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Abstract
Heterotrophic prokaryotes have the capacity to uptake inorganic nitrogen (N) substrates. However, it remains

unclear what the potential competition is between heterotrophic prokaryotes and autotrophic plankton for N
in the ocean, which would shunt the flow of N supporting primary production. To date, it has been difficult to
distinguish heterotrophic prokaryotic N uptake from that of autotrophic picoplankton, especially in oligotro-
phic oceans dominated by cyanobacteria. We carried out field-based DNA stable isotope probing incubation
experiments in the South China Sea combining measurements of uptake rates of ammonium, nitrate, nitrite,
and urea to estimate the taxon-specific potential N assimilation. The results indicate that phylogenetically
diverse heterotrophic prokaryotes significantly incorporated multiple N sources, contributing approximately
17–41% and 19–55% of total N uptake potential in the euphotic zone of the South China Sea continental shelf
and open ocean, respectively, potentially competing with cyanobacteria (mainly Prochlorococcus). Notably, het-
erotrophic prokaryotes made a higher contribution to bulk uptake of nitrate in the incubation systems of the
open ocean relative to regenerated N, and thus there was a tendency to overestimate the f-ratio. Extrapolating
our results to the oligotrophic, low-latitude ocean via a global model suggests the f-ratio would decrease ~ 18%.
This suggests a more complicated biogeochemical role of heterotrophic prokaryotes in the biological carbon
pump than hitherto assumed, with important implications for N and carbon cycling in the vast open ocean.

Nitrogen (N) limits the primary productivity of autotrophic
plankton that, together with subsequent carbon export into
deeper ocean waters, drives marine carbon sequestration by
the so-called biological pump. Ammonium (NHþ

4 ), nitrate
(NO�

3 ), nitrite (NO�
2 ), and urea are the major nitrogenous sub-

strates (“N substrate[s]” hereinafter only refers to these four

substrates) supporting oceanic primary production; thus, mea-
suring their uptake is of primary concern (Mulholland and
Lomas 2008). Nitrogen imported into the euphotic zone sup-
ports new production, which can be exported into the deep
ocean (Eppley and Peterson 1979). The primary source of
“new” N to the euphotic zone in the open ocean is thought to
be upward diffusion and convection of NO�

3 (Dugdale and
Goering 1967). Ammonium and urea are the main N com-
pounds internally recycled within the system, supporting
“regenerated” primary production (Dugdale and Goe-
ring 1967). Ammonium oxidation and assimilatory reduction
of NO�

3 by phytoplankton are two dominant sources of NO�
2

in the euphotic zone (Lomas and Lipschultz 2006; Buchwald
and Casciotti 2013) and, therefore, NO�

2 uptake can contribute
to new or regenerated primary production.

Conventionally, autotrophic plankton are primary con-
sumers of dissolved inorganic nitrogen (DIN) (NHþ

4 , NO�
3 ,

NO�
2 ) in the euphotic zone, while bacterial heterotrophs are

primary consumers of organic compounds. However, the
capacities of autotrophic plankton to use organic N as an N

*Correspondence: yaozhang@xmu.edu.cn

This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.

Additional Supporting Information may be found in the online version of
this article.

Author Contribution Statement: Y.Z., N.J., and S.-J.K. conceived and
designed the project. Y.Z. and W.D. analyzed all data and wrote the man-
uscript with the help of all authors. W.D. performed all experiments.
S.W. and J.K.M. designed and conducted model simulations and analysis.
X.W. measured N uptake rates. Z.Z. measured DIN and urea concentra-
tions. All authors contributed to the final version of the paper.

1

https://orcid.org/0000-0003-1390-4183
https://orcid.org/0000-0002-5054-9099
https://orcid.org/0000-0003-1211-4745
mailto:yaozhang@xmu.edu.cn
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flno.11883&domain=pdf&date_stamp=2021-06-30


source, such as urea, cyanate, and amino acids (Mulholland
and Lomas 2008; Widner and Mulholland 2017), and hetero-
trophic bacteria to use DIN (Eppley et al. 1977; Middelburg
and Nieuwenhuize 2000; Trottet et al. 2016) have been well
recognized. Heterotrophic bacteria assimilate DIN when the N
contained in organic matter is insufficient to support their
growth (Middelburg and Nieuwenhuize 2000). Previous stud-
ies from nutrient-rich coastal and estuarine waters as well as
from (sub)Arctic waters, using size fractionation or prokary-
otic/eukaryotic metabolic inhibitors, have reported that het-
erotrophic bacterial assimilation of NHþ

4 and NO�
3 accounted

for a significant but variable fraction (< 5% to >90%) of bulk
uptake (Middelburg and Nieuwenhuize 2000; Bradley
et al. 2010; Trottet et al. 2016). This variability can be caused
by many reasons, such as the temporal and spatial variation of
N species, light limitation of autotrophs, autotrophic and het-
erotrophic microbial composition, as well as the labile carbon
availability for heterotrophic prokaryotes (Mulholland and
Lomas 2008). Similarly, heterotrophic bacterial assimilation of
urea has also been reported to account for a widely variable
fraction (< 10% to >80%) of bulk urea uptake by the coastal
and estuarine plankton community (Cho and Azam 1995;
Middelburg and Nieuwenhuize 2000).

These studies provided solid evidence of heterotrophic bac-
terial N substrate assimilation potential; however, competition
for DIN and urea between heterotrophic prokaryotes and auto-
trophic plankton remains unclear. This is important for the
estimation of f-ratio, which is usually a measure of NO�

3

uptake to total N (NO�
3 + NHþ

4 +urea) uptake and used to
assess the new production and biological pump efficiency.
Especially in open oceans, cyanobacteria Prochlorococcus and
Synechococcus are the dominant primary producers, which can-
not be distinguished from heterotrophic bacteria and archaea
using either size fractionation (Bradley et al. 2010; Klawonn
et al. 2019) or prokaryotic and eukaryotic metabolic inhibitors
(Middelburg and Nieuwenhuize 2000; Fouilland et al. 2007;
Trottet et al. 2016). It remains difficult to distinguish which
group or cells are taking up which compounds in bulk sub-
strate uptake bioassays (Mulholland and Lomas 2008). Using
15N-based DNA stable isotope probing (DNA-SIP) linking the
identity of active microorganisms with their function
(Radajewski et al. 2000), previous studies have identified
diverse heterotrophic bacteria incorporating N substrates in
the West Florida Shelf (Wawrik et al. 2012) and the Southern
California Bight (Morando and Capone 2018), as well as off-
shore of Barrow in the Arctic (Connelly et al. 2014). The com-
petition between heterotrophic prokaryotes and autotrophic
plankton was not evaluated quantitatively, however, and
there were very few cyanobacteria in these coastal or high-
latitude regions.

The heterotrophic bacterial assimilation of N substrates
complicates our understanding of new and regenerated
marine production. The f-ratio multiplied by primary produc-
tion (estimated from 14C-assimilation) has long been used to

estimate new production (Eppley and Peterson 1979), on the
assumption that only autotrophic plankton take up DIN and
urea (Fouilland et al. 2007). Direct conversion of N to carbon
by assuming Redfield ratio stoichiometry (C = N � 6.6 by
moles; Dugdale et al. 1989) has also conventionally been used
to obtain NO�

3 -based new production (Chen 2005; Shiozaki
et al. 2013). In addition, N2 fixation has recently been recog-
nized to be important for new production, and hence the
corrected f-ratio including N2 fixation is proposed (Shiozaki
et al. 2013). However, failing to consider heterotrophic pro-
karyotic assimilation of NO�

3 and regenerated N can bias the f-
ratio in environments.

