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Abstract. Although respiration-based oxidation of reduced
carbon releases CO2 into the environment, it provides an
ecosystem with the metabolic energy for essential biogeo-
chemical processes, including the newly proposed microbial
carbon pump (MCP). The efficiency of MCP in heterotrophic
microorganisms is related to the mechanisms of energy trans-
duction employed and hence is related to the form of res-
piration utilized. Anaerobic organisms typically have lower
efficiencies of energy transduction and hence lower efficien-
cies of energy-dependent carbon transformation. This leads
to a lower MCP efficiency on a per-cell basis. Substantial in-
put of terrigenous nutrients and organic matter into estuarine
ecosystems typically results in elevated heterotrophic respi-
ration that rapidly consumes dissolved oxygen, potentially
producing hypoxic and anoxic zones in the water column.
The lowered availability of dissolved oxygen and the exces-
sive supply of nutrients such as nitrate from river discharge
lead to enhanced anaerobic respiration processes such as den-
itrification and dissimilatory nitrate reduction to ammonium.
Thus, some nutrients may be consumed through anaerobic
heterotrophs, instead of being utilized by phytoplankton for
autotrophic carbon fixation. In this manner, eutrophied estu-
arine ecosystems become largely fueled by anaerobic respi-
ratory pathways and their efficiency is less due to lowered
ecosystem productivity when compared to healthy and bal-
anced estuarine ecosystems. This situation may have a neg-
ative impact on the ecological function and efficiency of the
MCP which depends on the supply of both organic carbon
and metabolic energy. This review presents our current un-

derstanding of the MCP mechanisms from the view point of
ecosystem energy transduction efficiency, which has not been
discussed in previous literature.

1 Introduction

The microbial carbon pump (MCP) is a recently proposed
biological mechanism for explaining the dynamics of dis-
solved organic carbon (DOC) transformation and sequestra-
tion in the ocean, which involves the production of recalci-
trant DOC (RDOC) from labile DOC (LDOC) via micro-
bial processing (Jiao et al., 2010). Millennial mean ages of
marine DOC have been observed throughout the water col-
umn except in surface water (Loh et al., 2004; Hansell, 2013)
and it has been estimated that approximately 155 Pg (1015 g)
of RDOC are currently sequestered via MCP (Benner and
Herndl, 2011). In addition to aquatic ecosystems, soil and
sediment microbial communities may play similar roles in
RDOC production and sequestration (Benner, 2011; Liang
and Balser, 2011). The MCP potential of organic carbon se-
questration on a global scale is likely to have profoundly im-
pacted the Earth’s carbon cycle and potentially also its cli-
mate (Wang et al., 2014).

Carbon sequestration by the formation of RDOC is a
basic ecosystem property in marine systems in a manner
that is similar to what has been described for soil envi-
ronments (Schmidt et al., 2011). Abiotic and biotic factors
that influence the structure, composition and functions of
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an ecosystem may also influence the functioning and effi-
ciency of the MCP. Marine microbes differ substantially from
one another in their genetic potential, gene expression, and
thus their ability to utilize specific DOC compounds, with
some microbes being generalists and others being special-
ists (Gómez-Consarnau et al., 2012). Changes in the abun-
dance or composition of the DOC pool may act as selec-
tive pressures that structure the natural microbial communi-
ties in these systems (Gómez-Consarnau et al., 2012; Nelson
and Carlson, 2012; Nelson et al., 2013). On the other hand,
changes in the composition and structure of microbial com-
munities may also impact the abundance and composition of
the marine DOC pool, leading to the accumulation of differ-
ent RDOC compounds with varying ages of persistence in
distinct environments.

Heterotrophic bacteria and archaea play a dominant role
in the MCP process (Jiao et al., 2010; Benner and Herndl,
2011), which putatively involves three distinct mechanisms,
including (1) the active mode pertaining to the release of
RDOC via direct microbial secretion or environmental pro-
duction through extracellular enzymatic activities, (2) the
passive mode pertaining to the release of RDOC via grazing
and viral lysis, and (3) the threshold mode pertaining to the
retention of environmental DOC at low concentration due to
its low metabolic efficiency (Jiao and Azam, 2011; Kattner et
al., 2011). The synthesis and secretion of extracellular prod-
ucts including enzymes may consume respiratory metabolic
energy in heterotrophic microbes. Grazing and viral lysis re-
lease LDOC into the environment, stimulating microbial res-
piration and thus the active mode of the MCP process. In the
threshold mode, a DOC substrate must first be sensed or rec-
ognized at or above a threshold concentration before it can be
utilized, likely at the expense of additional metabolic energy
(the cost of synthesis of additional sensory gene products).
Thus, energy metabolism seems to be essentially linked to
the MCP processes.

