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Several lines of evidence indicate that microorganisms in the meso-
and bathypelagic ocean are metabolically active and respiring
carbon. In addition, growing evidence suggests that archaea are
fixing inorganic carbon in this environment. However, direct quan-
tification of the contribution from deep ocean carbon sources to
community production in the dark ocean remains a challenge. In
this study, carbon flow through the microbial community at 2
depths in the mesopelagic zone of the North Pacific Subtropical
Gyre was examined by exploiting the unique radiocarbon signa-
tures (�14C) of the 3 major carbon sources in this environment. The
radiocarbon content of nucleic acids, a biomarker for viable cells,
isolated from size-fractionated particles (0.2–0.5 �m and >0.5 �m)
showed the direct incorporation of carbon delivered by rapidly
sinking particles. Most significantly, at the 2 mesopelagic depths
examined (670 m and 915 m), carbon derived from in situ autotro-
phic fixation supported a significant fraction of the free-living
microbial community (0.2–0.5 �m size fraction), but the contribu-
tion of chemoautotrophy varied markedly between the 2 depths.
Results further showed that utilization of the ocean’s largest
reduced carbon reservoir, 14C-depleted, dissolved organic carbon,
was negligible in this environment. This isotopic portrait of carbon
assimilation by the in situ, free-living microbial community, inte-
grated over >50,000 L of seawater, implies that recent, photosyn-
thetic carbon is not always the major carbon source supporting
microbial community production in the mesopelagic realm.

microbial metabolism � particle flux � particulate organic carbon (POC) �
chemoautotrophy

Marine microbes play a critical role in transforming inor-
ganic and organic carbon in the ocean (1), and their

interactions with the carbon reservoir, in its variety of phases,
have important implications for the sequestration of CO2 in
either the deep ocean or sediments. However, the role that
microorganisms play in the carbon cycle of the deep ocean, the
mechanisms they employ, and the extent to which they employ
them, are poorly understood. Most of the ocean’s reduced
carbon accumulates in the meso- and bathypelagic realm as
dissolved organic carbon [(DOC); �700 Pg] (2), and here is
where the fate of a significant fraction of organic carbon leaving
the euphotic zone is decided (3). Therefore, microbial transfor-
mations of carbon in the ‘‘twilight zone’’ (defined here as depths
between the base of the euphotic zone and 1,000 m) (3) play an
essential role in determining the ocean’s ability to sequester
atmospheric CO2.

Below the euphotic zone, first light, and then labile organic
matter, become increasingly scarce. Although DOC is present in
this environment, it has long been assumed that this reservoir is
unavailable to support heterotrophic production. For example,
depth profiles of DOC (4), dissolved combined amino acids (5,
6), and dissolved carbohydrates (6, 7) appear to be static below
600 m, consistent with findings that DOC from the deep ocean
resists microbial degradation (8). The most convincing evidence
of the refractory nature of deep ocean DOC is its average

radiocarbon age, which lies between 4,000 and 6,500 radiocarbon
years (4, 9, 10).

Despite the apparently static nature of the largest carbon
reservoir available to support heterotrophic production in the
meso- and bathypelagic zones, the abundance and activity of
microorganisms are still measurable (11–14). One study suggests
that 20–33 Pg C yr�1 are respired to CO2 in the dark ocean (15),
and the majority of this carbon is most likely derived from
particulate organic carbon (POC) that sinks out of the euphotic
zone. Measurements using particle traps have shown that this
f lux of POC is strongly attenuated in the mesopelagic ocean (3,
16); and a parameterization of this attenuation—the Martin
Curve (16)—demonstrated that 90% of the organic carbon
leaving the euphotic zone is lost from the particle phase within
the upper 1,500 m.

Bacteria attached to sinking particles and marine snow not
only respire carbon but also produce hydrolytic enzymes that
transform POC into the dissolved phase at a rate faster than it
is assimilated (17, 18). It is hypothesized that this decoupling of
hydrolysis and uptake rates produces a ‘‘plume’’ of dissolved
organic matter and other nutrients that trail these particles as
they sink through the water column (19, 20). Therefore, in
addition to respiration, carbon loss from POC may occur through
DOC release as well. Strong correlations have been observed
between deep ocean free-bacterial abundance and both episodic
and long-term particle flux out of the overlying water column
(21–23), further indicating that carbon is transferred from
sinking POC to DOC to free-living microorganisms.