To resolve this primary concern, we performed field-based
incubation experiments of nano- and pico-sized microbial
communities (< 20 μm and < 3 μm, respectively) in the South
China Sea. 15N-labeled NHþ

4 , NO�
3 , NO�

2 , or urea was added in
the incubation systems and microbial 15N-DNA and 14N-DNA
analyses were carried out. In addition, N isotopic composi-
tions (δ15N) of the community in incubated seawater were
measured to estimate potential N uptake rates. Taken together,
these analyses revealed taxon-specific capabilities for DIN and
urea utilization, and assessed the potential influence of hetero-
trophic prokaryotic assimilation of N on f-ratio estimates.

Materials and methods
Field sampling and biogeochemical parameter
measurements

About 120 L of seawater was collected for the incubation
experiments from the 20% and 1% photosynthetically active
radiation (PAR) depths at the typical continental shelf site I1
(20 and 70 m water depth) and open ocean site SEATS (50 and
100 m water depth) (Supporting Information Fig. S1) by a Sea-
Bird conductivity-temperature-depth system (SBE 9/11 plus)
equipped with 12-liter Niskin bottles during a research cruise
in the South China Sea in November to December 2016.
Meanwhile, 2 L and 500 mL of seawater were collected on a
0.22-μm pore size polycarbonate filter (Millipore) and
a precombusted (4 h at 500�C, Cherrier et al. 1996) 0.3-μm
pore size glass fiber filter (Advantec) at each depth for in situ
community DNA extraction and microbial 15N content mea-
surements, respectively. The polycarbonate filters were flash-
frozen in liquid N and subsequently stored at �80�C and the
glass fiber filters were frozen at �20�C until laboratory analy-
sis. Seawater samples for flow cytometry were prefiltered
through 20 μm mesh to remove large particles and zooplank-
ton, added to glutaraldehyde (0.5% final concentration), incu-
bated at 4�C for 15 min in the dark, flash-frozen in liquid N,
and then stored at �80�C until laboratory analysis (Zhang
et al. 2008). Seawater samples for inorganic nutrient and urea
concentration measurements were collected into 150-mL acid-
washed, seawater-rinsed, high-density polyethylene Nalgene
bottles and acid-washed, precombusted (450�C for 4 h) 50-mL
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brown glass vials, respectively. These samples were then stored
at �20�C until laboratory analysis.

Temperature, salinity, and depth were obtained from the
conductivity-temperature-depth system (SBE 9/11 plus). PAR
and total chlorophyll a (Chl a) fluorescence were tested using
a PAR sensor (LI-193, Li-Cor Biosciences) and a SeaTech flash
fluorometer, respectively. Total microbial abundance was
determined using a BD Accuri C6 flow cytometer by staining
with 1 � 10�4 SYBR Green I (v/v, final concentration, Molecu-
lar Probes) (Marie et al. 2001). Abundances of Prochlorococcus,
Synechococcus, and pico/nano-eukaryotes were determined
using an Epics Altra II flow cytometer (Beckman Coulter)
(Zhang et al. 2008). Nitrate and NO�

2 concentrations were
measured by the colorimetric method with a four-channel
continuous Flow Technicon AA3 Auto-Analyzer (Bran-Lube
GmbH) (Han et al. 2012). Ammonium concentrations were
measured using the fluorometric method with a detection
limit of 1.2 nmol L�1 and precision of �3.5% (Wan
et al. 2018). Urea concentrations were measured using a 1-m
long liquid waveguide capillary cell system (World precision
Instruments) based on the colorimetric reaction with diacetyl
monoxime; the detection limit was 1.2 nmol L�1 (Chen
et al. 2015).

Incubation experiments
Seawater collected for incubation was immediately filtered

through 20 μm mesh to remove zooplankton and obtain the
< 20 μm community; half was subsequently filtered through
3 μm polycarbonate filters to remove nanoplankton and obtain
the < 3 μm community. Ten liters of each size-filtered seawater
sample were incubated in polycarbonate bottles, which were
previously washed with 10% HCl solution and in situ filtered
seawater; and 98% of 15N-labeled NHþ

4 , NO�
3 , NO�

2 , or urea
(Sigma-Aldrich) was added to a final concentration of
1.5 μmolL�1 at 20% PAR depth and 2 μmolL�1 at 1% PAR
depth, which was similar to the previous SIP studies (Wawrik
et al. 2012; Connelly et al. 2014; Morando and Capone 2016).
Bottles without additions were regarded as blank controls.
These bottles were incubated in an acrylic incubator simulat-
ing in situ temperature and light intensity with water flowing
through a cooler and covered with neutral density screens
(Lee Filters). All incubations were started about at 12:00h and
ended about at 00:00h. Samples for microbial abundance and
15N content were collected at the beginning of the experiment
and after 36h of incubation. The microbial community (8 L of
the incubated seawater) was collected on 0.22 μm polycarbon-
ate filters with a suction pressure of < 0.03MPa after 36h incu-
bation. The filters were flash-frozen in liquid N and
subsequently stored at �80�C until laboratory analysis.

DNA extraction and CsCl density gradient
ultracentrifugation

Microbial DNA was extracted using the phenol-chloroform-
isoamyl alcohol method (Nercessian et al. 2005) and

fluorometrically quantified using a Qubit dsDNA Assay Kit
(Invitrogen) and Qubit 2.0 Fluorometer (Invitrogen). Cesium
chloride (CsCl) density gradient ultracentrifugation and frac-
tionation were performed according to published protocols
(Neufeld et al. 2007; Connelly et al. 2014; Zhang et al. 2016)
with minor modifications. Briefly, 1–3 μg of DNA was added
to a CsCl solution to obtain a final density of ~ 1.703 g mL�1.
The solutions were injected into 5.1 mL Quick-Seal™ centri-
fuge tubes (Backman Coulter) and spun at 140,000 � g in a
VTi 65.2 rotor (Backman Coulter) at 20�C for 48 h under vac-
uum. Immediately after centrifugation, the density gradient
solution was divided into 20 fractions by injecting mineral oil
with a uniform flow of 255 μL min�1 into the top of each cen-
trifuge tube through a syringe pump (Braintree Scientific); the
densities of all fractions were measured by a digital refractome-
ter (Brix/RI-Chek, Reichert). The DNA in each fraction was
precipitated by adding two volumes of polyethylene glycol
solution (30% polyethylene glycol 6000, w/v, 1.6 mol L�1

NaCl, and 20–40 μg of glycogen), resuspended in 35 μL of TE
(10 mmol L�1 TrisHCl, 1 mmol L�1 EDTA, pH 8.0), and then
quantified fluorometrically.