Under natural environmental conditions, most of the en-
vironmental LDOC that is taken up by microbes is used for
respiration (del Giorgio et al., 1997; Brune et al., 2000; Cot-
ner and Biddanda, 2002; del Giorgio and Duarte, 2002; Carl-
son et al., 2007; Karl, 2007; Robinson and Ramaiah, 2011;
Ducklow and Doney, 2013), which likely results in the simul-
taneous production and secretion of by-product and/or waste-
product chemical compounds (often in the form of RDOC).
The respiration process not only participates in the MCP via
direct production of respiratory RDOC products but also pro-
vides metabolic energy to fuel the ecosystem for running
MCP processes.

Microorganisms utilize a variety of respiration systems,
including both aerobic and anaerobic pathways with dis-
tinctly different energy transduction efficiencies, for energy
conservation (Burgin et al., 2011; Wright et al., 2012). In
general, anaerobic respiration generates less metabolic en-
ergy than aerobic respiration (Burgin et al., 2011; Wright
et al., 2012). Furthermore, some microbes may harbor sev-

eral different respiration pathways. For example,Paracoccus
denitrificans, a common environmental bacterium, employs
the cytochromeaa3 oxidase as the terminal enzyme in its res-
piratory chain in the presence of high oxygen concentrations
to operate an energetically efficient electron-transfer path-
way. However, in the presence of low oxygen concentrations,
this bacterium mainly employs the high-affinity cytochrome
cbb3 oxidase (Richardson, 2000). Further, under anoxic con-
ditions, Paracoccus denitrificansswitches to an anaerobic
respiration pathway that employs respiratory enzymes capa-
ble of reducing nitrate, nitrite, nitric oxide and nitrous ox-
ide (Richardson, 2000). Thus, even for the same bacterium,
different energy transduction efficiencies may pervade under
distinct redox conditions. Given that the MCP is mainly fu-
eled by respiratory metabolic energy, the efficiency of the
MCP for DOC transformation and sequestration may be bet-
ter understood by considering contrasting environments such
as oxic, suboxic/hypoxic and anoxic marine waters and sed-
iments that harbor different microbial communities with dis-
tinctly different energy conservation efficiencies.

2 Linkages of respiratory energy metabolism to MCP

All microorganisms carry out respiration to generate
adenosine-5′-triphosphate (ATP) and reducing equivalents,
except for obligate fermenters which rely on substrate-level
phosphorylation (Carlson et al., 2007). ATP molecules pro-
duced by energy transduction processes such as respiration
play critical roles in cellular carbon metabolism. ATP, along
with proton-motive force (pmf) or sodium-motive force
(smf) in certain microbes (Mulkidjanian et al., 2008), pro-
vides the metabolic energy for various essential cellular pro-
cesses. These include (1) motility and chemotaxis in sensing,
signaling and response to environmental cues such as utiliz-
able LDOC substrates; (2) uptake, utilization and transforma-
tion of metabolic substrates such as LDOC; (3) biosynthesis
and storage of cellular products, some of which may be con-
verted into RDOC once released into environment; (4) DNA
replication and cell reproduction; (5) secretion of extracel-
lular compounds such as toxins, metabolic products, by-
products and waste products, some of which may be RDOC;
and (6) biosynthesis, modification and activity regulation of
enzymes (including extracellular enzymes) and other pro-
teins for carrying out the abovementioned processes (Fig. 1).
Thus, the MCP-related microbial processes may be fueled in
several ways by respiration-generated metabolic energy (in
the form of ATP,pmf or smf).

