC pool in the ocean. If these models are included in larger
models accounting for primary production and export of organic carbon, then all models except the Multi-G can
be indirectly linked to the biological carbon pump.

BB, bacterial biomass; BGE, bacterial growth efficiency; RES, reserve; STR, structure; LDOC, labile DOC; RDOC,
refractory DOC; DP, dissolved phosphorus; Q

C
, cellular carbon content; Q

P
, cellular phosphorus content; RES

C
,

carbon reserve; RES
P
, phosphorus reserve; A, assimilation; G, growth; R, respiration; M, maintenance.
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(28). In view of the number of bacteria present at depth, this issue needs

to be more thoroughly investigated. Similarly, insuf�cient information

on the effects of pH on bacteria-driven DOC degradation precludes its

inclusion in current models. There is some evidence that lower pH in-

creases bacterial production and degradation, but bacterial respiration

and BGE have not yet been studied with respect to ocean acidi�cation

(3). Changes in seawater chemistry due to ocean warming and acidi�-

cation are expected to enhance microbial activity and channel a greater

fraction of the �xed carbon into DOC (29, 30), thus potentially increas-

ing the importance of the MCP in the oceanic carbon �ow. The rele-

vance of the MCP in carbon cycling and storage, and how these changes

might affect it should also be investigated using appropriate models.

Table 1. Equations of each model described in the review. t, time; LDOC, labile DOC; SDOC, semilabile DOC; RDOC, refractory DOC; BB, bacterial biomass,
Bc, bacterial biomass in carbon,Vmax maximum LDOC uptake rate; K, half-saturation constant.
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