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Assimilation of upwelled nitrate by small
eukaryotes in the Sargasso Sea

Sarah E. Fawcett'*, Michael W. Lomas?, John R. Casey?, Bess B. Ward' and Daniel M. Sigman'

Phytoplankton growth is potentially limited by the scarcity of biologically available forms of nitrogen such as nitrate and
ammonium. In the subtropical ocean gyres, water column stratification impedes the upward flux of nitrate to surface waters.
Phytoplankton in these waters are assumed to rely largely on ammonium and other forms of nitrogen recycled during the
breakdown of organic matter. Here, we use flow cytometry to separate prokaryotic and eukaryotic phytoplankton collected
from Sargasso Sea surface waters in the summers of 2008 and 2009, and to analyse their respective nitrogen isotope ratios.
We show that prokaryotes have a uniformly low ratio of *N to N, §"°N, consistent with their reliance on recycled nitrogen.
In contrast, small eukaryotic phytoplankton, less than 30 um in size, have a higher and more variable §°N, with a mean value
similar to that of nitrate in underlying Subtropical Mode Water. For the summertime Sargasso Sea, we estimate that small
eukaryotes obtain more than half of their nitrogen from upwelled nitrate. In addition, our data support the view that sinking

material derives largely from eukaryotic, not prokaryotic, phytoplankton biomass.

(‘fixed N’) has the potential to limit marine productivity

and determine phytoplankton community composition.
‘New production’ is phytoplankton growth in the sunlit upper
ocean fuelled by ‘new’ N: nitrate (NO;~) mixed up from the
ocean interior, augmented by in situ N, fixation. Annually, new
production balances the export of sinking organic matter from
shallow waters, maintaining the sequestration of carbon in the
ocean interior!?. In the subtropical ocean, the supply of nitrate from
below seems to be slow, such that most phytoplankton growth is
thought to be supported by ‘recycled’ N (refs 3,4) (predominantly
ammonium (NH,1)).

The Bermuda Atlantic Time-series Study (BATS) site is located
at the northern margin of North Atlantic subtropical gyre (the
‘Sargasso Sea’), and its summertime conditions are representative of
the open subtropical ocean’. After higher mixing and productivity
in the winter and spring, strong summertime stratification develops
at the base of and within the euphotic zone (upper ~100 m; ref. 4),
and the wind-mixed surface layer shoals to <20 m (ref. 5), resulting
in trace nitrate throughout the euphotic zone (Fig. 1a; as low as
0.001-0.01 uM, with sporadic observations of ~0.1uM; ref. 4).
Under these conditions, the recycling of N by euphotic zone biota is
thought to be the major N source for phytoplankton growth!=.

The photoautotrophic biomass at BATS is comprised of
the prokaryotic cyanobacterial genera Prochlorococcus and Syne-
chococcus (hereafter ‘prokaryotes’)®” and a number of eukaryotic
species (hereafter ‘eukaryotes’), predominantly prymnesiophytes
and pelagophytes®. The N uptake capacities of these different taxa
are being investigated (Supplementary Information S3.1), but the
low concentrations of all fixed N forms in the Sargasso Sea make it
difficult to assess in situ N assimilation rates or to determine which
taxa (prokaryotes versus eukaryotes) use which N sources.

/_\ s an essential nutrient, biologically available nitrogen

Nitrogen isotopes in the subtropical ocean
At BATS, N isotope studies have supported the expectation that
recycled N fuels most phytoplankton growth. The §"°N of bulk

suspended particulate N (PN) ranges from —3 to 1% (refs 9,10),
lower than that of nitrate in the underlying Subtropical Mode Water
(STMW) (8N of 2—3% at 250 m (ref. 11); §"°N, in permil versus
atmospheric N,, = {[®"N/"N)gmple/("N/"N)ym] — 1} x 1,000).
Similarly low-§"°N PN in the Pacific was first interpreted as
indicating a substantial input from N, fixation'?, which produces
N with a §'°N of —2 to 0%o (refs 13,14). However, the limited
data from BATS indicate that the §'"°N of sinking PN is ~3-4%
(ref. 9; Fig. 1b), similar to underlying STMW nitrate, suggesting
that most of the new N supply is as nitrate from below, with N,
fixation accounting for only a small fraction of new N input on
an annual basis’. In this view, the low §'"°N of suspended PN was
interpreted as the result of upper ocean N recycling: Zooplankton
sustained by upper ocean PN metabolize and excrete '"'N-depleted
ammonium, the assimilation of which renders phytoplankton low
in 8N (refs 15,16).

