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Abstract

Despite generally low primary productivity and diatom abundances in oligotrophic subtropical gyres, the North Atlantic
Subtropical Gyre (NASG) exhibits significant diatom-driven carbon export on an annual basis. Subsurface pulses of
nutrients likely fuel brief episodes of diatom growth, but the exact mechanisms utilized by diatoms in response to these
nutrient injections remain understudied within near-natural settings. Here we simulated delivery of subsurface nutrients and
compare the response among eukaryotic phytoplankton using a combination of physiological techniques and
metatranscriptomics. We show that eukaryotic phytoplankton groups exhibit differing levels of transcriptional
responsiveness and expression of orthologous genes in response to release from nutrient limitation. In particular, strategies
for use of newly delivered nutrients are distinct among phytoplankton groups. Diatoms channel new nitrate to growth-related
strategies while physiological measurements and gene expression patterns of other groups suggest alternative strategies. The
gene expression patterns displayed here provide insights into the cellular mechanisms that underlie diatom subsistence
during chronic nitrogen-depleted conditions and growth upon nutrient delivery that can enhance carbon export from the

surface ocean.

Introduction

A defining characteristic of subtropical gyre ecosystems is
low biological productivity, but as vast expanses that cover
40% of the Earth’s surface, these regions have a significant
role in primary production and biogeochemical cycling [1].
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The Sargasso Sea in the North Atlantic Subtropical Gyre
(NASG) is one such region that has been extensively stu-
died via the Bermuda Atlantic Time Series (BATS) [2].
Here, as in much of the low latitude oligotrophic ocean,
nitrogen is often the limiting nutrient for phytoplankton
growth with surface nitrate typically measured in nanomolar
concentrations [3, 4].

Despite this pervasive nitrogen limitation, some
estimates of net community production (NCP), i.e. carbon
export potential, in the NASG are surprisingly high (>3.0
+1.0mol C m2year™!) and similar to those in regions
with a more regular supply of nutrients [5-7], although
measured carbon export is only 43-77% of these NCP
estimates [8, 9]. Export of organic matter in the NASG
appears to have significant contributions from diatoms
as evidenced by estimates that they can account for >30%
of the annual particulate organic carbon export at BATS
and by the presence of intact healthy diatom cells in the
deep ocean [10—12]. In general, diatoms are anticipated to
be substantial contributors to carbon export as a result of
their heavy siliceous cell walls, but such high contribu-
tions to export are unexpected in the NASG given that
diatoms are considered to be responsible for <5% of
regional chlorophyll concentrations [2, 13].
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Although diatoms are typically in low abundances, the
historical record at BATS indicates that diatom blooms
occur periodically [2, 14, 15]. As with the surprisingly high
estimates of NCP, the mechanism for nutrient supply that
would fuel such blooms remains unresolved [9]. Nitrogen
(N,) fixation by diazotrophs may introduce new nitrogen
into the system, but the measured rates of N, fixation are
much lower than needed to support NCP estimates [16—18].
New nitrogen can also be introduced via atmospheric
deposition; however, these fluxes are also relatively low
[19, 20]. Passage of winter storms is believed to cause
entrainment of nitrate into the euphotic zone, but the most
intense diatom blooms have been recorded in the late spring
or summer suggesting that the two are not linked [2, 21].

Wind-induced vertical mixing has been shown to
increase surface nitrate concentrations and fuel diatom
blooms in the spring [15]. Other mechanisms of vertical
supply such as eddy pumping and frontal features are also
likely significant sources of nitrate [8, 22]. Estimates of
these upward nitrate fluxes are calculated to be sufficient to
support rates of primary production in the Sargasso Sea, and
although these sources show seasonal variation, summer-
time upward fluxes are still observed [23]. Furthermore,
isotopic signatures of small eukaryotic phytoplankton dur-
ing the summertime indicate consumption of nitrate origi-
nating from the subsurface rather than a reliance on recycled
nitrogen; therefore, a summertime supply of nitrate to fuel
diatom growth is possible [5, 24].

Diatoms are believed to have superior abilities to take up
and store nitrate, allowing them to outcompete other phy-
toplankton groups [12, 25-29]. Molecular studies on
nitrogen limitation in diatoms have shown a transcriptional
pattern among diatoms that consists of carbon metabolism
restructuring and increased nitrogen recycling [30-33];
however, these studies have primarily focused on mono-
cultures under laboratory conditions, particularly model
organisms, which may not accurately represent the natural
environment. Patterns in gene expression within a plankton
community under near-natural conditions in an oligotrophic
subtropical gyre have rarely been examined. Alexander
et al. [34] showed there are transcriptional differences
among phytoplankton groups, but these differences in
expression of specific genes and metabolic pathways remain
mostly uncharacterized.

To investigate unique strategies diatoms may be using
for survival under oligotrophic conditions followed by rapid
growth when nutrients are introduced and to compare these
strategies to those of other eukaryotic phytoplankton
groups, we artificially simulated delivery of subsurface
nutrients by mixing near-surface seawater with filtered,
nutrient-replete deep seawater (DSW) collected in the Sar-
gasso Sea. Gene expression within each group was exam-
ined via comparative metatranscriptomics after 48h of

incubation. We substantiate that diatoms are highly tran-
scriptionally responsive to such pulses from depth com-
pared to other dominant phytoplankton groups and provide
evidence that eukaryotic phytoplankton have differing
strategies for nitrate use.