2.1 Environmental DOC substrate sensing – a critical
step of the MCP

In nature, microorganisms often encounter frequently chang-
ing or dynamic physicochemical and nutritional condi-
tions. Microorganisms have evolved the mechanisms and
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Figure 1. Schematic of metabolic energy transduction by microbial respiration and certain MCP-related cellular processes. These processes
are fueled by respiration-generated ATP, which is consumed through the sensing, uptake, transformation and storage of environmental LDOC
substrates and the secretion of extracellular products and waste materials that may be related to RDOC production.

machinery to sense and adapt to the changing extracellular
conditions (Stocker, 2012). For an environmental LDOC sub-
strate to be taken up and utilized, it needs to first be sensed
and recognized by a microbe, resulting in the expression of
cross-membrane transporters. Sensing may be the necessary
first step for the MCP, i.e., for microbial uptake and transfor-
mation of environmental LDOC.

2.1.1 Two-component signal transduction

The two-component signal transduction systems (TCS) are
present in more than 95 % and 50 % of currently sequenced
bacterial and archaeal genomes, respectively (Wuichet et al.,
2010). A single bacterial cell may contain up to hundreds
of TCS (Laub and Goulian, 2007). Some microbial TCS can
sense simple organic compounds such as sugars and organic
acids in the environment, triggering the activation of specific
transporter systems for uptake (Galperin, 2010). These TCS
may participate directly in MCP for environmental LDOC
uptake, utilization and transformation. To the extent that the
rate of RDOC formation depends on the ability of microor-
ganisms to sense organic compounds and respond to their
presence at a metabolic level (Ogawa et al., 2001), the TCS
may enhance the functionality and efficiency of the marine
MCP for RDOC production and sequestration.

2.1.2 Chemotaxis

Chemotaxis systems are among the most thoroughly studied
TCS (Nixon et al., 1986). In natural aquatic environments,
many physicochemical and nutrient conditions are highly
dynamic at the microscale. Chemotaxis provides chemotac-
tic bacteria with a competitive advantage relative to non-
chemotactic populations, enabling the uptake of nutrients and
metabolic substrates that would otherwise be unattainable.
Thus, chemotaxis may not only facilitate the microbial loop
that channels more carbon into the organic particulate phase
(Azam et al., 1983) but also enhance the MCP functioning

and efficiency for RDOC production and sequestration in the
ocean (Ogawa et al., 2001).

In contrast to the stimulating effect of chemotactic attrac-
tants on some microbial populations, repellent chemicals can
drive chemotactic microorganisms away from a given envi-
ronment. Thus, organic chemotactic repellents may consti-
tute an important source of RDOC or at least environmental
context-specific RDOC (RDOCcontext) (Jiao et al., 2014, this
issue) and therefore may contribute to the sequestration of
organic carbon in the ocean.

2.1.3 Quorum sensing

Microbes utilize quorum sensing (QS) for population
density-dependent sensing, signaling and response, which
may include synchronized production and secretion of
toxins, extracellular polysaccharides (EPS), pigments,
siderophores, biosurfactants and exoenzymes (West et al.,
2012). The production or secretion of these compounds may
contribute to the production and sequestration of RDOC or
RDOCcontext in the ocean.

QS is typically activated when high microbial density is
reached. In marine environments, high microbial population
densities are often achieved via the formation of biofilm
communities which may live on surfaces or on suspended
particles, detritus, aggregates and marine snows (Azam and
Long, 2001; Simon et al., 2002). Particle-associated mi-
crobes play important roles in the biogeochemical cycling of
C, N and S, in estuarine, coastal and deep-sea environments
(Arístegui et al., 2002; Dang and Lovell, 2002; Bochdansky
et al., 2010; Eloe et al., 2011; Smith et al., 2013). Particle-
associated communities contribute to the degradation of par-
ticulate organic matter (POM) and may account for as much
as 90 % of the total water column heterotrophic bacterial ac-
tivity (Crump et al., 1999; Turley and Stutt, 2000; Simon et
al., 2002). Particle-associated microbes provide LDOC sub-
strates through the enzymatic decomposition of biopolymers
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(Cho and Azam, 1988). Biopolymer degradation may also
produce RDOC directly (Jiao and Azam, 2011).