Flow cytometry with nitrogen isotope analysis
Most isotope studies have measured surface ocean PN as a homoge-
nous N pool, but PN includes biologically distinct N-containing
particles: diverse living autotrophs and heterotrophs as well as
detrital organic matter'’. By combining flow cytometry with
new, high-sensitivity methods for N isotope analysis (the ‘persul-
phate/denitrifier’ method''), we have characterized the N concen-
tration ([N]) and §"°N of taxonomically distinct components of the
PN suspended in Sargasso Sea surface waters. Samples were col-
lected through the summertime euphotic zone near the BATS site
in July 2008 and 2009 (Methods and Supplementary Information
S1-S2). Averaging over the euphotic zone, photoautotrophic con-
tribution to bulk PN was 474 9%, consistent with previous findings
for particulate carbon®, and the sorted fractions of Prochlorococ-
cus, Synechococcus and eukaryotic phytoplankton each comprised
roughly a third of photoautotrophic biomass N (Fig. 2a,c).

The §"°N of bulk PN ranged from —2 to 0% (Fig. 2b,d), similar
to previous data interpreted as indicating a system supported
by recycled N (refs 9,10). The §'°N of Prochlorococcus (—4 to
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Figure 1| Important forms of nitrogen in the Sargasso Sea. Depth profiles
of summertime N concentrations (a) and their corresponding "N values
(b). a, Open circles: [NO3~ 1 from BATS July 2000 (blue)", Hydrostation S
July 2008 (orange, this study), PITS July 2009 (red, this study). Blue
squares: [TON] (total organic N, or DON plus the small PN pool) at BATS
July 2000 (ref. 11). b, Nitrate 8N (shaded circles), TON 8N (shaded
squares), bulk suspended PN §"N from Hydrostation S July 2008 (orange
diamonds) and PITS July 2009 (red diamonds), §"°N of sinking PN (green
diamonds) from sediment traps at BATS July 1985 (ref. 9). Error bars
indicate £1 standard error of all measurements, including samples from
duplicate Niskin bottles, duplicate samples from the same Niskin bottle,
and replicate sample analyses.

—1%o; Fig. 2b,d) and Synechoccocus (—3 to —1%o; Fig. 2b,d) was
typically slightly lower than that of bulk PN, consistent with the
expectation that prokaryotic phytoplankton use recycled N (NH,*
and/or simple organic N forms such as amino acids) as their
dominant N source throughout the subtropical euphotic zone.
Some amount of the prokaryote N supply may derive from N,
fixation, although only via recycling, as these taxa apparently
cannot fix N, (ref. 18). Remarkably, the §'°N of sorted eukaryotes
(Fig. 2b,d) was always higher than bulk §'°N and prokaryote §'°N,
typically by >3%o, pointing to a biogeochemical difference between
prokaryotes and eukaryotes.

Possible explanations for high eukaryote "N /N

One set of hypotheses for the high eukaryote §'°N involves the loss
of low-8""N N from these phytoplankton, such as via the excretion
of NO,™ or NH,™. In this N-depleted euphotic zone, autotrophic
N excretion seems unlikely (Supplementary Information S3.2.1—
S2). Regardless, NO, ™ efflux does not have the required isotopic
effect (Supplementary Information S3.2.1). With respect to NH,*
release (for instance, in the case of mixotrophy by eukaryotes),
heterotrophic bacteria are far more likely to excrete NH," than
are autotrophic phytoplankton, as they do not photosynthesize.
However, we measure a §"°N of —1.0% for sorted heterotrophic
bacteria (see below; Fig. 2b), which is very similar to the §"*N of
cyanobacteria, implying that some small amount of NH,* excretion
by the eukaryotic phytoplankton would not significantly increase
their biomass §'°N. As yet, no compelling loss-based explanation
has been recognized for the high eukaryote §'°N.