Quantitative polymerase chain reaction
Bacterial and archaeal 16S rRNA and eukaryotic 18S rRNA

gene abundances in each fraction were quantified by quantita-
tive polymerase chain reaction (qPCR) using primers Bac-338f
and Bac-518r (Park and Crowley 2005), Arc-334f and Arc-806r
(Wang et al. 2014), and Euk-345f and Euk-499r (Zhu
et al. 2005), respectively, in a SmartChip Real-time PCR sys-
tem (WaferGen Biosystems) according to Wang et al. (2014).
In brief, 100 nL of the PCR mixture in each well
(1 � LightCycler 480 SYBR Green I Master, 1 mg mL�1 bovine
serum albumin, 500 nmol L�1 of each primer, and 21 nL tem-
plate DNA) were dispensed into a 5184-wells chip using
SmartChip Multisample Nanodispenser in 12 (assays) � 384
(samples) format. Each reaction mixture was run in triplicate
with the program: initial enzyme activation at 95�C for 105 s,
followed by 40 cycles of 95�C for 15 s, 55�C for 30 s, and 72�C
for 30 s. Triplicate nontemplate reactions were run as negative
controls on each chip. The efficiencies of qPCR amplification
ranged from 89% to 101% with R2 > 0.99. Archaeal ammonia
monooxygenase subunit A (amoA) gene abundance was quan-
tified using primers Arch-amoAFA (Beman et al. 2008) and
Arch-amoAR (Francis et al. 2005) in a CFX 96™ real-time sys-
tem (BIO-RAD). The reaction mixtures (20 μL) contained 10 μL
of SYBR® Premix Ex Taq™ II (TakaRa), 5 μg of bovine serum
albumin, 0.5 μmol L�1 of each primer, and 1 μL of template
DNA. The qPCR thermal cycling conditions were set according
to Hu et al. (2011). The efficiencies of qPCR amplification
ranged from 95% to 100% with R2 > 0.99. The specificity of
qPCR was confirmed by melting curve analysis and agarose gel
electrophoresis. Ambiguous products were sequenced to con-
firm their veracity.
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Bacterial and archaeal 16S rRNA gene sequence analysis
An equal volume of DNA solution from 1 to 3 continuous

heavy (1.711–1.727 g mL�1) or light (1.709–1.695 g mL�1) CsCl
gradient fractions that contained the most abundant bacterial or
archaeal 16S rRNA gene copies (Supporting Information Figs. S2,
S3) were mixed for high-throughput sequencing to obtain bacte-
rial and archaeal populations that incorporated (heavy) and did
not incorporate (light) 15N-labeled substrates. The DNA from the
ultralight density (~ 1.692 g mL�1) fraction that contained the
most abundant amoA gene copies in each sample was also sub-
jected to archaeal 16S rRNA gene sequencing (Supporting Infor-
mation Figs. S2, S3). The fractions selected for sequencing from
all samples are shown in Supporting Information Table S1. Bac-
terial and archaeal V3–V4 hypervariable regions in 16S rRNA
genes were amplified with the barcode sequences and universal
primers Bac-341F (CCTACGGGNGGCWGCAG) and Bac-805R
(GACTACHVGGGTATCTAATCC) (Herlemann et al. 2011) and
Arc-349F (GYGCASCAGKCGMGAAW) and 806R (GGACTACVS
GGGTATCTAAT) (Takai and Horikoshi 2000), respectively, and
sequenced using an Illumina MiSeq PE300 at the Chinese
National Human Genome Center (Shanghai).

Quality controlled sequences were classified and clustered
into operational taxonomic units (OTUs) with a cutoff value of
0.03 using the Mothur software following standard operating
procedures (www.mothur.org/wiki/MiSeq_SOP) (Kozich et al.
2013) as described by Zhang et al. (2016). Sequences in all sam-
ples were rarefied and subsampled to an equal number using
the sub.sample command for normalization and further gener-
ated OTU relative abundance matrices based on which Bray-
Curtis similarities between communities were calculated. Non-
metric multidimensional scaling ordinations were produced
using Primer 5. One-way analysis of similarity with 999 permuta-
tions was performed to test the null hypothesis of no significant
difference between clusters in the nonmetric multidimensional
scaling charts. Representative sequences of OTUs were aligned
using MEGA7 and the phylogenetic trees were constructed
using the method of maximum likelihood. The normalized
abundances of OTUs are shown as heat maps. The abundance
of each OTU was calculated by multiplying the relative abun-
dance with total 16S rRNA gene copy numbers in the sequenced
fraction and then normalized by dividing the maximum total
copy number among the sequenced fractions of each sample.
Raw sequencing data of the bacterial and archaeal 16S rRNA
gene are available at NCBI Sequence Read Archive under
BioProject accession number PRJNA551971 with BioSample
accession number SAMN12172468–SAMN12172550 (Bacteria)
and SAMN12173333–SAMN12173433 (Archaea). The represen-
tative sequences used in bacterial and archaeal phylogenetic
trees are under GenBank accession number MN145732–
MN145848 and MN145685–MN145731, respectively.

Bulk N uptake rate
The δ15N of particulate nitrogen (PN) was measured using

the wet digestion method and the bacterial method according

to previous studies (Knapp et al. 2005; Wan et al. 2018).
Briefly, PN was oxidized to NO�

3 with purified persulfate oxi-
dizing reagent and the NO�

3 concentration was measured by
chemiluminescence for determining PN concentration. Then,
the NO�

3 was converted to N2O by using the denitrifier Pseudo-
monas aureofaciens (ATTC no. 13985) and the N2O was intro-
duced to a GasBench coupled to an isotope ratio mass
spectrometer for measuring δ15N. Nitrate isotope standards
SGS 34, IAEA N3, and USGS 32 were used to calibrate the
δ15NO�

3 of the samples and the analytical precision was better
than �0.2‰. The seawater from 3000m water depth in the
South China Sea was also analyzed as a laboratory working ref-
erence material for quality control (Wan et al. 2018). The bulk
uptake rate of a N source in incubated seawater was calculated
using Eqs. 1–3:

Rsample ¼ δ15NPN

1000
þ1

 !
�RatmN2 ð1Þ

n¼ Rsample

Rsampleþ1
ð2Þ

URsubs ¼PNt �nt �PN0�n0

t
�CasubsþCssubs

Cssubs
ð3Þ

where Rsample is the ratio of 15N/14N; RatmN2
is the assumed 15N

content of standard atmospheric N (=0.365%) (Xu et al.
2017); nt and n0 are the atomic percentages of 15N-PN at the
end and beginning of an incubation; PNt and PN0 are the PN
concentrations (i.e., concentrations of NO�

3 produced from
oxidation of PN by persulfate oxidizing reagent) at the end
and beginning of an incubation; Casubs and Cssubs are the
ambient and added substrate concentrations, respectively; t is
the incubation time; and URsubs is the bulk uptake rate of a

N source in incubated seawater.

Concentration and N isotopic composition of dissolved
organic N

To assess the potential impact of labeled organic materials
release during N uptake, concentration and isotopic composi-
tion of dissolved organic N (DON) were measured at 0 and
36 h during the 15N-NH4

+ added incubations. To minimize
influence of the added 15N-NH4

+ to DON measurement, the
NHþ

4 was removed using the ammonia diffusion method
(Holmes et al. 1998). Briefly, 20mL of sample was transferred
into 120mL high-density polyethylene (Nalgene) bottles, pH
of the sample was adjusted to ~12 by adding 6 mol L�1 of
NaOH (ACS-grade, Merck) and was shaken vigorously at 25�C
for 2weeks. Sample was further purged by helium for 0.5 h to
further remove any remaining NH3. Then, the δ15N of dis-
solved N was measured using the wet digestion method and
the bacterial method as described above. To exam the NHþ

4

removal efficiency, 15N-NH4
+ was added to 20mL of surface

water from SEATS station to get a final concertation of

Deng et al. N substrate incorporation of heterotrophs

4

http://www.mothur.org/wiki/MiSeq_SOP


2 μmolNL�1 and was treated as above. The NHþ
4 removal effi-

ciency was obtained by comparing 15N content between the
digested SEATS surface water with and without 15N-NH4

+

amendment, and it was 95.6%�3.7% in our treatment
(n = 3). Concentration and 15N content of DON were calcu-
lated using Eqs. 4 and 5:

15NDON¼
CbulkN�nbulk�C15N�A�0:04�0:98�CNO –

X
�nNO –

X

CDON
ð4Þ

CDON ¼CbulkN�CA�0:04�CNO –
X

ð5Þ

where 15NDON is the 15N fraction in DON (%); CDON, CbulkN,
CA, and CNOX

are the DON, bulk N (after digestion),
bulk NHþ

4 , and NOX
� (before digestion) concentrations,

respectively; C15N�A is the 15NH4
+ concentration after the

tracer amendment; and nbulk and nNOX
are the atomic percent-

ages of 15N in bulk N (after digestion) and NOX
� (before

digestion).