Particle-associated bacteria have been found to produce
acylated homoserine lactones (AHLs), the major type of QS
autoinducers (Gram et al., 2002). AHLs have also been iden-
tified in marine surface-associated microbial communities
(Decho et al., 2009; Huang et al., 2009). The bacteriumKor-
dia algicidarelies on QS-dependent excretion of an algicidal
protein to suppress activity of marine diatoms such asSkele-
tonema costatum, Thalassiosira weissflogiiandPhaeodacty-
lum tricornutum(Paul and Pohnert, 2011). Algicidal bacte-
ria, such asK. algicida, may contribute not only to the ter-
mination of algal blooms, but also to the release of algal par-
ticulate organic carbon (POC) and DOC, thus influencing the
MCP process. QS may influence the activity of extracellular
hydrolytic enzymes on marine particles (Hmelo et al., 2011).
By participating in the regulation of POC degradation and
DOC production, microbial QS may impact the marine bio-
logical pump (BP) (Hmelo et al., 2011) and the MCP as well.

2.1.4 Interwoven networks of cellular sensing, signaling
and response

Bacteria and archaea employ complicated regulatory net-
works for extracellular resource utilization to achieve opti-
mal growth and maintenance. It has been found that the ad-
dition of high-molecular-weight (HMW) dissolved organic
matter (DOM) to marine samples significantly stimulates mi-
crobial community gene expression of TCS, chemotaxis and
motility (McCarren et al., 2010). It has also been found that
some simple sugars such as glucose are not utilized by olig-
otrophic bacteria inhabiting the Sargasso Sea (Nelson and
Carlson, 2012). The lack of a suitable glucose-sensing mem-
brane apparatus and thus the incapability to recognize or
sense glucose may be the cause of this phenomenon.

The sensing of LDOC represents a little-explored area of
research that is ripe for study and will enhance our under-
standing of the MCP. The microbial sensing and response
network, fueled primarily by respiratory processes as de-
scribed above, may have profound impacts on the seques-
tration of organic carbon in the ocean.

2.2 Metabolic energy-fueled transmembrane
transportation and secretion

Heterotrophic microbes are the most important consumers
of marine organic matter (OM), driving the microbial loop
and MCP (Azam et al., 1983; Azam and Malfatti, 2007; Jiao
et al., 2010), primarily through the utilization of metabolic
energy-driven transport systems for the uptake of organic
substrates. Bacteria and archaea also utilize energy-driven
transport systems for the secretion of extracellular enzymes
and compounds (including certain RDOC) to meet their
metabolic needs.

2.2.1 ATP binding cassette transporters

The ATP binding cassette (ABC) transporters constitute the
most common and versatile transport systems in microorgan-
isms (Lee et al., 2007; George and Jones, 2012; Rinta-Kanto
et al., 2012). Some ABC importers may have broad sub-
strate specificity, although most ABC importers exhibit high
substrate specificity (Couñago et al., 2012). High-affinity
substrate-binding proteins that specifically associate with
their ligands, together with their cognate ABC importers, fa-
cilitate the unidirectional translocation of specific substrates
(Couñago et al., 2012). This mechanism results in specific
substrate uptake of environmental DOC compounds. Due to
the specificity of ABC importers, certain DOC compounds
may not be taken up and utilized by a microbial assemblage
and may result in accumulation in the environment.

Various “omic”-based approaches have provided further
insights into organic carbon cycling in natural systems. The
“eutrophic” Roseobacterclade, a numerically dominant and
functionally important group of marine alphaproteobacteria,
harbors diverse carbohydrate-related ABC importer genes,
implying their involvement in the carbohydrate-related DOC
utilization or transformation (Poretsky et al., 2010; Jiao and
Zheng, 2011). By contrast, the “oligotrophic” SAR11 clade,
another important group of marine alphaproteobacteria, har-
bors a great deal more ABC importer genes for the uptake of
amino acids and other nitrogenous compounds than for the
uptake of carbohydrates (Sowell et al., 2009, 2011; Poret-
sky et al., 2010; Jiao and Zheng, 2011; Zeigler Allen et
al., 2012; Ottesen et al., 2013). Many common carbohydrate
compounds cannot be utilized by SAR11 isolates (Schwal-
bach et al., 2010). The contrasting ABC importer machiner-
ies associated with theRoseobacterclade and the SAR11
clade may be closely related to their distinct niches and
ecophysiological adaptations. Their different environmental
DOC utilization profiles may also exemplify the potential for
RDOCcontextaccumulation in different marine habitats.

