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The majority of marine dissolved organic carbon (DOC) is resistant to biological degradation and thus can
remain in the water column for thousands of years, constituting carbon sequestration in the ocean. To date the
origin of such recalcitrant DOC (RDOC) is unclear. A recently proposed conceptual framework, the microbial
carbon pump (MCP), emphasizes the microbial transformation of organic carbon from labile to recalcitrant states.
The MCP is concerned with both microbial uptakes and outputs of DOC compounds, covering a wide range from
gene to ecosystem levels. In this minireview, the ATP binding cassette (ABC) transporter is used as an example for
the microbial processing of DOC at the genetic level. The compositions of the ABC transporter genes of the two
major marine bacterial clades Roseobacter and SAR11 demonstrate that they have distinct patterns in DOC
utilization: Roseobacter strains have the advantage of taking up carbohydrate DOC, while SAR11 bacteria prefer
nitrogen-containing DOC. At the ecosystem level, bacterially derived RDOC based on p-amino acid biomarkers is
reported to be responsible for about a quarter of the total marine RDOC pool. Under future global warming
scenarios, partitioning of primary production into DOC could be enhanced, and thus the MCP could play an even
more important role in carbon sequestration by the ocean. Joint efforts to study the MCP from multiple disciplines

are required to obtain a better understanding of ocean carbon cycle and its coupling with global change.

The ocean acts as a “sink” of atmospheric CO,, thus miti-
gating global warming (44, 48). The recognized biological
mechanism for this sink is the “biological pump,” which is
based on the photosynthetic fixation of CO, and subsequent
carbon export driven mainly by sinking of particulate organic
carbon (POC). However, the buried POC in the ocean sedi-
ment is <0.1% of primary production formed in the surface
ocean, while the rest of the organic carbon is mainly respired
back to CO, (14, 28) Nevertheless, the ocean possesses a huge
dissolved organic carbon (DOC) pool, which accounts for
about 95% of the total remaining organic carbon (22, 39). The
majority of this DOC pool is recalcitrant to biological degra-
dation and can persist in the water column for thousands of
years, constituting carbon sequestration in the ocean (4, 22, 25,
39, 40). However, the origin of this recalcitrant DOC pool is
presently unclear.

Recently a new concept was proposed to address this matter,
the “microbial carbon pump” (MCP), which refers to the mi-
crobial processes that transform labile DOC (LDOC) into
recalcitrant DOC (RDOC) (25). The MCP is a conceptual
framework to explicitly integrate environmental, trophic, phys-
iological, molecular, and genomic processes relevant to the in
situ microbial activities that regulate RDOC production and
dynamics (25, 26) (Fig. 1).

Diverse microbes and DOC compounds in the ocean. The
transformation of DOC is carried out by heterotrophic mi-
crobes, and the pathways and rates of DOC transformation
determine the fate and the amount of carbon converted ulti-
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mately to CO, or RDOC (34, 35, 45). The DOC pool consists
of thousands of organic carbon compounds with different bio-
logical turnover rates, biological availabilities, and biogeo-
chemical features (9). While microbial processes modify the
composition of the DOC pool, the availability of DOC com-
pounds to microbes shapes microbial diversity and community
structure (19). For instance, the Roseobacter clade and the
SARI11 clade are dominant bacterial groups in relatively eu-
trophic and oligotrophic waters, respectively. Each clade has
different strategies for carbon utilization (17, 18, 33) and thus
different responses to and impacts on the DOC pool in the
ocean.

Getting started with ABC transporters on gene watch for
DOC metabolism. ATP binding cassette (ABC) transporter
genes are present in all species from the lowliest microbes to
humans, and their products can be recognized as either im-
porters or exporters that mediate the movement of DOC com-
pounds into or out of cells (23, 29, 46). ABC importers have
been found exclusively in prokaryotic organisms, whereas ex-
porters are produced ubiquitously by all the domains of life
(29, 46). An ABC transporter consists of three molecular com-
ponents: the ATP-binding protein, the transporter domain,
and the substrate-binding protein (23, 24, 46). Bacterial ABC
transporters are commonly observed proteins in marine envi-
ronments (12, 43, 57). Combined metagenomic and metatran-
scriptomic data of marine microbial communities have re-
vealed a great number of homologous genes involved in ABC
transporters related to carbon and nutrient metabolism (12, 37,
42, 57). In oceanic waters such as the Sargasso Sea, ABC
transporter proteins from SAR11 are reported to be important
components of the metaproteome (54). In coastal waters, most
DOC-related transporters produced by the bacterial commu-
nity are recognized to be components of ABC transporters
(43).
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FIG. 1. Diagram showing the microbial carbon pump (MCP) in the context of carbon cycling in the ocean. LDOC, labile dissolved organic
carbon; RDOC, recalcitrant dissolved organic carbon; POC, particulate organic carbon; BP, biological pump, the known carbon-sequestration
mechanism which is based on POC sinking from the surface to depths and even the bottom of the ocean. The MCP, a newly proposed mechanism
of carbon sequestration, is based on microbial formation of RDOC, which is resistant to biological degradation and persistent in the water column
for thousands of years. The major MCP processes includes microbial exudation of RDOC compounds and viral lysis of the host cells that releases
partially RDOC compounds. The ellipse shape indicates a microbial cell with importers (left) and exporters (right).