Taxon-specific N uptake
The difference in DNA density caused by 15N isotope incor-

poration was estimated using the modified quantitative SIP
method (Hungate et al. 2015). The total abundance of each
taxon (f s:T) and the average DNA density (ρs:T) of taxon T in
an entire density gradient were calculated using Eqs. 6 and 7,
respectively:

f s:T ¼
XK
k¼1

f s:k:T ð6Þ

ρs:T ¼
XK
k¼1

ρs:k:
f s:k:T
f s:T

� �
ð7Þ

where fs:k:T is the abundance of taxon T (T represents bacteria,
archaea, or eukaryotes) in fraction k of density gradient from

substrate s (s represents NHþ
4 , NO�

3 , NO�
2 , or urea) added sample,

and ρs:k is the density of fraction k.

The percentage of DNA labeled by 15N of each taxon (Ps:T)
was calculated using Eq. 8:

Ps:T ¼
ρs:T:Exp�ρs:T:B

4ρ
�100% ð8Þ

where ρs:T:Exp and ρs:T:B are the average densities of DNA of
taxon T from the experimental sample and blank control,
respectively, and 4ρ is the difference in density between
100% 15N-labeled DNA and unlabeled DNA (=0.016 gmL�1;
Connelly et al. 2014).

The uptake rate of each N source by nanoplankton
(URs:Nano) was calculated using Eq. 9:

URs:Nano ¼UR<20:s�UR<3:s ð9Þ

where UR<20:s and UR<3:s represent the bulk uptake rate of
each N by microbial communities of the < 20 μm and <3 μm

cell size, respectively.

The uptake rate of each N source by picoplankton taxa
(URs:PicoT) at site I1 was calculated using Eqs. 10–13. The total
15N contents (TNC) of pico-eukaryotes (Euk) and archaea
(Arch) in the <3 μm cell-size microbial communities
(TNC<3:s:Euk=Arch) were calculated using Eq. 10; those of hetero-
trophic bacteria (HB) and Prochlorococcus (Pro) (TNC<3:s:HB=Pro)
were calculated using Eq. 11:

TNC<3:s:Euk=Arch ¼A<3:s:Euk=Arch�P < 3:s:Euk=Arch�NC<3:s:Euk=Arch

ð10Þ

TNC<3:s:HB=Pro ¼A<3:s:Bac�P <3:s:Bac� ra<3:s:HB=Pro�NC<3:s:HB=Pro

ð11Þ

where < 3 represents microbial communities of the < 3 μm cell

size, A<3:s:T is the total abundance of taxon T (Euk, Arch, or Bac)

(Supporting Information Table S2), P<3:s:T is from Eq. 8, and

ra<3:s:HB=Pro is the relative abundance of heterotrophic bacteria or

Prochlorococcus in an actively N-incorporating prokaryote com-

munity (determined by 16S rRNA genes sequencing of 15N-DNA;

Synechococcus was extremely low-abundant); NC is the cell N con-

tent of heterotrophic prokaryotes, Prochlorococcus, and pico-

eukaryotes, which was estimated as 1.5 fgN cell�1, 6.6 fgN cell�1,

and 28 fgN cell�1, respectively, according to their average cell car-

bon content and C/N molar ratio in open oceans (Supporting

Information Table S3).

The relative 15N content of picoplankton taxa (PicoT) in
the < 3 μm cell-size microbial community (RNC<3:s:picoT) was
calculated using Eq. 12 and the uptake rate of each N by PicoT
(URs:PicoT) was calculated using Eq. 13:

RNC<3:s:picoT ¼ TNC<3:s:PicoT

TNC<3:s:HBþTNC<3:s:ProþTNC<3:s:ArchþTNC<3:s:Euk

ð12Þ
URs:PicoT ¼UR<3:s �RNC<3:s:PicoT ð13Þ

where PicoT represents HB, Pro, Arch, or Euk.
The uptake rate of each N source by picoplankton taxa at

site SEATS was calculated based on Eqs. 10–13 using the data
from microbial communities of the < 20 μm cell size. This is
because the uptakes of N sources between the < 20 μm and
< 3 μm microbial communities were approximately equal,
suggesting that nanoplankton played a negligible role for N
uptake at this basin site. So, given the < 20 μm microbial com-
munities could be more intact than the < 3 μm microbial com-
munities, we used the data from the < 20 μm microbial
communities to accurately compare the uptake rate of N by
heterotrophic and autotrophic picoplankton.

The contribution of each population to bulk uptake of each
N substrate (Cs:PicoT) was calculated using Eq. 14; the
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contribution of each N to total N (sum of four N sources)
uptake by each taxon (CPicoT:s) was calculated using Eq. 15

Cs:PicoT ¼URs:PicoT

UR<20:s
�100% ð14Þ

CPicoT:s ¼ URs:PicoT

URNHþ
4 :PicoT

þURurea:PicoTþURNO –
3 :PicoTþURNO –

2 :PicoT

�100%

ð15Þ

Model simulations
Simulations of marine ecosystems and biogeochemical

cycles were conducted using the Community Earth System
Model 1.0. The biogeochemical/ecosystem model ran in the
ocean physics component. The resolution chosen was roughly
1� horizontally and 60 vertical levels, with 10 m thickness of
each vertical level in the upper 150 m. The initial distributions
of nutrients, inorganic carbon, and alkalinity were based on the
World Ocean Atlas database (Garcia et al. 2006) and the
GLODAP database (Key et al. 2004). After spin-up under
preindustrial conditions, the model took repeating atmospheric
forcing from the National Center for Environmental Predic-
tion/National Center for Atmospheric Research meteorological
reanalysis climatology (Large and Yeager 2008), while atmo-
spheric CO2 increased from 278 ppm to the present-day level.

The biogeochemical/ecosystem model used here includes
three phytoplankton functional groups (diatoms, diazotrophs,
and small phytoplankton), one zooplankton group and bio-
geochemical cycling of multiple growth-limiting nutrients (N,
phosphorus, silicon, and iron) (Moore et al. 2004). The light,
nutrient, and temperature dependencies of phytoplankton
growth rates were calculated. Phytoplankton growth rates
decrease under nutrient stress according to Michaelis-Menten
nutrient uptake kinetics. Biogeochemical/ecosystem model
simulates the uptake of NO�

3 and NHþ
4 by various phytoplank-

ton groups, as well as the N2 fixation by diazotrophs that con-
tribute new production into the system. This allows us to
calculate carbon fixation supported by specific N sources using
the Redfield C/N ratio.