Bacteria and archaea harbor diverse ABC exporters im-
portant in the secretion of extracellular enzymes, polysac-
charides, toxins, antimicrobial agents and other compounds
(Binet et al., 1997; Omori and Idei, 2003; Davidson and
Chen, 2004; Dawson et al., 2007; Cuthbertson et al., 2009;
Lalithambika et al., 2012). The association of genes encoding
biopolymer degradation enzymes with ABC exporters, usu-
ally within the same operon, facilitates efficient and tightly
controlled secretion of extracellular enzymes (Omori and
Idei, 2003). Thus, ABC exporters participate in POC decom-
position and DOC production, contributing to the MCP pro-
cess and forming a linkage between the POC-based BP and
the RDOC-based MCP. ABC transporters are also involved
in the secretion of recalcitrant EPS and capsular polysaccha-
rides and the extrusion of various waste products, toxins and
antimicrobial compounds, which may persist as RDOC in the
environment (Jiao and Zheng, 2011).
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A number of bacteria use the type VI secretion system
(T6SS), which may be partially ATP-dependent, to kill other
bacteria that coexist in the same microhabitat (Basler et al.,
2013; Casabona et al., 2013). Enzymes, such as murami-
dases, lipases and phospholipases that hydrolyze bacterial
peptidoglycans or disrupt cell membrane integrity were iden-
tified as the relevant effectors delivered by the T6SS (Russell
et al., 2011, 2013; Dong et al., 2013). The T6SS-mediated
antibacterial activities result in the release of cellular LDOC
and some RDOC (such as certain refractory bacterial cell
wall components) into the environment from lysed bacte-
ria, contributing to the functioning of the MCP. More than
a quarter of bacteria studied have been found to harbor the
T6SS (Bingle et al., 2008), indicating its importance in bac-
terial survival and competition (Schwarz et al., 2010) and its
potential role in mediating carbon cycling in natural environ-
ments.

2.2.2 TonB-dependent transporters

TonB-dependent transporters (TBDT) play a role in mi-
crobial uptake of ion complexes (such as Fe, Ni, Co and
Cu), vitamin B12, vitamin B1, heme, carbohydrates, lipids,
aromatic hydrocarbons and/or their breakdown products
(Schauer et al., 2008; Miller et al., 2010; Noinaj et al., 2010;
Dupont et al., 2012). Bacteroidetes are particularly rich in
carbohydrate-assimilation TBDT (Blanvillain et al., 2007;
González et al., 2008; Hehemann et al., 2010; Tang et al.,
2012) and biopolymer degradation enzymes (McBride et al.,
2009; Hehemann et al., 2010; Qin et al., 2010; Thomas et
al., 2012; Mann et al., 2013). Many Bacteroidetes glycoside
hydrolase genes are organized in polysaccharide utilization
loci, usually clustered with genes for TonB-dependent recep-
tors, SusD-like proteins, sensors/transcription factors, trans-
porters and frequently with genes for sulfatases (McBride et
al., 2009; Hehemann et al., 2010; Qin et al., 2010; Thomas et
al., 2012; Fernández-Gómez et al., 2013; Mann et al., 2013).
This indicates coordinated degradation, transportation and
utilization of extracellular polysaccharides and their break-
down products. Environmental sequences of Bacteroidetes
TBDT-related proteins, genes and their transcripts have been
frequently found in abundance in metaproteomic, metage-
nomic and metatranscriptomic sequences from various ocean
habitats, especially in coastal waters (Morris et al., 2010;
Ottesen et al., 2011; Tang et al., 2012). Bacteroidetes also
harbor diverse genes for the degradation of proteins, chitin
and bacterial cell wall peptidoglycans (Cottrell and Kirch-
man, 2000; McBride et al., 2009; Qin et al., 2010; Gómez-
Pereira et al., 2012; Mann et al., 2013). Thus, Bacteroidetes
have been regarded as specialists for degradation of HMW
biomacromolecules in both the particulate and dissolved
fraction of the marine OM pool (Bauer et al., 2006). They
thus are likely to contribute substantially to the transforma-
tion of POC to DOC, HMW DOC to low-molecular-weight

(LMW) DOC, and the accumulation of certain RDOC in the
ocean.