High-resolution depth profiles show that suspended POC
contains bomb 14C at abyssal depth (24) and support the
hypothesis that rapidly sinking particles disaggregate to smaller
size fractions. Additionally, several geochemical observations
suggest that there is a ‘‘fresh’’ or new component within the
mesopelagic DOC pool that is masked by the much larger
refractory fraction identified above (25, 26), and sinking POC is
the likely conduit for the rapid delivery of this new DOC to the
deep ocean. Together these independent lines of evidence imply
that some fraction of free-living heterotrophic microbes in the
deep ocean is supported by inputs of recently-fixed carbon
ultimately delivered by sinking particles.
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The carbon cycle now appears even more dynamic as a result
of the discovery that archaea contribute up to 50% of microbial
abundance in the deep ocean (27). As a domain, these organisms
demonstrate the ability to take up amino acids as well as fix
inorganic carbon (28–32). For example, the recently cultured
crenarchaeote Nitrosopumilus maritimus is an ammonia-
oxidizing chemoautotroph (33), and the gene coding for subunit
A of an archaeal ammonia monooxygenase (amoA) has been
found to be ubiquitous throughout the marine environment (34).
Crenarchaeaota are now believed to be important players in the
marine nitrogen cycle and the deep ocean carbon cycle through
chemoautotrophic nitrification (35). Studies have shown that
distributions and apparent metabolisms of planktonic archaea
vary with depth and across water masses (29, 36). However, the
contribution of chemosynthesis (by these planktonic archaea and
other organisms) to the total production of the microbial com-
munity and how that might change throughout the water column
have not been fully determined (29, 32).

In this study, natural variations in the abundance of the radio-
active isotope of carbon (14C) were exploited to identify carbon
sources fueling production of the total microbial community. The
goal was to explicitly test the hypothesis that the microbial com-
munity of the mesopelagic ocean is maintained primarily by particle
flux from overlying waters. The 3 pools of carbon available to free
living microorganisms, dissolved inorganic carbon (DIC), refrac-
tory DOC, and fresh DOC injected from particles, have unique 14C
signatures (�14C) in the deep ocean that can be traced into the
intracellular biochemicals of organisms that use these carbon
sources. Fresh DOC delivered by POC leaving the surface ocean
has a modern �14C value � �50‰, whereas DIC in the mesope-
lagic zone has prebomb �14C values and is depleted in 14C because
of radioactive decay (��200 to �100‰). The bulk DOC pool is
the ‘‘oldest,’’ with an average �14C value of �525‰ in the deep
North Pacific Ocean (9). Total nucleic acids (hereafter referred to
as DNA) are used as a biomarker for the total microbial community
as they are synthesized de novo in cells by using carbon acquired
from the surrounding environment. DNA is expected to be pri-
marily present in viable cells, so the 14C content of DNA provides
a snapshot of the living community at the time of sampling. This
technique represents a direct method by which to evaluate carbon
metabolism in situ, and has been previously used to trace assimi-
lated carbon through aquatic microbial communities (e.g., 37–39).

Results of the study directly support the hypothesis that
respiration of organic carbon delivered from rapidly sinking
particles represents an important energy source for free-living
microorganisms in the subsurface ocean. However, the study also
revealed the significance of chemoautotrophy in supporting total
community production in this environment. Together, these data
provide a geochemical glimpse of the diverse roles microorgan-
isms play in the carbon cycle of the ocean’s ‘‘twilight zone.’’

Results
Table 1 reports the �14C of DNA in each size fraction and at each
depth. At the surface (21 m), DNA isolated from the 0.2–0.5 �m
microbial community is modern, with �14C � �60 � 3‰. The
�14C value of DNA (�14C-DNA) from the 0.2–0.5 �m size
fraction at 670 m was 140 � 17‰, significantly lower than the
value for the �0.5 �m fraction at this same depth (�73 � 4‰;
Table 1). At 915 m, �14C values for both size fractions were
higher than those at 670 m, �15 � 15‰ for the 0.2–0.5 �m size
fraction and �69 � 6‰ for the �0.5-�m fraction. In 2 cases
replicate samples were run (670 m 0.2–0.5 �m and 915 m
�0.5-�m samples), and differences in measured �14C values
ranged from 5 to 20‰ between replicates. �13C values of all
DNA samples at all depths are between �21 and �19‰, within
the expected range for samples of marine origin (Table 1).