All of these findings indicate that ABC transporter-medi-
ated microbial processes are very important for the cycling of
carbon and nutrients in marine environments (36). We do not
discuss the possible role of secondary transport systems but
assume, for the sake of clarity, that bacterial ABC importers
and exporters can be used as indicators of the capabilities of a
bacterium or bacterial group or community to take up and
generate corresponding DOC compounds respectively. On one
hand, bacterial ABC importers are essential for the uptake of
amino acids, sugars, and trace metals (24, 38, 46). On the other
hand, many exporters are involved either in eliminating waste
products, toxins, or muramic acids (23, 52) or in excreting
cellular components which function outside the plasma mem-
brane, including cell wall polysaccharides, lipoproteins, lipo-
polysaccharides (Table 1, transporters 9 to 11), antibiotic prod-
ucts, and proteins (23, 53). Many of these products are also
recognized as bacterial RDOC (1, 2, 3, 27, 32, 40). Each ABC
transporter is relatively specific for its own particular DOC
substrates. So far, ABC transporters have been characterized
with specificity for inorganic ions, sugar, amino acids, polypep-
tides, lipids, and complex polysaccharides (23, 50, 53). Thus,
DOC utilization and generation of a bacterium or bacterial
group or even a microbial community can be characterized by
their ABC transporter information, such as diversity and sub-
strate specificity.

Characterizing DOC utilization in major bacterial groups
by ABC transporters. The Roseobacter clade is one of the
major marine groups, accounting for up to 20% and 15% of
bacterial communities in coastal waters and the mixed layer of
oceanic waters, respectively (52, 58). Members of the Roseo-
bacter clade are present in diverse marine habitats, and their
metabolic activity plays a crucial role in the global carbon cycle
(58). Their isolated bacterial strains are very closely related to
the environmental clones (33, 58), providing fair representa-
tives for genome sequencing. Based on these sequences, di-
verse transporters for acquiring carbon have been reported
(33). The present analyses reveals seven carbohydrate-related
ABC importers widely existing in the Roseobacter clade, cov-

ering monosaccharides (Table 1, transporters 1 to 4), oligopo-
lysaccharides, and polyols (Table 1, transporters 5 to 7), sug-
gesting that this “eutrophic” clade is more capable of utilizing
carbohydrate-related DOC compounds than closely related al-
pha-4 subcluster bacteria (Table 1). In coastal waters, carbo-
hydrate-related ABC transporter transcript sequences belong-
ing to the Roseobacter clade account for more than 40% of all
the DOC-related transporter sequences (43).

The SAR11 clade is another important marine alphaproteo-
bacterial group that is found in all marine environments, ac-
counting for ~25% of all heterotrophic bacterial abundance
(8,17, 18). The SAR11 clade is comprised of so-called “oligo-
trophic bacteria” in terms of dominant habitats, genome size
(and composition), and cell size. In contrast to the Roseobacter
clade, in the SAR11 clade expressed transporters for amino
acids or nitrogenous compounds (37%) are much more com-
mon than those for carbohydrates (6%) (17, 18, 43). Consistent
with genomic results, few carbohydrate-related ABC transport-
ers are found in SAR11 bacterial genomes (17) (Table 1). The
carbohydrate utilization patterns of cultivated strains also in-
dicate that SAR11 cannot utilize common carbohydrates, such
as fucose, rhamnose, mannose, galactose, ribose, and arabi-
nose, or the disaccharides maltose and trehalose (51). The
proportion of genes encoding amino acid transporters in
SARI11 is higher than that in other alphaproteobacterial ge-
nomes (17). The various ABC transporters in SAR11 are
mostly nutrient uptake related, and their high affinity for spe-
cialized substrates makes SAR11 capable of taking up carbon
and nutrients at very low levels, enabling SAR11 to prevail in
many marine environments but especially in the oligotrophic
oceans (17, 31).