We consider production supported by NO�
3 and N2 fixation

as the simulated new production. The total production is the
sum of new production and production supported by NHþ

4 .
Due to limited computational resources, we calculated the
corrected new production and f-ratio using an offline model
based on simulated results from 2005 to 2009. Here, we con-
sidered the relative contribution of heterotrophic prokaryotic
assimilation to both NO�

3 and NHþ
4 uptake within the eupho-

tic zone of oligotrophic open basins, which is defined by
greater than 1000m water depth and low surface NO�

3 con-
centrations (< 1 μm). Since NO�

3 concentrations generally start
to increase vertically as PAR drops to 1% level, we incorpo-
rated the correction parameters of the 20% PAR depth and the
1% PAR depth to simulated new production in waters where

the NO�
3 concentrations are ≤1 μmol L�1 and >1 μmol L�1,

respectively. Correction parameters were listed in Supporting
Information Table S4. The correction was applied to areas
between 45�N and 45�S only. We integrated corrected new
production and total production over the upper 150m, where
biological activities were simulated explicitly in biogeochemi-
cal/ecosystem model. The corrected f-ratio was calculated by
the following equation:

f -ratio¼ PP_NO –
3 correctþPP_Nfix

PP_NO –
3 correctþPP_NHþ

4 correctþPP_Nfix
ð16Þ

where PP_NO3correct and PP_NHþ
4 correct represent the corrected

production supported by NO�
3 and NHþ

4 , respectively, using
parameters from incubation experiments presented in this
study and PP_Nfix represents the production supported by N2

fixation. Note that the uptake of organic N by phytoplankton
was not simulated in the present model version, and was left
out from all calculations. We acknowledge the remaining
caveat; however, further laboratory and field observations are
needed to provide key information for model developments
and more accurate simulations.

Statistics
For all comparisons between two variables, we used the

nonparametric Wilcoxon rank-sum tests because a normal dis-
tribution of the individual data sets was not always met.

Results
Bulk potential uptake rates of N sources by the microbial
community

Nitrate was depleted at the 20% PAR depth and the
nitracline was around the 1% PAR depth; the primary NO�

2

maximum was at the 1% PAR depth at both sites I1 and
SEATS. In contrast, regenerated N substrate (NHþ

4 and urea)
concentrations were higher at a depth of 20% PAR than at 1%
PAR (Fig. 1b,e). The deep chlorophyll maximum was at 65m
and 75m water depth at I1 and SEATS, respectively, which
was located above the 1% PAR depth in both sites (Fig. 1a,d).
There was a higher abundance of pico-/nano-sized eukaryotes
and Synechococcus at I1 (Wilcoxon rank-sum test, p<0.05),
whereas Prochlorococcus showed relatively higher abundance at
SEATS (p<0.05 in the upper 100m; Fig. 1c,f).

The N uptake rates by either the < 20 μm or < 3 μm fraction
of the microbial community were distinctly higher at I1 than
at SEATS for both PAR depths (p < 0.01; Fig. 2a,b; Supporting
Information Table S5). The uptake rate of each N source by
the < 20 μm fraction was significantly higher than the < 3 μm
fraction at I1 (p < 0.05; Fig. 2a) but, at SEATS, the uptake was
similar for the two size communities (Fig. 2b). This suggested
that there were more abundant nanoplankton (3–20 μm) at I1,
but they were almost negligible at SEATS with almost all
uptake of N species by picoplankton. The bulk uptake rates of
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regenerated N (NHþ
4 and urea) were higher than NO�

3 and
NO�

2 in general (p<0.05), except for the relatively higher NO�
3

uptake by the <20 μm fraction at the 1% PAR depth of I1
(Fig. 2a; Supporting Information Table S5).

Uptake of N sources by the eukaryotic, bacterial, and
archaeal populations

The normalized distribution of bacterial (hereafter defined
as combined heterotrophic bacteria and cyanobacteria) 16S

rRNA, eukaryotic 18S rRNA, and archaeal 16S rRNA and amoA
gene copies in the CsCl density gradient (scaled between
0 and 1 along the gradient) were analyzed to estimate the
degree of 15N labeling of these DNA (Supporting Information
Figs. S2, S3), which is an index of N uptake activity. The
eukaryotic, bacterial, and archaeal populations assimilated
more N at I1 than at SEATS (p < 0.01; Fig. 2c,d). Notably, there
was no significant difference between the eukaryotic and bac-
terial N uptakes, and their uptakes were generally higher than

Fig 1. Biogeochemical parameters at the South China Sea (a–c) shelf site I1 and (d–f) open basin site SEATS. (a, d) Water depth profiles of temperature,
salinity, and Chl a concentration. (b, e) Depth profiles of ammonium (NHþ

4 ), nitrate (NO�
3 ), nitrite (NO�

2 ), and urea concentrations. (c, f) Depth profiles
of abundances of Prochlorococcus (Pro.), Synechococcus (Syn.), eukaryotes (Euk.), and noncyanobacterial prokaryotes (Non-Cyano. Prok.).
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archaeal uptake in all samples (p < 0.01). The eukaryotes
assimilated more N at the 20% PAR depths than at the 1%
PAR depths at both sites (p < 0.01), except for the relatively
higher uptakes in the < 20 μm communities at 1% PAR of I1
(p < 0.05; Fig. 2c). The bacterial N uptake showed no signifi-
cant difference between the two depths; the archaeal N uptake
at the 20% PAR was distinctly higher than at the 1% PAR
(p < 0.01; Fig. 2c,d). In general, the eukaryotes, bacteria, and
archaea had similar uptakes between NHþ

4 and urea, between
NO�

3 and NO�
2 at I1 and significantly higher uptakes of NHþ

4

and urea than of NO�
3 and NO�

2 , respectively (p<0.05; Fig. 2c).
At SEATS, however, the three populations had higher uptakes
of NHþ

4 than of urea, NO�
3 , and NO�

2 (p<0.01; Fig. 2d).
In addition, archaeal amoA genes were undetectable in all

CsCl gradient fractions from the 20% PAR depths at the two
sites (Supporting Information Figs. S2a,b, S3a,b). However, in
the samples from the 1% PAR depths (Supporting Information
Figs. S2c,d, S3c,d), archaeal amoA gene and 16S rRNA gene
abundances peaked in the light density fraction, indicating
that there were ammonia-oxidizing archaea at the 1% PAR
depth and they incorporate extremely minor 15N sources into
their DNA.

Actively N-incorporating prokaryotic populations
The 15N (heavy) and 14N (light) DNA sequence analyses

revealed a significant difference in bacterial and archaeal com-
munity composition between the 20% and 1% PAR depths at
both I1 and SEATS (analysis of similarity test, p < 0.01;
Supporting Information Fig. S4). The bacterial heavy and light
fractions from the same depth and size clustered separately
when the N uptake was high (e.g., at 20% PAR depths or for
< 20 μm communities), and clustered together when the
uptake was relatively low (e.g., at 1% PAR depths or for < 3 μm
communities).

Phylogenetic analysis indicated that Prochlorococcus was
clearly dominant among the N-incorporating (15N-DNA)
populations (Fig. 3). It actively incorporated N sources, espe-
cially at the 20% PAR depth, and was relatively more abun-
dant at SEATS than at I1 (p < 0.05). The main competitors of
N incorporation with Prochlorococcus at the 20% PAR depth
were members of Rhodobacteraceae, Erythrobacter, Henriciella
(Hyphomonas), and Alteromonas at I1 and diverse low-
abundant taxa of Flavobacteria, α-Proteobacteria, γ-Prote-
obacteria, and Actinobacteria at SEATS (Fig. 3). The N sources
at the 1% PAR depth were incorporated by members of

Fig 2. (a, b) Bulk uptake rate of ammonium (NHþ
4 ), nitrate (NO�

3 ), nitrite (NO�
2 ), and urea by the microbial community and (c, d) percentage of