�14C values for DNA reported above are corrected for pos-
sible contributions from non-DNA carbon on the basis of the
measured C/N ratio of each sample and reagent blanks. Both
measured and corrected �14C values are presented in Table 1.
Sample C/N values ranged from 4.05 to 5.32 (Table 1) higher
than pure DNA, which has an average C/N ratio of 3 (confirmed
by measured ratios in a pure E. coli standard). Variations in the
sample C/N ratio from pure DNA could represent coisolation of
carbon-rich intracellular molecules such as carbohydrates and
lipids that should provide the same radiocarbon information as
pure DNA and would not represent a contamination of the
radiocarbon sample. However, it is possible that elevated C/N
ratios also result from carbon contamination associated with
either reagents or adsorption of bulk marine DOC to filters
followed by coprecipitation with DNA in the extraction method.

Cleaned, blank filters (n � 2) subjected to the entire method
yielded a negligible 0.7 � 0.4 �gC with an average �14C value of
�379 � 300‰. The small yield of carbon indicates that blanks,
because of either reagents or filter material, are not solely
responsible for the differences identified above in C/N ratios. All
values shown in Table 1 have been corrected for this experi-
mentally determined blank, incorporating errors of both the
blank size and isotopic composition. If DOC was coprecipitated
with our DNA, the extremely 14C-depleted DOC at these depths
in the ocean would contaminate our measured �14C-DNA
values. Accounting for this possible source of contamination (see
SI Text and Table S2) shifted our measured �14C-DNA values
toward modern (Fig. 1 and provided as corrected values in Table
1), and brought them closer to the �14C value of DIC in the
surface ocean and at 670-m depth.

Proton NMR (1H-NMR) spectroscopy was also used to assess
the quantity and quality of extracted sample DNA. The NMR
spectra verified that there was no contamination of DNA
samples from process chemicals, which would appear as sharp,
well-defined resonances. In addition, the presence of significant
1H-NMR resonances in the region between 7–8.5 ppm was

Table 1. Collection dates, isotopic composition, size of 14C samples, and C/N of DNA samples

Sample
Collection date,

month/yr �13C, ‰
measured
�14C, ‰ Size, �gC UCIG# C/N

corrected
�14C, ‰

21 m 0.2–0.5 �m 12/03 & 5/04 �19.0 �36 � 2 450 5397 4.05* �60 � 3
670 m 0.2–0.5 �m 2/06 �20.1 �187 � 14 22, 24 11272, 10539 n.a. �140 � 17†

670 m � 0.5 �m 2/06 �20.0 �106 � 4 150 38657 4.31 �73 � 4
915 m 0.2–0.5 �m 2/06 �19.7 �87 � 10 28 10540 5.06 �15 � 15
915 m � 0.5 �m 2/06 �19.4 �27 � 4 80, 110 38658, 38659 5.32 �69 � 6

All samples were collected at the Natural Energy Laboratory of Hawaii Authority in Kona, HI located at 19.74°N, 156.05°W. Measured �14C errors are
propagated AMS errors and blank corrections, and in the case of corrected �14C values, C/N measurement errors are further incorporated into the error
propagation. n.a., not available (amount of N in submitted sample too small for accurate measurement).
*Average surface Pacific 0.2–0.5 �m DNA C/N (n � 3).
†�14C-DNA corrections for this sample were calculated using the highest C/N ratio (5.32 for 915 m � 0.5-�m-size fraction) as an upper bound.
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indicative of aromatic groups not typically abundant in marine
detritus, but found in DNA. However, NMR data could not
conclusively rule out the presence of either intracellular bio-
chemicals other than DNA or small amounts of ambient DOC in
our precipitated samples. For these reasons we relied primarily
on the measured C/N ratio of each DNA sample to estimate
possible carbon contamination and apply the �14C correction
reported in Table 1.