Certain Proteobacteria subgroups are also rich in TBDT
(Blanvillain et al., 2007; Tang et al., 2012). Genomic and
metagenomic studies have identified Gammaproteobacteria,
particularly in the Alteromonadales order, harboring diverse
TBDT (Tang et al., 2012). The addition of HMW DOM to
marine microbial communities could significantly stimulate
the expression of TBDT-related genes inAlteromonasand
Idiomarina (McCarren et al., 2010), suggesting a role of
TBDT in environmental DOM uptake and assimilation (Tang
et al., 2012). Alteromonadales harbor diverse extracellular
hydrolytic enzymes and prefer living in a marine particle-
associated lifestyle (Ivars-Martinez et al., 2008; Thomas et
al., 2008; Oh et al., 2011), thus contributing to POC degra-
dation and fueling of the marine microbial loop and MCP
(Azam and Long, 2001; Jiao et al., 2010).

SAR86, another dominant marine Gammaproteobacteria
subgroup, also harbor abundant TBDT, which may be in-
volved in the uptake and metabolism of large polysac-
charides and lipids (Dupont et al., 2012; Ottesen et al.,
2013). SAR86 may also degrade peptidoglycans, produc-
ing D-amino acids as by-products (Dupont et al., 2012).
However, unlike particle-associated Bacteroidetes and Al-
teromonadales, SAR86 bacteria are predominantly free-
living (Dupont et al., 2012). Niche differentiation between
SAR86 and Alteromonadales or Bacteroidetes may therefore
facilitate resource partitioning, exemplifying the basic prin-
ciple of resource-driven competition and coexistence in the
ocean.

Environmental LDOC substrate uptake constitutes a criti-
cal step in the MCP process. If an environmental LDOC sub-
strate cannot be taken up by any microbe in an ecosystem,
it is likely to persist as RDOC in the environment. The mi-
crobial substrate sensing and uptake mechanisms are useful
to consider when characterizing the potential recalcitrance of
DOC compounds in natural environments. Furthermore, the
MCP efficiency is intrinsically related to the microbial en-
ergy metabolic efficiency in substrate sensing, transportation
and transformation.

3 Biogeochemical linkage of microbial respiration and
MCP in estuaries – aerobic vs. anaerobic respirations
and related shift of estuarine ecosystem functioning

Due to anthropogenic impacts and intense interactions be-
tween the terrestrial and marine compartments of the Earth
system, estuaries represent some of the most complex
and dynamic ecosystems on Earth. Rivers discharge large
amounts of terrigenous materials, such as nutrients, organic
matter, suspended particles, wastes and pollutants, into es-
tuaries and coastal seas. The flow of material and energy
through the estuarine system in the land–ocean continuum
strongly impacts the metabolism and functioning of the in
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situ ecosystem, which, in turn, determines the net autotrophic
or heterotrophic status of the coastal system and its role in
the global carbon cycle. In the past, large river estuaries sus-
tained high marine productivity and fisheries; however, at
present, many estuaries and their associated coastal seas have
been experiencing frequent and intense environmental and
ecological perturbations, including eutrophication, blooms
of harmful phytoplankton and gelatinous zooplankton, hy-
poxia, anoxia and seawater acidification (Anderson et al.,
2002, 2012; Xian et al., 2005; Paerl et al., 2006; Breitburg
et al., 2009; Rabalais et al., 2009, 2010; Condon et al., 2011;
Duarte et al., 2013). The input of terrigenous nutrients and
OM, mainly from crop fertilizer applications and wastewa-
ter discharge contributes to the deterioration of the estuarine
ecosystems worldwide.

Estuaries mediate a large fraction of the global carbon cy-
cle due to anthropogenic eutrophication (Doney, 2010). Ex-
cessive riverine supply of nutrients and OM strongly stim-
ulates microbial respiration that may rapidly consume dis-
solved O2 in impacted seawater and sediments, producing
hypoxic and even anoxic zones near estuaries. Estuarine wa-
ters are also characterized by high turbidity caused by in-
put of riverine suspended particles, creating low-light habi-
tats and suboxic and anoxic microhabitats with varying mi-
croscale redox and nutrient gradients (Stocker, 2012). O2-
limited or O2-depleted conditions enhance the metabolic ac-
tivities of anaerobic bacteria and archaea, which divert the
flow of available energy away from higher trophic levels
(Diaz and Rosenberg, 2008). The difference in energetic ef-
ficiency of metabolism between anaerobic respiration and
aerobic respiration appears to be consistent with research
suggesting that hypoxic and anoxic zones are usually a net
source of CO2 (Doney et al., 2009; Cai et al., 2011; Melzner
et al., 2013). Thus, eutrophied estuaries are usually net het-
erotrophic in nature and can become acidified due to CO2
production (Frankignoulle et al., 1998; Cai, 2011).