We conclude that the eukaryotes are using a high-§>N N source,
distinct from that supporting prokaryote production. Possible
high-8'N N sources include dissolved organic nitrogen (DON)
and nitrate. DON has a concentration of 4-5uM (Fig. la; ref. 19)
and an annual average §"°N of 3.9%¢ (Fig. 1b), similar to mean
eukaryote §"’N'!. However, the high §""N of DON itself is best
explained by breakdown to simpler N forms (for example, amino
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Figure 2 | Abundances and nitrogen isotope ratios of populations sorted
by flow cytometry. [N] and 8" N of flow cytometrically sorted components
of the PN from the Sargasso Sea in July 2008 (a and b) and 2009 (c and d).
The mixed layer depth (MLD; dashed grey line) was ~20 m in both years,
and the deep chlorophyll maximum (DCM; dashed green line) was ~85m
in 2008 and ~100 m in 2009. ‘Total cyanos’ (purple triangles) represents a
combined population of Prochlorococcus plus Synechococcus, sorted and
measured independently of the individual genera. ‘Detritus’ (orange
diamonds) denotes dead material (containing no chlorophyll fluorescence
or stainable DNA), and 'hetero. bacteria’ (grey triangles) refers to
heterotrophic bacteria (containing no naturally fluorescing chlorophyll but
stainable DNA). Error bars indicate the full range for replicate samples,
commonly duplicates, collected, sorted, and analysed independently.

acids and NH,™) by N isotope discriminating reactions such as
peptide hydrolysis and deamination?*?>. We know of no reason
why eukaryotes would be able to consume bulk DON by a non-
fractionating mechanism that is unavailable to prokaryotes'®**,
Finally, bulk DON rarely reaches the 8N of 5.2%0 observed
for eukaryotes at 60 m in 2009, and never approaches 12.7%q, as
observed at 100 m (Fig. 2d; ref. 11).

Nitrate could be supplied by in situ nitrification (oxidation of
recycled NH,* to nitrite and then nitrate) or by upward mixing of
STMW nitrate. Nitrification seems to be minor in the euphotic zone
near BATS (ref. 25), although some fraction of the very low-level
summertime ambient nitrate may derive from it*. Any euphotic
zone nitrification that does occur is unlikely to produce nitrite or
nitrate with a "N consistently higher than that its NH,* substrate,
largely because the isotope effect of ammonium assimilation is
expected to be lower than that of ammonium oxidation at very low
ambient [NH,*] (refs 26,27; Supplementary Information $3.2.3).
Thus, even if euphotic zone nitrification were significant, the
assimilation of its products by eukaryotes does not explain their
clear §"°N elevation relative to prokaryotes.

Assimilation of new nitrate by eukaryotic phytoplankton

The high eukaryote §"°N most probably derives from ‘new’ nitrate
mixed into the euphotic zone from below. At the typical depth of
winter mixing (150-300 m; ref. 5), nitrate §"°N is 2-3%o (Fig. 1b).
Owing to isotope discrimination during nitrate assimilation, the
8N of biomass produced at any given time should be lower than
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that of ambient nitrate. This preferential '*N-nitrate assimilation is
evident in the elevated nitrate §'°N at the base of the euphotic zone
(Fig. 1b; ref. 11). However, the nitrate concentration of <0.02 uM
typical of most of the summertime euphotic zone* is below the
half-saturation constant for nitrate assimilation (~0.02-0.03 uM;
ref. 28), a condition that probably minimizes isotope discrimination
during consumption®. Moreover, regardless of any variation in this
isotope discrimination, as a given increment of nitrate is assimi-
lated, the §'°N of integrated biomass produced from it will converge
on the source nitrate §'°N (Supplementary Information $3.3).
Thus, assimilation of new nitrate by eukaryotes would imprint them
with a higher mean §'°N than if they assimilated only recycled N.
Although diatoms have previously been recognized as important ni-
trate assimilators®, they are not a significant fraction of the biomass
in our collected <30 um eukaryote pool>**!; our results indicate
a broad tendency among small eukaryotes, which dominate the
Sargasso Sea eukaryote population, to assimilate nitrate. The mean
cellular sizes of our sorted prokaryotes (particularly Synechococcus)
and eukaryotes are not highly distinct?, raising the possibility of a
deeper biochemical origin for their N source difference.