Bacterially originating potential RDOC compounds. Marine
bacteria can be both major consumers and producers of DOC
in the ocean (6, 25, 40). It has been experimentally demon-
strated that heterotrophic bacteria can take up LDOC even at
very low concentrations (nanomolar) and generate RDOC
very rapidly (3, 20, 40). The known bacterium-derived RDOC
compounds include cell wall components, such as peptidogly-
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TABLE 1. Distribution of ABC transporters in some marine bacterial genomes from Roseobacter clade and SAR11 clade

Operon content®

Subcluster Clade Strain(s) Importer Exporter

1 2 3 4 5 6 7 8 9 10 11

Roseobacter clade
Alpha-3 Phaeobacter gallaeciensis 2.10 + +

Roseobacter sp. MED193

Roseobacter sp. SK209-2-6

Ruegeria pomeroyi DSS-3

Ruegeria sp. R11 (0]

Ruegeria sp. TM1040

Silicibacter lacuscaerulensis 1TI-1157

Silicibacter sp. TrichCH4B +

Roseobacter litoralis Och 149

Roseobacter denitrificans OCh 114

Roseobacter sp. GAI101 +

Sulfitobacter sp. EE-36

Sulfitobacter sp. NAS-14.1

Rhodobacterales bacterium HTCC2083

Oceanicola batsensis HTCC2597

Pelagibaca bermudensis HTCC2601

Roseibium sp. TrichSKD4

Roseobacter sp. AzwK-3b

Roseovarius nubinhibens ISM

Roseovarius sp. 217

Roseovarius sp. TM1035

Sagittula stellata E-37

Ketogulonicigenium vulgare Y25

Loktanella vestfoldensis SKAS3

Oceanicola granulosus HTCC2516

Octadecabacter antarcticus 238

Octadecabacter antarcticus 307

Roseobacter sp. CCS2

Dinoroseobacter shibae DFL12

Jannaschia sp. CCS1 +

Thalassiobium sp. R2A62
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Erythro-Citro clade
Alpha-4¢
SRA11”

@ Erythrobacter litoralis HTCC2594, Erythrobacter sp. SD-21, Erythrobacter sp. NAP1, Citromicrobium bathyomarinum JL354, and Citromicrobium sp. JLT1363.

b Pelagibacter ubique HTCC1062, Pelagibacter ubique HTCC1002, Pelagibacter sp. HTCC7211, Pelagibacter sp. IMCC9063, and alphaproteobacterium HIMB114.