3.1 Varying MCP efficiency in distinct estuarine
environments

Due to the intrinsic connection of respiratory energy trans-
duction and MCP functioning, anaerobic and aerobic mi-
crobes are likely to have distinctly different DOC processing
efficiencies and thus different contributions to RDOC pro-
duction and sequestration in the ocean. In hypoxic and anoxic
seawater and sediments, the flow of energy typically follows
a well-defined sequence of redox reactions determined by the
amount of free energy extractable from each reaction (Wright
et al., 2012). For microbial respiration, free oxygen is the
most favorable electron acceptor while sulfate is utilized as
an electron acceptor only after nitrate, nitrite, manganese ox-
ides and iron oxides are exhausted. This sequential order not
only defines specific metabolic niches and biogeochemical
potentials spanning oxic, suboxic and anoxic environmental
conditions (Wright et al., 2012), but also determines the net

energetics of community metabolism. For example, different
forms of anaerobic respiration, such as denitrification, man-
ganese oxide reduction, dissimilatory nitrate reduction to am-
monium (DNRA), iron oxide reduction and sulfate reduction,
have distinctly different and sequentially decreasing respi-
ratory energy transduction efficiencies (Burgin et al., 2011;
Lam and Kuypers, 2011; Wright et al., 2012), which may
greatly impact MCP carbon sequestration efficiency in the
ocean (Fig. 2). Although estuarine hypoxia and anoxia have
already been recognized as a major global environmental
problem with significant deleterious effects (Diaz and Rosen-
berg, 2008), the continually expanding estuarine and coastal
hypoxic zones may interact with the expanding open-ocean
oxygen minimum zones (OMZs), which may potentially give
rise to even more severe environmental and ecological con-
sequences (Gilly et al., 2013). However, there is currently no
research that links in situ microbial community respiration
and energy transduction efficiency with the functionality and
efficiency of MCP in different environmental statuses of an
estuarine ecosystem.

3.2 A putative mechanism of the MCP for RDOC
production in estuaries

It has been suggested that microbial enzymatic activity plays
an important role in the formation of small-molecule RDOC
(Amon and Benner, 1996; Ogawa et al., 2001). Nonspecific
or promiscuous enzymatic activities may produce abnormal
organic molecules that may no longer be recognizable as sub-
strates and thus no longer utilizable by microbes (O’Brien
and Herschlag, 1999; Ogawa et al., 2001). This mechanism
could be responsible for much of the detrital carbon that is
sequestered in the ocean (Ogawa et al., 2001). Steep physic-
ochemical gradients and fluctuations of environmental con-
ditions exist in estuarine systems. Rivers may also transport
heavy metals, toxic organic compounds and other antimicro-
bial substances to estuaries. The harmful and varying envi-
ronmental conditions may represent physiological stressors
to estuarine microbes. Under such conditions, microbes may
be prone to produce more abnormal compounds caused by
suboptimal or even disrupted enzymatic synthesis or trans-
formation of metabolic compounds. Whether this scenario
represents a realistic MCP mechanism of enhanced RDOC
production in the estuarine microbiota remains unsolved and
warrants further investigation.