Although we do not understand the mechanism controlling
this N source difference, there are potential explanations. Given
that it is less energetically expensive to assimilate reduced N
forms*, prokaryotic phytoplankton may outcompete eukaryotes
for recycled N. Alternatively, eukaryotes may indeed compete
successfully for low-level nitrate, perhaps because of their uncou-
pling of nitrate transport from nitrate reduction (Supplementary
Information S3.4). Mechanistic arguments aside, our observation
of eukaryotic dominance of nitrate assimilation is consistent with
the seasonal pattern of phytoplankton succession in the Sargasso
Sea, from eukaryotes after deep winter mixing to Synechococcus
and then Prochlorococcus with intensifying stratification and N
depletion into the summer>®,

If the collected phytoplankton recorded the entire annual cycle,
the §"°N of their nitrate supply would be the concentration-
weighted mean §"°N of STMW nitrate down to the depth of
winter mixing (2-3%¢). However, individual eukaryote cells should
integrate over only a period of days, so their nitrate supply has
a higher §'°N, best approximated by nitrate at the base of the
summertime euphotic zone. At the deep chlorophyll maximum
(DCM), nitrate §"*N was 6.2%o in 2008 and 8.4% in 2009 (Fig. 1b; at
85mand 100 m, and [NO; ] 0f0.49 uM and 0.36 uM, respectively).
The §'°N of a given sample of eukaryotes can be higher than this
because the collected cells may have acquired nitrate that has already
undergone further §"°N elevation by assimilation in the euphotic
zone; this can explain the extraordinarily high §'°N (12.7%o) of the
eukaryote sample from 100 m in 2009.

On average, the consumption of the subsurface nitrate supply
is likely to progress upward, such that isotope discrimination
during nitrate assimilation might be expected to cause higher
eukaryote 8°N in shallower samples. Depth variations in the
relative importance of nitrate uptake may explain the lack of such
an upward §'°N increase in our data, and indeed the opposite
trend in 2009: eukaryotes in the surface mixed layer may rely more
on recycled N than those below the mixed layer. Alternatively,
upper ocean circulation is chaotic, such that a given sampling may
capture a time when the mixed layer has a more recently delivered
parcel of nitrate-bearing water than the underlying euphotic zone.
For instance, the passage of Hurricane Bertha over the BATS
site may have affected nutrient supply two weeks before our
sampling in July 2008, although the hydrographic, nutrient, and
cell abundance data are typical of July climatology. Finally, as
noted above, the isotope effect of nitrate assimilation is likely
to decrease under very low nitrate concentrations, minimizing
the isotopic signal of progressive nitrate assimilation above the
DCM. Although continued sampling is required to characterize
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and understand the variation, the high mean 8N of our
eukaryotes requires nitrate assimilation, regardless of isotope effect
(Supplementary Information S3.3).

Our interpretation requires that subsurface nitrate is transported
upward into the euphotic zone and even the surface mixed layer,
across their underlying summertime thermoclines. This transport
may be driven by purely physical mechanisms: hydrographic
studies have documented summertime transport of nitrate into the
subtropical euphotic zone associated with mesoscale eddies®® and
related phenomena®. Biologically facilitated physical transport has
also been suggested®. Finally, direct biological transport has been
demonstrated in some systems®, and recent data from near Hawaii
suggest that this mechanism transports nitrate into the mixed
layer**. Future work coupling isotope measurements with intensive
hydrographic data may distinguish among these processes.