¢ Transporter classification was taken from the work of Higgins, Saier, and Schneider (23, 49, 50). Transporters were identified by KAAS (the KEGG automatic
annotation server). Transporter no. 1, ribose (rbsABCD); no. 2, p-xylose (xy/FHG); no. 3, fructose (frcABC); no. 4, thamnose (rhaPQST); no. 5, glycerol-3-phosphate
(ugpABCE); no. 6, sorbitol/mannitol (smoEFGK); no. 7, a-glucoside (agIEFGK); no. 8, amino acids; no. 9, capsular polysaccharide (kpsEMT); no. 10, lipoprotein
(IoICDE); no. 11, lipopolysaccharide ([ptBFG). Gene designations are given in parentheses. Operons containing all expected genes are characterized by ”+”; operons
that apparently lack genes are characterized by ”O.” GenBank accession numbers are as follows: Phaeobacter gallaeciensis 2.10, NZ_ABIE00000000; Roseobacter sp.
MED193, NZ_AANBO00000000; Roseobacter sp. SK209-2-6, NZ_AAYC00000000; Ruegeria pomeroyi DSS-3, NC_006569; Ruegeria sp. R11, NZ_ABXM00000000;
Ruegeria sp. TM1040, NC_008044; Silicibacter lacuscaerulensis ITI-1157, NZ_ACNX00000000; Silicibacter sp. TrichCH4B, NZ_ACNZ00000000; Roseobacter litoralis
Och 149, NZ_ABIG00000000; Roseobacter denitrificans OCh 114, NC_008209; Roseobacter sp. GAI101, NZ_ABXS00000000; Sulfitobacter sp. EE-36, NZ_
AALV00000000; Sulfitobacter sp. NAS-14.1, NZ_AALZ00000000; Rhodobacterales bacterium HTCC2083, NZ_ABXE(00000000; Oceanicola batsensis HTCC2597,
NZ_AAMO00000000; Pelagibaca bermudensis HTCC2601, NZ_AATQ00000000; Roseibium sp. Tr1chSKD4 NZ_AEFL00000000; Roseobacter sp. AzwK-3b,
NZ_ABCR00000000; Roseovarius nubinhibens ISM, NZ_AALY00000000; Roseovarius sp. 217, NZ_AAMV00000000; Roseovarius sp. TM1035, NZ_ABCL00000000;
Sagittula stellata E-37, NZ_AAYA00000000; Ketogulomczgemum vulgare Y25, NC_014625; Loktanella vestfoldensis SKAS53, NZ_AAMS00000000; Oceanicola granulosus
HTCC2516, NZ_AAOT00000000; Octadecabacter antarcticus 238, NZ_ABSK00000000; Octadecabacter antarcticus 307, NZ_ABSH00000000; Roseobacter sp. CCS2,
NZ_AAYB00000000; Dinoroseobacter shibae DFL12, NC_009952; Jannaschia sp. CCS1, NC_007802; Thalassiobium sp. R2A62, NZ_ACOA00000000; Maritimibacter
alkaliphilus HTCC2654, NZ_AAMTO00000000; Citromicrobium bathyomarinum JL354, NZ_ADAE00000000; Citromicrobium sp. JLT1363, AEUE00000000; Erythro-
bacter litoralis HTCC2594, NC_007722; Erythrobacter sp. SD-21, NZ_ABCG00000000; Erythrobacter sp.NAP1, NZ_AAMWO00000000; Pelagibacter ubique HTCC1062,
NC_007205; Pelagibacter ubique HTCC1002, NZ_AAPV00000000; Pelagibacter sp. HTCC7211, NZ_ABVS00000000; Pelagibacter sp. IMCC9063, NC_015380; and
Alpha proteobacterium HIMB114, NZ_ADAC00000000.

+

Erythrobacter and Citromicrobium + +
Pelagibacter ubique ++ +

can, lipopolysaccharides, lipoprotein (Table 1, transporters 9
to 11), aromatic or olefinic components, and D-enantiomer
amino acids (1, 2, 3, 27, 32, 40). Marine bacterium cell wall
materials can persist throughout the water column (32), and
structural polymers can display long-term geochemical stability
(11). Bacteria export polysaccharides (Table 1, transporters 9
to 11) to their outer membrane as a component of the cell wall
via ABC transporters, and some of them are released into the

environment (10, 23, 55). The basic structures of these poly-
saccharides are known but with various species specificities or
stage specificities (21). Complex polymers are usually recalci-
trant, at least to the bacteria releasing them (47). Some
of these polymers are semilabile DOC or situation-specific
RDOC; e.g., metagenomic data suggest a greater number of
genes putatively involved in polysaccharide degradation in
deep-sea microbial populations than those found in the surface
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populations (12). This indicates that DOC that is resistant to
microbial degradation at one depth horizon may serve as a
substrate for deeper populations of heterotrophic microbes (7,
12). Binding of p-amino acids synthesized by bacteria to poly-
saccharides could also make these polymers recalcitrant. The
interwoven polysaccharide matrix of peptidoglycan, coupled
with the unusual peptide substituents and structural variability,
creates heteropolymers resistant to common hydrolytic en-
zymes in the ocean (32, 47).

The MCP at the ecosystem level. As illustrated above, het-
erotrophic microbes generate RDOC while taking up LDOC.
The resulting RDOC may be species specific or group specific
and might be recalcitrant to some microbes but could be avail-
able to some others. Successive microbial processes would
make the carbon increasingly recalcitrant in the environment
(25, 26). In fact, the above-mentioned bacterial excretion of
RDOC is only one of the pathways of the MCP. Another
important mechanism releasing the bacterial organic carbon is
viral lysis, which redistributes organic carbon across a contin-
uum of dissolved to particulate organic materials (59). While
the majority of these lysis products can be rapidly assimilated
again by heterotrophs, some of the lysis products are resistant
to further microbial use, such as some cell wall materials men-
tioned above, and thus remain in the environment as RDOC
(Fig. 1). Although the proportion of RDOC in total viral lysis
production is small, the accumulative production of RDOC via
viruses would be significant given that about half of the bacte-
rial production flows through the viral shunt (5, 56, 60). Bac-
terially derived RDOC based on p-amino-acid biomarkers has
been reported to be responsible for about a quarter (155 giga-
tons of carbon) of total marine RDOC (1).