A set of 14C process blanks was also developed to demonstrate
that �14C-DNA was indeed ref lective of available carbon
sources. GF/F-filtered seawater collected off the Scripps Insti-
tution of Oceanography (SIO) pier was amended with 883 �M
nitrate, 36.3 �M phosphate, and a carbon source with a known
�14C value (glucose, �14C � �87 � 2‰; or acetate, �14C �
�987 � 4‰). These carbon sources were chosen to provide a
range of �14C values from modern (�14C �0‰) to essentially
radiocarbon dead (�14C � �1,000‰). The natural, marine
microbial community was then incubated in the dark for 3 days
until biomass was �109 cells mL�1 and then subjected to the
same filtration, lysis, and extraction method as all environmental
samples. Isolated DNA was processed for �14C and �13C analyses
with the results shown in Table 2. 14C sample sizes were
comparable to the amount of carbon analyzed for environmental
�14C-DNA (Tables 1 and 2).

�14C-DNA values, �63 � 2‰ (average � SD; n � 3) for the
glucose culture and �821‰ for the acetate culture, showed
rapid incorporation of the �14C signature of carbon sources by

the microbial community. Measured �14C-DNA values do de-
viate to different extents from the �14C signature of each
respective carbon source. This observed deviation could be
caused by a combination of several factors: utilization of ambient
DOC present in the collected seawater by cometabolism with the
added glucose or acetate (42), selective utilization if the added
carbon source was isotopically inhomogeneous, and contamina-
tion from either process chemicals or passive adsorption of
ambient bulk DOC to filters during cell isolation as discussed
previously. It is clear that no consistent carbon contamination
from either a modern or 14C-dead source is introduced through
our extraction procedure. This finding was expected based on
previous results showing negligible carbon contamination from
reagents and filter materials. Nevertheless, contamination from
an exogenous component, such as ambient DOC, with an
intermediate �14C value (between modern and 14C-dead) could
cause the observed deviation. However, source carbon and
bacterial DNA had very similar �13C values after the incubation
(��13C � �1‰; Table 2) and suggest that contamination from
an exogenous source, if present, was relatively small (see SI Text).

Further evidence that the Natural Energy Laboratory of
Hawaii Authority (NELHA; Kona, HI) samples primarily con-
tain native DNA is their ability to be amplified by PCR. Because
of the nature of the seawater supply system, we were motivated
to analyze the microbial community to confirm that we were not
isolating DNA from organisms that were unique to the seawater
intake pipe. 16S rRNA bacterial and archaeal clone libraries
establish that the microbes sampled are representative of those
found in other mesopelagic marine environments (including
nearby Station ALOHA) (Table S1 and Fig. S1), further con-
firming the presence of native DNA in our samples. No absolute
trends in community composition based on depth or size fraction
are apparent. The majority of archaeal clones from all depths
and size fractions are Group I Crenarchaeota (�85%), with the
remainder belonging to the Group II Euryarchaeota. Of note are
a number of clones with 98–99% identity to the ammonia-
oxidizing N. maritimus (33).

Significant differences were not observed for inorganic nitro-
gen between the 2 depths as NO3

� � NO2
� concentrations were

39.6 �mol kg�1 at 670 m and 40.1 �mol kg�1 at 915 m (41). NH4
�

concentrations were also comparable with values of 0.29 �mol
kg�1 and 0.33 �mol kg�1 at 670 m and 915 m, respectively. There
were measurable O2 variations as the oxygen concentration at
670 m of 60.9 �mol kg�1 was depleted relative to the 90.1 �mol
kg�1 at 915 m (Fig. 1) (41).

Discussion
Measurements of the 14C content of microbial DNA directly
demonstrate significant metabolic stratification in the mesope-
lagic water column. As expected, microorganisms in the surface
ocean derived their carbon primarily from DIC and fresh DOC.
In the mesopelagic realm, the free-living (0.2–0.5 �m) microbial
population at 915 m incorporated carbon delivered primarily by
sinking particles, but the same microbial size-fraction at 670 m
relied more extensively on in situ chemoautotrophy to satisfy
community carbon demand. Existing measurements do not
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Fig. 1. Vertical profiles of oxygen (A) and nitrate � nitrite (B) data are for
nearby station ALOHA (http://hahana.soest.hawaii.edu). Data (E) are specific
to the NELHA sampling site (at 19.74°N, 156.05°W) (32, 41). (C) Corrected �14C
values for 0.2–0.5 �m (■ ) and �0.5-�m (Œ) size fractions of DNA extracted
from 21 m, 670 m, and 915 m (see SI Text for correction calculations), along
with vertical profiles of �14C of DOC (at 31°N, 159°W) (9) and DIC (at 35°N,
155°E) (40). �14C-DNA error bars are propagated AMS errors and blank cor-
rections, and if not visible, are less than the width of the marker. Also included
are abundance-weighted averages and error of archaeal lipid �14C from 21 m
and 670 m (�) (32).