Summertime eukaryote and community f-ratios

Atan ecosystem level, the relative importance of new versus recycled
N for phytoplankton production is traditionally quantified as the
‘f -ratio’, the ratio of nitrate assimilation (that is, new production)
to total N assimilation?. Assuming parallel cycling of carbon and
N, the f -ratio is also the fraction of net primary production resulting
in carbon export from the euphotic zone. Given the nutrient-poor
conditions at BATS during the summer, alow f -ratio is expected?.

Our §'°N measurements of sorted components of the suspended
PN allow a non-incubation approach for estimating the f-ratio.
An f-ratio for each phytoplankton group is estimated from
its 8N, and these are then assembled into a community f-
ratio (Supplementary Information S3.5). This exercise is highly
dependent on the §'°N assigned to new and recycled N. We assume
that Prochlorococcus and Synechococcus together assimilate only
recycled N, and we use the §"°N of nitrate at the DCM as a measure
of the July nitrate supply to the euphotic zone. The assumptions for
these end-members and our exclusion of N, fixation as a source of
low-8"°N N are chosen to err on the side of underestimating the
f -ratio (Supplementary Information S3.5).

We calculate eukaryote-specific f-ratios of 0.60 and 0.67 for
July 2008 and 2009, respectively, and total community f-ratios
of 0.15 and 0.23. Despite the biases in our calculations to
underestimate the f-ratio, our community estimates are much
higher than those based on comparison of annually integrated
primary production and sediment trap-derived organic carbon
export at BATS, which imply an annual f-ratio of 0.06 and
a still lower summertime value’. Our estimates are lower than
the highest annual estimates derived from geochemical tracers
(0.36 £ 0.12; ref. 36; Supplementary Information S3.5), but July
is the most nutrient-poor period at BATS, when the lowest f-
ratio is expected">*, and thus our summer estimates support the
geochemically derived annual f -ratio estimates.

Nitrogen isotopes of other sorted samples

In July 2008, a heterotrophic bacterial population sorted from
40 m contributed 0.035uM N (~15% of bulk PN) with a §"°N
of —1.0%o, whereas detrital material from the surface comprised
0.05 uM N (~25% of bulk PN), with a §"°N of —0.3% (Fig. 2a,b).
The similarity of heterotrophic bacteria to cyanobacterial §"°N
suggests that bacteria also assimilate predominantly recycled N.
The recycled N consumed by the bacteria is probably in the form
of simple organic compounds liberated during their extracellular
degradation of organic matter”’. The §"N of detritus suggests
that it derives largely from prokaryotic phytoplankton and/or
heterotrophic bacteria, which is consistent with the dominance
of these combined N pools relative to eukaryotes and with the
expectation that prokaryotic phytoplankton preferentially enter
the microbial loop®®. The minimal §"°N elevation in the detrital
pool implies that isotope fractionation during degradation typically
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Figure 3 | Changes to our view of Sargasso Sea nitrogen cycling.
Previously understood mean annual view of N fluxes and their "N in the
surface of the Sargasso Sea (a) and our amended view (b). Blue arrows
represent the new N source (subsurface nitrate, 8N of 2-3%); red arrows
show recycled N (mostly ammonium); red dashed arrow indicates that
eukaryotes get less of their N from recycled sources than from new nitrate.
'PNsusp’ refers to bulk suspended PN, ‘cyano’ to prokaryotic phytoplankton,
‘euk’ to eukaryotic phytoplankton, ‘'DON’ to dissolved organic nitrogen,
‘200" to herbivorous copepod zooplankton, and ‘f.p." to faecal pellets
produced by them, approximating export. For comparison with a, we
extrapolate our July findings to an annual average, so as to use the same
nitrate supply 8" N. Thus, eukaryote 8N in b reflects its observed position
relative to new nitrate and recycled N sources, rather than the measured
July eukaryote §™N. This schematic neglects N, fixation, which has been
estimated to represent a small fraction of the annual N supply to the BATS
euphotic zone® ™.

occurs after organic matter has been solubilized to DON, such that
isotopic elevation occurs in DON and not PN (refs 11,22).