15N-labeled DNA of bacterial (including cyanobacteria and heterotrophic bacteria, Cyano.+HB), eukaryotic (Euk.), and archaeal (Arch.) DNA at the South
China Sea (a, c) shelf site I1 and (b, d) open basin site SEATS.
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Rhodobacteraceae, Erythrobacter, and Alteromonas at both sites;
Pseudomonas, Alcanivorax, and Marinobacter at I1; and
Oleiphilus and Acidimicrobineae (Actinobacteria) at SEATS. In
addition, there were many very low-abundant N-incorporating

taxa, such as a few members from SAR11, SAR86, and SAR406,
at the two sites (Fig. 3). Bacterial populations that did not
incorporate N (14N-DNA; Supporting Information Fig. S5) at
the two sites mainly included SAR11, some unclassified OTUs

Fig 3. Phylogenetic tree of bacterial OTU sequences with relative abundance > 1% of total 16S rRNA gene sequences (n > 62 sequences) in any one of
the representative heavy fractions. The normalized abundances (see “Materials and methods” section) are shown as heat maps to the right of the phylo-
genetic tree; they are comparable only within each incubation sample (one column). The figure was produced from the Interactive Tree Of Life (iTOL,
http://itol.embl.de/). C, class; F, family; G, genus; K, kingdom; O, order; P, phylum
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that clustered together with SAR11, SAR86 (γ-Proteobacteria),
and SAR406, as well as diverse members from Flavobacteria
and Actinobacteria, although they also included members of
Rhodobacteraceae, Erythrobacter, Alteromonas, and Oleiphilus.
The active N-incorporating archaeal populations were mainly
Euryarchaeota MG II and III and some unclassified archaeal
OTUs at the 20% PAR depth at both sites. Thaumarchaeota
MG I dominated the archaeal communities at the 1% PAR
depth and absolutely concentrated in the (ultra)light fractions
with extremely minor incorporation of 15N (Fig. 4).

Taxon-specific N assimilation
By combining bulk uptake rates of N and percentages of

taxon-specific 15N-DNA, we were able to estimate taxon/popu-
lation-specific N assimilation further (Supporting Information
Table S6). Shelf site I1 is a relatively eutrophic environment,
with more abundant nanoplankton than was found in the
open basin site SEATS, which led to higher N uptake by
nanoplankton (Fig. 5a; ~ 61% and ~ 54% of total N [sum of
four N sources] uptake at the 20% and 1% PAR depths,
respectively) in competition with cyanobacteria (mainly

Prochlorococcus in this study; only ~ 20% and ~ 4%). At I1,
total heterotrophic prokaryotes were inferred to contribute
~ 17% and ~ 41% of total N uptake at the 20% PAR and 1%
PAR depths, respectively (Fig. 5a). Heterotrophic archaea con-
tributed extremely minor levels of N uptake at both I1 and
SEATS owing to their low abundance (Supporting Information
Tables S2, S6). The picoplankton—mainly Prochlorococcus, het-
erotrophic bacteria, and pico-eukaryotes—dominated the total
N uptake at SEATS (Fig. 5b). Prochlorococcus contributed ~ 54%
and ~ 17% of total N uptake at the 20% and 1% PAR depths,
respectively, whereas heterotrophic prokaryotes contributed
~ 19% and ~ 55%, respectively, at the two depths (Fig. 5b).
Pico-eukaryotes contributed ~ 27% of total N uptake at both
depths at SEATS, while they only contributed < 2% of total N
uptake at I1. Autotrophic nitrifiers, that is, ammonium-
oxidizing archaea and bacteria as well as nitrite-oxidizing bac-
teria, were not technically discriminated from these data
because they were extremely low abundant and contributed
negligible N uptake at both I1 and SEATS.

Among the four N sources, almost all of the populations
assimilated more regenerated N source (mostly NHþ

4 ; Supporting

Fig 4. Phylogenetic tree of archaeal OTU sequences with relative abundance > 1% of total 16S rRNA gene sequences (more than six sequences) in any
one of the representative heavy, light, ultralight fractions, and in situ samples. The normalized abundances are shown as heat maps to the right of the
phylogenetic tree; they are comparable only within each incubation sample (including three columns). The figure was produced from the Interactive Tree
Of Life (iTOL, http://itol.embl.de/). C, class; F, family; G, genus; K, kingdom; P, phylum
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Information Fig. S6 and Table S6). Notably, however, hetero-
trophic prokaryotes made a relatively higher contribution
(~ 29% at I1 and 30% at SEATS; Supporting Information
Table S4) to bulk uptake of NO�

3 by the total microbial com-
munity than of NHþ

4 and urea at the 20% PAR depths, where
abundant autotrophic plankton contributed more to bulk
uptake of regenerated N (Fig. 5c,d). The pattern was the oppo-
site at the 1% PAR depth of I1, where regenerated N concen-
trations were low and abundant nanoplankton contributed
more to bulk uptake of NO�

3 (Fig. 5c). At the 1% PAR depth of
SEATS, there were only a few pico-sized autotrophic plankton,
and thus heterotrophic prokaryotes contributed significantly
to bulk uptakes of all four N sources (47–77%), and especially
of NO�

3 (Fig. 5d; Supporting Information Table S4).

Discussion
To obtain sufficient 15N-labeled DNA from open oceans, we

carried out a large volume (10 L) of incubation with the

addition of relatively high concentration of substrate
(Supporting Information Table S7) and relatively long-time
incubation (36 h) under in situ temperature and light condi-
tion. In such incubation systems, we sought to maintain the
similar activities of microbial populations to those in the envi-
ronment as much as possible. Our data showed that the abun-
dances of Prochlorococcus, Synechococcus, and heterotrophic
prokaryotes, as well as pico-eukaryotes, maintain generally sta-
ble during incubations (Supporting Information Tables S8,
S9); the bulk potential uptake rates of each N source were
within the range of the inferred rates reported previously in
the Atlantic and Pacific Oceans (Supporting Information
Table S10); and the assimilated concentration of each N source
during the incubations was lower than the in situ concentra-
tion (Supporting Information Table S7), except that the assim-
ilated NO�

2 concentration was higher than the ultralow in situ
concentration at the 20% PAR depth of I1. These data indi-
cated that the potential N uptake rates by the microbial com-
munities were still limited probably due to the low availability

Fig 5. (a, b) Contribution of each population (nanoplankton, heterotrophic prokaryotes [HP], cyanobacteria, and pico-eukaryotes) to total nitrogen (N;
sum of ammonium [NHþ

4 ], nitrate [NO�
3 ], nitrite [NO�

2 ], and urea) uptake by the microbial community, (c, d) contribution of each population to bulk
uptake of each N, as well as (e, f) f-ratio (=NO3

� uptake/total N uptake) and the degree of misestimation (DME% = [old� corrected]/corrected) of
f-ratio caused by heterotrophic prokaryotic N uptake at the South China Sea (a, c, e) shelf site I1 and (b, d, f) open basin site SEATS. Corr., corrected.
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of other nutrients, like iron for phytoplankton and organic
matter for heterotrophic bacteria. None of the above four
populations decayed or bloomed during the incubations.
Thus, we can compare N assimilation among these
populations. Our experimental scenario probably reflects the
potential competition between heterotrophic prokaryotes and
autotrophic picoplankton for episodically imported N sources,
for example, during the occurrence of upwelling in open
oceans.