Table 2. Isotopic composition and sample sizes of carbon sources and microbial DNA from 14C process blanks

Sample
Date,

month/yr Carbon source Culture volume, L �14C, ‰ Size, �g C UCIG# �13C, ‰

glucose �87 � 2 819 3411 �10.7
microbial DNA 10/03 glucose 20 �63 � 5 1015 1565 �11.7
microbial DNA 6/07 glucose 8 �64 � 4, �62 � 4 120, 200 38655, 38656 �11.7
acetate �988 � 4, �986 � 4 800, 250 38653, 38654 �35.3
microbial DNA 6/07 acetate 8 �821 � 4 110 39810 �34.5
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predict this dynamic view of the deep ‘‘twilight zone’’ (between
670 m and 915 m). For example, the DOC reservoir is static
between these depths (4–7), the geochemical environment at
both depths is similar (41), the POC flux at each depth predicted
by the parameterization of Buesseler et al., (3), is not consistent
with the observed variability, and similar bacterial numbers are
expected for both depths (43). Also significant is the demon-
stration that a fraction of the free-living microbial community
had adapted to a metabolic lifestyle that was distinct from
microorganisms found in larger size fractions, such as those
associated with particles.

A primarily autotrophic microbial community in the surface
ocean would have a �14C signature that is identical to surface
DIC (�71 � 3‰ at the time of sampling) (32). Archaeal lipids
conformed to this expected trend—surface glycerol dialkyl
glycerol tetraether (GDGT) lipids of the Crenarchaeota had an
average �14C value of �82 � 12‰ (32). Sterols from autotrophs
and/or heterotrophs isolated in the �0.5-�m fraction at this site
had values of �56 � 9‰ and �69 � 9‰ (32). Additionally,
sugars isolated from the DOC reservoir, a possible substrate for
heterotrophic microorganisms, had modern �14C values between
40 and 67‰ at this site in 2001 (25). Therefore, heterotrophs
consuming fresh DOC, such as dissolved carbohydrates, and
autotrophs should have similar �14C-DNA values in the surface
ocean. The surface DNA sample (0.2–0.5 �m) isolated in the
present study included both archaeal and bacterial DNA (Table
S1) and had a �14C signature of �60 � 3‰. This value fell
within the reported �14C range for modern carbon sources
confirming that some combination of DIC and recently pro-
duced organic carbon was fueling the surface free-living micro-
bial community at the time of sampling. The only previous 14C
study of marine microbial DNA (0.2–0.7 �m) reported depleted
�14C values (�34 � 24‰) in surface waters of the eastern North
Pacific Ocean (34°50	 N, 123°00	 W; Station M) (38) and
suggested microbial incorporation of an old DOC component
(�14C � �549‰). In contrast, DNA isolated from the surface
microbial community at NELHA did not indicate utilization of
any refractory DOC.

Utilization of refractory DOC in the mesopelagic zone also
appeared to be negligible, and the relative importance of am-
bient DIC-fixation varied markedly with depth. The depleted
�14C-DNA value (�140 � 17‰) for the 0.2–0.5 �m size-
fraction at 670 m showed that microbes are incorporating carbon
with a �14C value that is similar to in situ DIC (�151 � 3‰)
(Fig. 1) (32), either directly through chemoautotrophy or
through secondary production. The depleted �14C-DNA value
(Table 1) could have also resulted from consumption of a
fraction of the ambient DOC pool (Fig. S2). However, archaeal
lipids produced in situ at 670 m had an average �14C value of
�112‰ and showed that the archaeal community derived 83%
of their carbon from autotrophy at this depth (32). This latter
finding favors the hypothesis that the observed 14C-depletion of
total DNA results from chemoautotrophic production supplying
the majority of carbon (as much as 95%) (Fig. S2) incorporated
by the microbial community at this site and depth. The available
phylogenetic data (Fig. S1 and Table S1) identified microorgan-
isms other than chemoautotrophs in the 0.2–0.5 �m size-fraction
from 670 m, so �14C-DNA signatures must further reflect some
heterotrophy coupled to in situ chemoautotrophy (i.e., both
primary and secondary production). For example, dissolved
neutral sugars isolated from high-molecular-weight (�1,000 Da)
DOC at this site had an average �14C value of �123 � 10‰ at
670 m (25), indicating that a major fraction of these carbohydrates
could have been freshly produced in situ through chemoautotrophy.
These sugars and other compounds produced in situ would provide
a labile, 14C-depleted carbon source for heterotrophs at 670 m. If
heterotrophic free-living bacteria at this depth rely primarily on
14C-depleted, fresh DOC produced from in situ autotrophy, then