The ®N/™N of sinking and suspended particles
The traditional view of N fluxes in the Sargasso Sea (Fig. 3a) has
been that the export of high-§'°N zooplankton faecal material from
the euphotic zone balances the §°N of the STMW nitrate supply. In
this view, the preferential excretion of "*N-rich recycled N during
heterotrophic metabolism lowers the §"°N of bulk PN relative to
the subsurface nitrate supply. However, work to date indicates that
the §"°N of faecal pellets is not as elevated as the zooplankton
producing them® and may instead resemble the §'°N of the food
source®*!, Thus, it is unclear how the consumption by herbivorous
zooplankton of bulk suspended PN with a §"*N of ~ —2-0%o could
yield the export flux §'°N of 3-4%o measured near BATS (ref. 9).
The §'°N of sorted eukaryotes averaged over the euphotic zone
was 3.0%o in 2008 and 5.0%o in 2009, with a mean 8"°N similar
to the previously measured sinking flux. Sinking flux §"°N is
therefore consistent with faecal pellets produced by zooplankton
that have preferentially consumed eukaryotic phytoplankton,
without the need for an unrealistically large 8N increase
(~5%0) during the passage of phytoplankton biomass N through
the zooplankton gut (Fig. 3b). Indeed, studies indicate selective
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feeding by herbivorous zooplankton on phytoplankton size classes
dominated by eukaryotes*>**. A simple isotope-driven end-member
mixing calculation indicates that Prochlorococcus and Synechococcus
contribute less than half (roughly a third) of sinking PN or carbon*!
(Supplementary Information S3.6), despite the importance of
prokaryotes at BATS (>65% of photoautotrophic biomass N in this
study). Thus, our data suggest that the eukaryotic phytoplankton
contribution to export is disproportionately larger than their
contribution to total net primary production, a long-held view*
that has recently been challenged*. Given that export production
drives carbon sequestration in the ocean interior, and that this study
was conducted in a region where prokaryotic phytoplankton are
as dominant as anywhere in the ocean, our results suggest that
the biological pump in nutrient-poor subtropical gyres (~60% of
oceanic surface area) is driven mostly by eukaryotic phytoplankton.
With regard to paleoceanographic studies, our data indicate a
disconnect between prokaryote-dominated biomass in the low-
latitude surface ocean and the organic matter sinking to the seabed,
which we find to be predominantly of eukaryotic origin. Although
small eukaryotes dominate the Sargasso Sea eukaryote pool>**!,
previous work suggests that the large eukaryotes also assimilate
nitrate and are preferentially incorporated into sinking particles®®*,
indicating the same eukaryotic dominance of the sinking flux in
more productive ocean regions as well.

Our data suggest that small eukaryotic phytoplankton are more
readily removed to the deep ocean than are cyanobacteria. The PN
that sinks into the deep ocean is remineralized to nitrate, which is
eventually resupplied to surface waters. We have also found that
the eukaryotes are more reliant on the subsurface nitrate supply,
whereas the prokaryotes are more completely recycled within the
surface ocean and, in turn, rely mostly on the N forms recycled there
(for example, NH, ™). The internal consistency between uptake and
remineralization in each group raises the possibility that the N
uptake strategy of a given phytoplankton group is partially guided
by the fate of its biomass.

Methods

Field collections. Samples were collected aboard the R/V Atlantic Explorer at
Hydrostation S (32° 10" N, 64° 34’ W) on cruise HS1113 in July 2008 and at PITS
station (31° 35’ N, 64° 10’ W) on BATS cruise B248 in July 2009. Seawater was
collected for PN and nitrate (NO; ™) at the surface, 10 m, 40 m, 85 m and 100 m
in 2008; and 10 m, 30 m, 60 m, and 100 m in 2009. Five 121 Niskin bottles were
tripped at each depth to collect sufficient PN for later isotope analysis. Additional
Niskin bottles were tripped at regular intervals from below the euphotic zone
down to 1,000 m (see Supplementary Information S1.1) and subsampled for
later measurement of [NO;~] and NO;~ §'°N. For PN collections, 81 of seawater
from each of the shallower Niskin bottles was passed through a 47 mm 0.4 um
polycarbonate filter under gentle vacuum filtration. Filters were stored in 5 ml
acid-washed cryovials with ~4 ml of 0. 2 um pre-filtered seawater and 200 ul of 10%
formaldehyde solution (see Supplementary Information S1.1 and S1.2), then flash
frozen for later flow cytometric sorting. In 2008, bulk PN was collected by filtering
81 seawater aliquots onto precombusted glass fibre filters; total N content and §'°N
was analysed with an elemental analyser (NC2500 Carlo Erba) interfaced through
a ConFlo III with a ThermoFischer Scientific DeltaPlusXL mass spectrometer. In
2009, bulk PN was collected on 0.4 um polycarbonate filters and processed in the
same manner as sorted samples.