To assess regenerated sources of N during the incubations
and separate the direct inorganic N assimilation and indirect
uptake of labeled organic materials, we measured concentra-
tion and N isotopic composition of DON in the incubation
systems with added 15NH4

+. The 15N-labeled DON released by
microbial communities accounted for only an extremely
minor fraction of the total DON pool (0.08–0.85%) and dis-
solved 15N pool (0.33–3.63%) (Supporting Information
Table S11). The 15N enrichment in the DON pool was likely
underestimated given DON could be broken down to NHþ

4

during the pretreatment process (Bronk and Ward 2000).
While the possibility of cross-feeding cannot be completely
precluded, its effects may be limited and 15N-DNA was mainly
derived from the inorganic N assimilation. This can also be
evidenced by the significant differences between the N-
incorporating and N-unincorporating bacterial communities
when the N uptake rates were high (Supporting Information
Fig. S4). In addition, highly correlated linear regressions
between the particulate 15N production and incubation time
(Supporting Information Fig. S7) suggest that the isotope dilu-
tion effect, community changes, and cross-feeding effects were
minimal during the incubations. The negligible isotope dilu-
tion was due to the large isotope additions used. Nevertheless,
incubation as short as possible is encouraged to avoid any
potential cross-feeding effect.

Overall, the potential bulk uptake rates by the microbial
communities and population-specific N assimilation indicated
that NHþ

4 was the most preferred N source, followed by urea,
NO�

3 , and NO�
2 . This is generally consistent with the percent-

ages of 15N-DNA of total eukaryotic, bacterial, and archaeal
DNA, although each OTU varied in assimilation capability of
the four N sources. Ammonium can be utilized directly by
metabolic pathways in cells; however, NO�

3 needs first to be
reduced to NHþ

4 before utilization, which requires at least five
nicotinamide adenine dinucleotides and thus consumes more
energy than NHþ

4 assimilation (Kirchman 2002;). Urea is trans-
ported across the cell membrane via adenosine triphosphate-
binding cassette transporters that use energy from adenosine
triphosphate and then split into NHþ

4 and CO2 by urease
(Solomon et al. 2010). In theory, the energetic cost of NO�

2

assimilation is lower than NO�
3 assimilation, but the accumu-

lation of NO�
2 inside cells is toxic (Moir and Wood 2001).

Though the incorporation of reduced N (e.g., NHþ
4 ) is more

energy-efficient than oxidized N, ammonium is not necessar-
ily the constituent most assimilated in the environment

because it can be more limiting in the environment than in
the experiment (Aldunate et al. 2020).

The active N-incorporating bacteria in the South China Sea
were mainly Cyanobacteria, α-Proteobacteria, and γ-Prote-
obacteria. Our results found that Prochlorococcus (OTU001)
incorporate NHþ

4 , urea, NO�
3 , and NO�

2 strongly to weakly,
similar to bulk N uptake rates. The uptake rates of flow-
cytometer-sorted Sargasso Sea Prochlorococcus revealed that it
assimilated more urea than the other three DIN components
(Casey et al. 2007). Prochlorococcus commonly relies on
recycled N in the euphotic zone (Moore 2002; Fawcett
et al. 2011). The discovery of a genomic island containing
NO�

3 and NO�
2 assimilation genes in the metagenome of

Prochlorococcus from marine surface waters (Martiny
et al. 2009), and strains able to grow on NO�

3 as the sole
source of N (Berube et al. 2015), however, suggested that oxi-
dized N may be a significant source of N in the natural envi-
ronment under certain nutrient conditions. For instance,
Prochlorococcus was found, based on natural abundance of iso-
topes in cells, to use NO�

2 as the dominant N source in the
oxygen-deficient zones of the Eastern Tropical North and
South Pacific where NHþ

4 was limiting (Aldunate et al. 2020).
Notably, highly diverse taxa of heterotrophic bacteria

incorporated N sources. Among them, the dominant members
of Rhodobacteraceae, Erythrobacter, and Alteromonas incorpo-
rated each N source when it alone was added, suggesting that
these taxa have the capability to adapt to varying nutrient
conditions and compete for N with other populations
(Goddard and Bradford 2003; Berthelot et al. 2019). Generally,
the N-incorporating taxa were limited in specific communities
from different sites, depths, and size fractions. Previous SIP
studies also showed various N-incorporating taxa in different
environments; for example, NHþ

4 assimilation by Flavobacteria
and Rhodobacteraceae in the Southern California Bight
(Morando and Capone 2018), NHþ

4 and NO�
3 incorporation by

Thalassobacter (Rhodobacteraceae) and Alteromonadales on the
West Florida Shelf (Wawrik et al. 2012), urea uptake by
β-Proteobacteria, Firmicutes, SAR11, and SAR324 offshore of
Barrow in the Arctic (Connelly et al. 2014), as well as NO�

3

assimilation by a specific subclade of SAR11 in the Big
Fisherman’s Cove off Catalina Island, U.S.A. (Morando and
Capone 2016). This suggests that a wide spectrum of hetero-
trophic bacteria could incorporate DIN and urea and poten-
tially compete with cyanobacteria in a wide range of
environments, especially in the scenario of episodic import
of N sources. In the present study, SAR11 OTUs (~ 10% of the
total for the in situ communities) incorporated minor 15N and
were relatively more enriched in the N-unincorporating
assemblages. These results contrast with Widner et al. (2018)
who found, based on metagenomic and metatranscriptomic
analyses, that a fraction of SAR11 and Nitrospina have the
potential and activity to use urea in the Eastern Tropical North
Pacific oxygen-deficient zone. However, due to a very low in
situ abundance (only < 0.6% of relative abundance at the 1%
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PAR depths of both sites) in this study, Nitrospina OTUs were
not retrieved from the 15N-DNA except for < 0.2% of relative
abundance at the 1% PAR depth of SEATS.

The bulk potential uptake rates of N sources by size-
fractionated communities suggest that there were more abun-
dant nanoplankton at I1. Considering potential nanoflagellate
predation on prokaryotes was removed in the < 3 μm microbial
community, the abundance of prokaryotes in the < 3 μm com-
munities should have been higher than that in the < 20 μm
communities. However, the experimental result was contrary.
Moreover, the percentages of bacterial 15N-DNA decreased sig-
nificantly with the removal of nano-sized particles at I1, and
this decrease resulted from heterotrophic bacteria, as revealed
by the phylogenetic analysis. This is consistent with higher
abundances of Prochlorococcus sequences retrieved from 15N-
DNA than of each heterotrophic bacterial taxon at the 20%
PAR depth of SEATS, where nanoplankton was negligible. This
suggests that heterotrophic bacteria might benefit from
nanoplankton (and other particles) competing for N sources
with Prochlorococcus, because of the stimulated DIN uptake by
available labile organic carbon (Kirchman et al. 1990; Jacquet
et al. 2002; Bradley et al. 2010). Overall, the actively N-
incorporating taxa at the 1% PAR depth of both sites were com-
posed of abundant heterotrophic bacteria that outcompeted
Prochlorococcus for DIN and urea uptake during the incubations.

Archaeal abundance and N-incorporating activity were
much lower than bacteria within the euphotic zone. The vast
majority of the archaeal N incorporation was detected at the
20% PAR depth, although archaea were more abundant at
the 1% PAR depth (Karner et al. 2001). Euryarchaeota MG II,
which are usually the most abundant heterotrophic archaeal
taxon in ocean surface water (Zhang et al. 2015), were main
N-incorporators at the 20% PAR depth. Thaumarchaeota
MG I, which are ammonia-oxidizing chemolithoautotrophs,
incorporated minor N sources at the 1% PAR depth. However,
they could compete for ammonium by ammonia oxidization
(Wan et al. 2018), which could not be determined by SIP. Simi-
larly, they also could compete for urea by oxidizing urea-derived
N (Qin et al. 2014; Bayer et al. 2016). Notably, Thaumarchaeota
was found, using DNA-SIP, to assimilate carbon directly from
urea by the reverse ornithine cycle in the mesopelagic and
bathypelagic North Atlantic (Seyler et al. 2018).