both autotrophic and heterotrophic microorganisms would have a
similar �14C signature.

Surprisingly, DNA from the 670 m 0.2–0.5-�m sample was
more depleted in 14C than the same size fraction at 915 m (Fig.
1). At 915 m, DNA in the 0.2–0.5-�m size fraction contained
more 14C (�15 � 15‰) than DIC (�14C-DIC � �171 � 3‰)
indicating that sinking POC was more important for sustaining
the free-living microbial population at this depth. Although
some chemoautotrophy is occurring at 915 m, only up to 36% of
DNA carbon in the 0.2–0.5-�m size fraction at 915 m ultimately
could be derived from ambient DIC fixation as compared to up
to 95% at 670-m depth (Fig. S2).

The �0.5-�m size fractions at 670 m and 915 m followed a
depth-trend similar to the smaller size fraction but had higher
�14C values (Fig. 1) than their free-living counterparts. Particles
would be isolated into this larger size fraction and POC metab-
olism by particle-attached cells is the likely cause of these
enriched �14C-DNA values. As mentioned previously, particle
sinking rates are high enough that little 14C-decay occurs be-
tween surface waters and the mesopelagic zone, so POC and
microbes that consume this POC will retain an enriched surface
ocean �14C signature relative to ambient C pools (i.e., DIC and
total DOC) at mesopelagic depths. Therefore, DNA isolated
from this larger size fraction should have �14C values similar to
DIC and DNA in surface waters. However, DNA in the �0.5-�m
fraction at 670 m was significantly depleted in 14C relative to
surface C pools, and this depletion reflects the coisolation of
free-living microorganisms onto the �0.5-�m filter. Larger
filters such as GF/F filters (0.7-�m nominal pore size) have been
shown to collect over 50% of marine bacteria (44, 45), and
studies have observed that archaea are larger than bacteria in
some marine environments (46). Therefore, �14C-DNA values
for the �0.5-�m size fraction must integrate the 14C signature of
DNA from both free-living, mesopelagic microorganisms and
those attached to particles sinking out of surface waters.

The greater 14C-depletion of the �0.5-�m sample at 670 m
compared to 915 m indicates the coisolation of a free-living
community that incorporates more in situ DIC at 670 m and is
consistent with results obtained from smaller size fractions
(Table 1 and Fig. 1). Together, data from the 2 different
size-fractions demonstrate that some free-living microorganisms
use carbon sources that are significantly different from those
used by their particle-attached counterparts.

Spatial variations in the extent of autotrophy implied by the
�14C-DNA signature of both size fractions are consistent with
the variability in archaeal amoA gene copies observed in other
marine studies (35, 47–49). The latter suggest spatial gradients
in the extent of archaeal ammonia oxidation and by extension,
autotrophy. In an effort to explore the possible metabolisms that
may have contributed to the assimilation of carbon present
within the extracted DNA, quantitative PCR (qPCR) was used
to determine the number of marine group I Crenarchaeota 16S
rRNA and archaeal amoA gene copies present per ng total DNA
in the same samples isolated for radiocarbon analyses. Although
this analysis is only an indication of community composition and
metabolic potential and not gene expression, a correlation has
been shown between both marine Crenarchaeota 16S rRNA and
archaeal amoA copy number and ammonia oxidation rates in the
Gulf of California (48). qPCR assays with the 0.2–0.5 �m DNA
samples showed comparable numbers of bacterial 16S rRNA
genes at 670 m and 915 m, but more of both marine group I
Crenarchaeota 16S rRNA and archaeal amoA gene copies per ng
total DNA from 670 m than 915 m (Fig. 2). These trends are
consistent with the �14C data and indicate that DIC fixation fuels
a greater proportion of free-living microbial community pro-
duction at 670-m depth. In addition, a comparison of the 2 size
fractions from 915 m showed greater abundance of both genes
in the smaller size fraction (0.2–0.5 �m), again consistent with
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radiocarbon results. Although the focus here has been on
archaeal autotrophy, carbon fixation by other members of the
microbial community cannot be ruled out. For example, so far
planktonic archaea appear to be primarily nitrosifiers, able to
perform only the first step in the process of nitrification;
therefore, the contribution to autotrophy by bacterial nitrifiers
must also be considered (33, 47).