Equivalent to the total carbon inventory of the atmospheric
CO,, the RDOC pool could play a significant role in carbon
cycling and climate change. The MCP concept provides a link
between microscale processes and macroscale consequences
(Fig. 1). Thus, MCP studies must deal with the complexity over
a wide range from genes to the ecosystem, and MCP studies
require joint efforts from multiple disciplines, particularly mi-
crobiology and biogeochemistry (26). This will be a great chal-
lenge, but it promises exciting breakthroughs. For instance,
once genes are linked to specific RDOC compounds with
known chemical structures, a black box will be opened, and
questions that have long puzzled scientists can be gradually
answered. For example, why do so many organic molecules
persist in the ocean in the presence of abundant microbes?

From microscale to ecosystem scope, the MCP is intercon-
nected with the simultaneously occurring biological and abiotic
processes involved in carbon cycling in the ocean (26), such as
the POC-based biological pump and the dissolved inorganic
carbon-based solubility pump (16). In contrast to the biological
pump, which emphasizes the vertical transport of carbon from
the euphotic zone to the deep sea for carbon sequestration, the
MCP emphasizes the formation of RDOC for carbon seques-
tration. RDOC can persist at any depth in the water column,
including the surface ocean. Partitioning of primary produc-
tion to POC and DOC and its controlling factors should be one
of the focuses for integrated studies along environmental gra-
dients. Compared with the solubility pump, which depends on
solubility of CO, in seawater and thus has negative impacts,
such as ocean acidification, for marine organisms (41), the
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MCP does not appreciably alter the buffering capacity of sea-
water and has no known negative impacts on marine organisms
(25).

Recently, the SOCR (Scientific Committee for Oceanic
Studies) Working Group 134 on the MCP published a booklet
supplemental to Science where the major MCP-related aspects
are overviewed (26a). In the MCP special section here, 6 re-
search papers are included to address some specific aspects,
including bacterial carbon storage, growth and dynamics of the
functional groups of heterotrophic bacteria, cyanobacteria,
and archaea, interactions between viruses and their hosts, and
microbial carbon products, such as lipids and colored dissolved
organic matter (CDOM). The formation of polymers as cellu-
lar carbon storage is verified to be common in aerobic anoxy-
genic phototrophic bacteria (AAPB) when they are provided
with substrates with a high C/N ratio and under light (61).
Once released into the environment, polymers can be species-
specific RDOC or RDOC precursors. AAPB are widely dis-
tributed in the global ocean (26b) and are shown by manipu-
lated experiments to grow much faster than other bacteria and
to play a much more important role in carbon cycling than is
seen from their abundance (16a). Viruses/phages, having top-
down control of the host cells, are examined with AAPB in the
coastal Mediterranean waters (16a) and with Synechococcus in
the Chesapeake Bay (58a); the results suggest that the virus-
mediated host mortality and subsequent liberation of DOC
may substantially influence the oceanic biogeochemical pro-
cesses through a microbial loop as well as the MCP. Significant
niche partitioning of Crenarchaeota group 1 between the eu-
photic and mesopelagic zones has been demonstrated in the
East China Sea (24a). The field studies on archaeal lipids in the
South China Sea shed light on potential archaeal links to
RDOC and the paleoclimate (58b). The experimental studies
demonstrated that CDOM is produced mainly by hetero-
trophic bacteria in the marine environment (48a).

Closing remarks. Currently, the anthropogenically derived
increase in atmospheric CO, is a global challenge which will
change seawater chemical characteristics and particle-size dis-
tributions, as well as microbial function and diversity (13, 15,
30). With elevated partial CO, pressure (pCO,), both primary
production and the release of DOC might increase. As a result,
the POC pool may remain largely unaltered (48), whereas
DOC or its derivatives, such as transparent exopolymer parti-
cles, might increase (48). Stoichiometric assays also show that
more carbon than nitrogen is drawn down under elevated
pCO, levels (48), suggesting that the MCP will play a more
important role under global warming and ocean acidification
scenarios. However, the role of the MCP in the world’s oceans,
with its production and turnover of RDOC still poorly quan-
tified, remains a challenge for further studies. A better picture
of ocean carbon cycling will be achieved by addressing the
central issues of the MCP, from genes to ecosystems.
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