Significant N uptake by heterotrophic prokaryotes would
result in overestimates of the assimilation of both new and
regenerated N by autotrophic plankton and bias the f-ratio.
Although 0.3 μm pore size of GF filters used in this study is
smaller than the nominal sizes (0.7 μm; the effective pore size
must be < 0.5 μm; Morel et al. 1993; Chavez et al. 1995) of
GF/F filters that are usually used to measure the N uptake
of phytoplankton, the potential competition for N substrates
between heterotrophic prokaryotes and autotrophic
picoplankton and the impacts of heterotrophic N uptake on
these estimates are noticeable because GF/F filters can retain a
significant portion of the prokaryotes (Chavez et al. 1995;

Gasol and Moran 1999). Overestimate or underestimate of the
f-ratio depends on the higher or lower relative contribution of
heterotrophic prokaryotes to bulk uptake of new N than
regenerated N. For instance,

f -ratio¼ UR_NO –
3

UR_NHþ
4 þUR_NO –

3
, ð17Þ

and then the corrected f-ratio that excludes the N uptake by het-

erotrophic prokaryotes is calculated as

f -ratiocorr ¼ UR_NO –
3 �UR_NO –

3 HP

UR_NHþ
4 �UR_NHþ

4 HP

� �þ UR_NO –
3 �UR_NO –

3 HP

� �

¼ UR_NO –
3 1�CNO –

3 :HP
� �

UR_NHþ
4 1�CNHþ

4 :HP

� �
þUR_NO –

3 1�CNO –
3 :HP

� �

¼ UR_NO –
3

UR_NHþ
4 �

1�CNHþ
4
:HP

1�CNO –
3
:HP

þUR_NO –
3

ð18Þ

where UR_NO3 and UR_NHþ
4 represent the bulk uptake rate of

NO�
3 and NHþ

4 by the total community, respectively; UR_NO3HP

and UR_NHþ
4 HP represent the uptake rate of NO�

3 and NHþ
4 by

heterotrophic prokaryotes, respectively; CNO3:HP and CNHþ
4
:HP rep-

resent the contribution of heterotrophic prokaryotes to bulk

uptake of NO�
3 and NHþ

4 , respectively. When heterotrophic

prokaryotes make a higher contribution to bulk uptake of NO�
3

(CNO3 :HP) than of NHþ
4 (CA:HP), the value of

1�C
NHþ

4
:HP

1�CNO
3
:HP

is >1. Then,

the denominator in Eq. 18 is higher than the denominator in

Eq. 17 resulting in the lower f� ratiocorr than f-ratio, that is, the

f-ratio is overestimated. It is thus clear that the over- or underesti-

mate of f-ratio depends on the contribution of heterotrophic pro-

karyotes to bulk uptake of NO�
3 vs. NHþ

4 by the total community
1�C

NHþ
4
:HP

1�CNO
3
:HP

� �
(data shown in Fig. 5), and does not depend on the

contribution of each N to the four N sources uptake by each taxon

(CPicoT:s) (data shown in Supporting Information Fig. S6).

Our study revealed that, despite more assimilation of
regenerated N source than NO�

3 , heterotrophic prokaryotes
made a relatively higher contribution to bulk uptake of NO�

3

by the total microbial community than of NHþ
4 and urea, and

thus there was a tendency to overestimate (~ 16% and ~15%
in I1 and SEATS, respectively) the f-ratio (not including N2 fix-
ation) at the 20% PAR depths (Fig. 5e,f), where it is suggested
that abundant autotrophic plankton are more competitive for
regenerated N relative to new N. Similarly, there was a distinct
overestimate (~ 96%) of the f-ratio at the 1% PAR of SEATS,
where nanoplankton are negligible and a few pico-sized auto-
trophic plankton are assumed to be more competitive for ener-
getically inexpensive reduced forms of N. Only at the 1% PAR
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of I1 did heterotrophic prokaryotes have a higher relative con-
tribution to bulk uptake of NHþ

4 and urea than of NO�
3 , and

thus there was an underestimate (~ 17%) of the f-ratio (Fig. 5e)
because of relatively higher uptake of NO�

3 by nanoplankton
under low NHþ

4 . The relatively higher contribution of hetero-
trophic prokaryotes to bulk uptake of NO�

3 has also been
found in the oceanic sub-Arctic Pacific (Kirchman and

Wheeler 1998), the North Water of the Arctic Ocean
(Fouilland et al. 2007), and the marginal ice zone of the
Barents Sea (Allen et al. 2002). We speculated that, when auto-
trophic plankton (e.g., pico-sized) are more competitive for
regenerated N in the high ambient NO�

3 concentrations and
release the relatively low N content organic matter
(Hopkinson and Vallino 2005), heterotrophic prokaryotes

Fig 6. The simulated f-ratios (a) before and (b) after correction and (c) overestimation of f-ratios caused by heterotrophic prokaryotic assimilation of
nitrate within the eutrophic zone (0–150 m) of the low and middle latitude oligotrophic open ocean during 2005–2009.
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may be forced to supplement N from NO�
3 for growth

(Middelburg and Nieuwenhuize 2000).
Based on the above analyses of data from the relatively

eutrophic shelf site (I1) and oligotrophic ocean site (SEATS),
we find that phytoplankton community composition could
regulate the contribution of heterotrophic prokaryotes to bulk
uptake of NO�

3 vs. regenerated N. When eukaryotic phyto-
plankton are dominant in the relatively eutrophic waters, N is
primarily taken up by phytoplankton; since different phyto-
plankton may be competitive for different N sources (either
regenerated N or NO�

3 ), the contribution of heterotrophic pro-
karyotes to bulk uptake of NO�

3 could be either higher or
lower than regenerated N, resulting in either overestimate
or underestimate of f-ratio. However, in the oligotrophic open
ocean, Prochlorococcus (pico-sized and prokaryotic) may be
dominant and relatively more competitive for regenerated N,
which probably causes the relatively higher contribution of
heterotrophic prokaryotes to bulk uptake of NO�

3 . We tried to
extrapolate the parameters obtained from incubation experi-
ments at SEATS to the oligotrophic open ocean (> 1000m
depth, <1 μmol L�1 surface NO�

3 concentration, and between
45�N and 45�S) where Prochlorococcus is widespread
(Flombaum et al. 2013) to gain an insight of how heterotrophs
influence the open oceanic f-ratio estimate. The global model
simulated that the f-ratio (including N2 fixation) would
decrease ~ 18% with our observations-based correction in the
low-latitude oligotrophic open ocean (Fig. 6).

Collectively, phylogenetically diverse heterotrophic pro-
karyotes had the capability to contribute a significant fraction
of DIN and urea uptake, potentially competing with cyano-
bacteria in the oceanic euphotic zone. When nano-sized phy-
toplankton are negligible and cyanobacteria are dominant
(e.g., in the low-latitude open ocean), heterotrophic prokary-
otes may make a higher contribution to bulk uptake of NO�

3

relative to regenerated N, and thus there was a tendency to
overestimate the f-ratio, especially in the scenario of episodic
import of N sources (e.g., upwelling). This suggests a more
prominent biogeochemical role of heterotrophic prokaryotes
in these areas than hitherto assumed. This work highlights
the importance of distinguishing the DIN and urea uptake by
heterotrophic prokaryotes from that of autotrophic
plankton—and particularly of cyanobacteria—in the open
ocean to better understand oceanic new and regenerated pro-
duction, and the stoichiometric relationship between carbon
fixation and N substrate uptake in the ocean.
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