As discussed in previous studies (e.g., 32, 35), widespread
chemoautotrophy in the deep ocean, if fueled primarily by
ammonium oxidation, necessitates a starring role for regener-
ated, reduced N in the ocean’s twilight zone. Therefore, the
dominant free-living microbial metabolisms identified at both
depths in this study (autotrophy, if supported primarily through
nitrification, at 670 m, and heterotrophy of recently produced
carbon at 915 m) require fresh organic carbon and nitrogen
delivered presumably from sinking particles. The current study
estimates that the majority of microbial carbon accumulating at
670 m is ultimately derived from chemoautotrophy. In the deep
ocean several factors such as in situ microbial growth rates, and
carbon fixation pathways and rates determine the magnitude of
the reduced N requirement, and these parameters remain poorly
constrained (29). Furthermore, particle flux to the deep ocean
is unsatisfactorily defined (3) and may be inadequate to support
carbon respiration rates (e.g., 15) or calculated archaeal nitrifi-
cation rates in the mesopelagic realm. In fact, at nearby Station
ALOHA bacterial carbon demand in the mesopelagic zone has
been shown to exceed POC flux by 3- to 4-fold (43), and
investigators have invoked vertically migrating zooplankton as
one additional mechanism of carbon transport to mesopelagic
depths at this site (43, 50). In situ carbon-fixation could also
alleviate some of the heterotrophic carbon demand at these
depths, although it remains enigmatic what process might supply
the reductant. One possibility is a decoupling of dissolved
nitrogen from dissolved carbon delivery to the mesopelagic zone.
Nitrogen is a major waste product of vertically migrating zoo-
plankton (e.g., 51), which could impact the nitrogen cycle at
depth (52) and could mediate the depth-dependent requirement
for excess reduced N, as would be necessary for intensive
nitrification. The results of this study argue for a concerted focus
on delineating the in situ microbial physiology of the deep ocean
and constraining carbon and nitrogen fluxes into this environ-
ment.

Our approach provides a true in situ measurement with no
tracer amendments or environmental manipulations and inte-
grates production by the total microbial community in a signif-
icant volume of seawater (�50,000 L) over approximately 1 week
of sampling. This approach differs significantly from the snap-
shot view captured in other studies via discrete water column
sampling, such as those that assess RNA gene expression. The

data show conclusively that source(s) of carbon used by the
microbial community in the subsurface ocean can vary with
depth (670 m vs. 915 m) and between free-living and particle-
attached organisms (0.2–0.5 �m fraction vs. �0.5-�m fraction).
The direct demonstration of the importance of both rapid DOC
delivery to the mesopelagic ocean and chemoautotrophy in
maintaining total microbial production in this environment was
only possible through the �14C-DNA method developed here.
This technique could provide a microbial perspective on the
shape of the Martin Curve (16)—a relatively high-resolution
depth profile of the �14C signature of microbial DNA would
demonstrate the importance of surface-derived carbon to mi-
crobes living in the mesopelagic zone and identify depths where
significant respiration of vertical carbon flux occurs.