3.3 Negative impacts of eutrophication on the estuarine
MCP efficiency

Although many questions remain concerning the MCP ef-
ficiency and capacity for carbon sequestration in estuaries,
the multitude of harmful environmental effects caused by es-
calated anthropogenic activities and global climate change
have been established with high certainty. Estuarine hy-
poxia and repletion of nutrients such as nitrate originating
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Figure 2.Schematic of microbial aerobic and anaerobic respiration pathways and their potentially different contribution to cellular metabolic
energy transduction and MCP efficiencies.pε0 (pH) values refer to the electron activity for unit activities of oxidants and reductants at neutral
pH (Nealson and Saffarini, 1994).

anthropogenically from soil and river systems may stimulate
enhanced anaerobic respiration such as denitrification, which
may increase the production and release of N2O and other
greenhouse gases (Naqvi et al., 2000; Wright et al., 2012).
Nitrogenous nutrients, such as nitrate, nitrite and ammo-
nium, are also consumed to produce N2 by marine anaerobic
ammonium-oxidizing bacteria in suboxic and anoxic aquatic
and sediment environments, and are likely coupled to respi-
ratory DNRA or denitrification (Jetten et al., 2009; Lam et
al., 2009; Zehr, 2009). In certain coastal OMZs, there exists
a cryptic S cycle, coupled to intensified denitrification and
organic carbon mineralization processes (Thamdrup et al.,
2010). Many heterotrophic microbes in general also assim-
ilate nitrate and ammonium for biomass production (Cabello
et al., 2004; Luque-Almagro et al., 2011; Zehr and Kudela,
2011). Thus, estuarine nutrients such as nitrate may be con-
sumed mainly by heterotrophic microorganisms (especially
by anaerobes) rather than being utilized by phytoplankton for
carbon fixation and primary production. In this situation, the
ecological function of the estuarine ecosystem is altered and
the ecological efficiency is lowered, as less metabolic energy
and fixed carbon can be produced through anaerobic path-
ways when compared to aerobic or phototrophic pathways.
This may also negatively influence the ecological efficiency
of MCP for carbon sequestration. In line with this logic, it
has been found that short-term nutrient disturbances such

as those caused by wind-driven upwelling, forest fires and
desert dust depositions can stimulate coastal microbial respi-
ration significantly and thus shift coastal ecosystems strongly
towards net heterotrophy (Bonilla-Findji et al., 2010). On
the global scale, it has been found that the ecosystem or-
ganic carbon pool exhibits consistent and negative correla-
tions with nitrate accrual along a hydrologic continuum from
soils, through freshwater systems and coastal margins, to the
open ocean (Taylor and Townsend, 2010). Another study has
shown that the increase of nitrogen deposition in soils may
negatively influence the terrestrial MCP for RDOC seques-
tration (Liang and Balser, 2012). Due to the increased over-
loading of nitrogenous nutrients from anthropogenic sources,
nutrient eutrophication may also negatively influence the ef-
ficiency of the marine MCP for RDOC production and se-
questration in estuarine environments.

4 Conclusions and perspectives

The MCP provides a fundamental framework for design-
ing new studies aimed at improving the understanding of
carbon sequestration mechanisms different from that of the
BP (Jiao et al., 2010), which is more distinct in estuarine
and coastal seas where light availability is limited but nu-
trients and DOC are replete. However, impacts induced by
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anthropogenic perturbations and climate change may alter
the efficacy of the MCP in the estuarine and coastal envi-
ronments.

The incorporation of respiration into the MCP theoretical
framework provides the basis from which marine carbon cy-
cling and sequestration can be understood and evaluated in
terms of energy flow and budget. This is important as both
MCP and BP may have the potential to enhance carbon se-
questration in the ocean. However, any strategy targeting cli-
mate change mitigation must not harm the environment and
ecosystem (Lawrence, 2002; Glibert et al., 2008; Lampitt et
al., 2008; Smetacek and Naqvi, 2008). Through a consid-
eration of respiratory CO2 emission and metabolic energy
transduction, the efficiency of the MCP in different environ-
ments or ecosystems, such as the estuarine, coastal, continen-
tal shelf and open-ocean areas, and in the distinctly different
oxic, suboxic and anoxic water zones can be compared.

It has been hypothesized that reduction of the discharge
of excessive terrigenous nutrients and OM into the estuar-
ine and coastal seas may enhance the MCP efficacy (Jiao
et al., 2011). Thus, reducing anthropogenic inputs may not
only mitigate various environmental and ecological problems
but also enhance carbon sequestration in estuaries. The inte-
grated consideration of marine microbial community respira-
tion and MCP functioning may help to develop engineering
strategies to enhance carbon sequestration in the ocean and to
mitigate anthropogenic impacts on the estuarine and coastal
environments.
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