Flow cytometric sorting. Samples were thawed and agitated to

quantitatively remove fixed cells from the filters (recoveries were >95%,
Supplementary Information S1.2.1), and the resuspended cells were then filtered
through a 30 um mesh to remove any large particles or chains of cells that could
clog the flow cytometer sorting tip. Samples were sorted for Prochlorococcus,
Synechococccus, eukaryotic algae, heterotrophic bacteria, and ‘detritus’. Autotrophs
were identified and sorted unstained according to ref. 47 (see Supplementary
Information S1.2.2). A pool of heterotrophs containing bacteria and archaea
(hereafter simply ‘bacteria’) were identified by nucleic acid staining with the
cyanine dye SYBR Green I (Invitrogen, Carlsbad, CA) and gated with side
scatter, green fluorescence (relative nucleic acid content; 530/40 nm), and red
fluorescence to discriminate low nucleic acid content heterotrophic bacteria from
Prochlorococcus. ‘Detritus’ was defined as non-fluorescing small particles in SYBR
Green stained samples. All post-acquisition analysis was performed using FCS
Express (DeNovo Software, Los Angeles, CA).
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A high-speed jet-in-air Influx Cell Sorter (Cytopeia, Seattle, WA) was used for
all analysis and sorts. A 100 mW blue (488 nm) laser (Coherent, Santa Clara, CA)
run at full power was used for excitation of SYTO-13 stained and autofluorescent
cells (see Supplementary Information S1.2.3 for sort conditions). With these sort
conditions and event rates kept below 2 x 10* s™!, software abort rates were <1%,
sort purity was better than 95%, and mean recovery from secondary sorts was
98.141.1%. Sorted cells were deposited gently into 5 ml polystyrene Falcon tubes
(BD Biosciences, San Jose, CA).

Oxidation of organic N to NO;~. Sorted cell populations were filtered onto

25 mm 0.2 um polycarbonate filters by gentle vacuum filtration. Both sorted and
bulk PN filters were placed in combusted 12 ml Wheaton vials and 1-2 ml of
ultra-high purity deionized water was added. Vials were sonicated for 60 min to
dislodge cells from filters into the deionized water, after which filters were removed.
Cellular N content and §'*N were measured by coupling persulphate oxidation of
organic N to NO; ™~ with chemiluminescent analysis and the ‘denitrifier method™!
(see Supplementary Information S1.2.4). The final N content and §'"°N of these
samples was corrected for the N blank associated with the reagents. N content was
converted to N concentration ([N]) using the seawater volume filtered for each
PN sample, corrected for volume loss during flow cytometry (see Supplementary
Information S2 for methods validation).

Water column [NO;~] and nitrate §"*N. Water samples were collected for [NO; ]
from the surface to 1,000 m and for §"°N of NO;~ from 60m to 1,000 m at
Hydrostation S in 2008 and PITS in 2009. [NO; ™ ] was determined by reduction
to nitric oxide followed by nitric oxide measurement with a chemiluminescent
detector®® (Teledyne model #200 EU), in a configuration with a detection

limit of ~0.025 uM.

The §'°N of NO;~ was measured using the ‘denitrifier method™® for
quantitative bacterial conversion of nitrate to nitrous oxide followed by the isotopic
analysis of the nitrous oxide product. The isotopic composition of the nitrous
oxide was measured by gas chromatography-isotope ratio mass spectrometry using
a modified ThermoFinnigan GasBench II and DeltaPlus® (see Supplementary
Information S1.2.5).
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