Methods
Sampling and DNA Extraction. Cellulose ester filters (0.5-�m) (Millipore Opti-
cap) plumbed in-line with 0.2-�m polyethersulfone filters (Pall Supor) were
used to collect particulate organic matter from approximately 50,000 L of
surface (21 m), 670-m, and 915-m seawater by using the large-volume pump-
ing capabilities at NELHA (Kona, HI) (19.74°N, 156.05°W). Filters were stored
at �80 °C until DNA was extracted. To isolate the nucleic acids, a method
modified from Blair et al. (53) was used to minimize organic carbon contam-
ination for 14C analysis. Filters were cut open by using a combusted hacksaw,
unfolded, and extracted in 1.5 M NaClO4 at 4 °C for 48 h with shaking to lyse
collected cells. The resulting 2-L solution was ultrafiltered (Pellicon MWCO
5,000 Da; Millipore) down to 20 mL and an organic extraction was performed
with an equal volume of chloroform and isoamyl alcohol (24:1). Nucleic acids
were precipitated from the resulting aqueous fraction with ethanol, pelleted
by centrifugation, and re-dissolved in sterile water. All reagents used in the
extraction of environmental DNA were the same and used in the same
quantities as for the 14C process blanks. Fractions were set aside for elemental
and stable isotope analysis (University of California-Davis Stable Isotope Fa-
cility; Scripps Institution of Oceanography Analytical Facility), 1H-NMR spec-
troscopy, and molecular biology procedures, and the majority of the sample
was lyophilized in 9-mm quartz tubes, combusted to CO2 at 850 °C with the
addition of Ag and CuO, quantified, and converted to graphite according to
the methods of Vogel et al. (54) for accelerator mass spectrometry (AMS)
analysis at the University of California Irvine Keck Carbon Cycle AMS facility.
�14C values are reported as per geochemical samples according to Stuiver and
Polach (55).

PCR, Cloning, and Sequencing. Portions of the 16S rRNA gene were amplified
from environmental DNA samples by using Takara ExTaq Polymerase under
the conditions described by the manufacturer’s protocol. Universal bacterial
(27F, 1492R) and archaeal (21F, 958R) primers were used at a final concentra-
tion of 0.5 �M. Products from 6 reactions were pooled, cleaned by using the
Qiagen PCR Purification kit, and eluted in 30-�l water. Four microliters of this
cleaned product was used in a TOPO cloning reaction with vector pCR2.1 as
described by the manufacturer (Invitrogen). Plasmid DNA was extracted from
white colonies by using a Qiagen Miniprep kit and was submitted to SeqXcel
for sequencing. The 5	 end of both strands of the bacterial 16S rRNA gene was
sequenced with primer 536r and M13f/r, whereas M13f&r were used to
sequence entire archaeal inserts. DNA sequences were assembled and edited
by using VectorNTI (Invitrogen), checked for chimeras by using the Bellero-
phon server (56), aligned to the Silva database (57), grouped into operational
taxonomic units by using DOTUR (58), and inserted into ARB for phylogenetic
analysis (59). Sequences were deposited into GenBank under accession num-
bers EU817582–EU817654.

Quantitative PCR. For the qPCR assays, each reaction consisted of 12.5 �L Power
SYBR® Green PCR Master Mix (Applied Biosystems), 0.4 �M each primer, 2 ng
BSA, and 1–8 ng, 670-m and 915-m 0.2–0.5-�m size fraction DNA as deter-
mined by PicoGreen (Molecular Probes) in a final volume of 25 �L. Archaeal
amoA assays were run in triplicate by using primers and cycling parameters
from Beman et al. (48), although run for 40 cycles with the marine group I
Crenarchaeota assays similarly adapted from Mincer et al. (47). Bacterial 16S
rRNA genes were quantified by using primers 932F and 1062R (60). PCR
products generated by using the qPCR primers were used as standards in
tenfold dilution series from 107 to 102 copies based on PicoGreen quantifica-
tion. PCR efficiencies and correlation coefficients for standard curves were as
follows: 96% and r2 � 0.997 for archaeal amoA; 82% and r2 � 0.994 for GI
Crenarchaeota 16S rRNA; and 94% and r2 � 0.999 for bacterial 16S rRNA.
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Fig. 2. qPCR data for 0.2–0.5-�m-size fraction DNA samples showing relative
abundances of bacterial 16S rRNA, group I Crenarchaeota 16S rRNA, and
archaeal amoA gene copies per ng total DNA, as quantified by PicoGreen. For
ease of sample comparison the qPCR data are normalized to the 670-m
0.2–0.5-�m sample.
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Results are presented as the relative abundance of gene copies per ng total
DNA normalized to the 670-m 0.2–0.5-�m DNA sample.
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