Materials and methods
Experimental design

DSW amendment experiments were conducted in the Sar-
gasso Sea onboard the R/V Atlantic Explorer at 27°25.693’
N 76°26.244" W (Site 1) on August 7, 2016 and at 31°
58.821'N 74°56.514'W (Site 2) on August 10, 2016
(Fig. 1). At ~06:00 ADT (UTC-3) on both days, near-
surface seawater (5 m) and DSW (600 m) were collected
using 12 L Niskin bottles on a CTD rosette. Near-surface
water was immediately transferred to 10 L Cubitainers®
(Hedwin Corporation, Newark, DE, USA) and subsampled
for the initial time point (70). Cubitainers were cleaned
prior to the incubations by soaking the inside walls in 1.2
mol L™! HCl for 3 days followed by three rinses with Milli-
Q H,0O and a rinse with near-surface seawater. For the
incubations, 5L of unfiltered near-surface seawater was
dispensed into all cubitainers. The remaining 5 L for each
cubitainer was either filtered near-surface seawater or fil-
tered DSW that was passed through a 0.2 um/0.2 um
AcroPak 1000 that had been pre-rinsed with surface sea-
water. All incubations were conducted in triplicate.

Cubitainers were incubated in an on-deck surface sea-
water flow-through system maintained at ambient surface
temperatures and covered with neutral density screening to
reduce irradiance to ~33% of the incident irradiance.
Temperatures from inside the incubators and on-deck irra-
diance values are provided in Fig. S1. To prevent the ship’s
deck lights from affecting the incubations, the incubators
were covered with an opaque tarp after sunset until just
before sunrise. After 48 h of incubation, subsamples from
each cubitainer were collected for dissolved macronutrients,
chlorophyll, nitrate uptake rates, and RNA. Additional
materials and methods are available in the Supplementary
Information.

RNA sequencing and analysis

Approximately 6.4L from each cubitainer were filtered
using a peristaltic pump onto 0.8 um Pall Supor® poly-
ethersulfone filters (142 mm), which were immediately flash
frozen in liquid nitrogen then stored at —80 °C. RNA was
extracted using the TOTALLY RNA Total RNA Isolation
Kit and then treated with DNase 1 (Life Technologies,
Grand Island, NY, USA). The extraction procedure
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Fig. 1 Map of locations for
seawater collection with a
satellite-derived chlorophyll a
and b sea surface temperature
(SST). Satellite data are 8-day
averages centered on August 9,
2016 and obtained from the
NOAA Coastwatch Browser.
White areas indicate no data as a
result of cloud cover
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followed the manufacturer’s instructions with an additional
glass bead beating step first to assist with cell lysis. For the
initial time point (70), total RNA from triplicate filters were
pooled into a single sample. Due to low RNA yields, RNA
was linearly amplified using the MessageAmp™ Premier
RNA Amplification Kit (Catalog no. AM1792, Invitrogen,
Carlsbad, CA, USA). RNA quantity and purity were
assessed prior to sequencing on an Agilent Bioanalyzer
2100. Library prep was then conducted with the KAPA
Stranded mRNA-Seq kit for Illumina platforms then
sequenced on two lanes on the Illumina HiSeq 2500 plat-
form at the High-Throughput Sequencing Facility at the
University of North Carolina at Chapel Hill. One lane was
run in high output mode with 100 bp paired-end reads to
generate more reads and the other was run in rapid run
mode with 150 bp paired-end reads to generate longer reads.
Triplicate samples were sequenced for both treatments from
Site 1 whereas duplicates were sequenced from Site 2
(Dataset S1).

Reads were assembled de novo using Trinity v2.5.1 with
the default options for quality trimming via trimmomatic
[35, 36]. Contigs were clustered based on 99% similarity
with CD-HIT-EST [37]. Taxonomic annotation of contigs
was assigned by best homology (lowest E-value) to
sequences in PhyloDB v1.076 [38] using BLASTX v2.7.1
(E-value < 1075). To assign gene function to contigs, the
same methodology was used with the Kyoto Encyclopedia
of Genes and Genomes (KEGG, Release 86) [39]. KEGG
Ortholog (KO) annotations were assigned from the top hit
with a KO annotation from the top 10 hits (https://github.
com/ctberthiaume/keggannot).

Taxonomically annotated contigs were used to construct
an index and trimmed reads were mapped using Salmon
v0.9.1 with GC bias correction to generate transcripts per
million (TPM) and read number estimates per contig [40].
TPM were used to quantify relative taxonomic proportions.
To assess differential expression, read number estimates
were summed based on KO number within each taxonomic
group. For contigs with no KO number, read number
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estimates were summed by the KEGG gene definition.
Normalized gene abundances, fold change values, and
Benjamini-Hochberg adjusted P-values were calculated
using DESeq2 v1.18.1 [41]. Genes were considered sig-
nificantly differentially expressed if the adjusted p-value
was <0.05.

Statistical analyses

Two-way ANOVAs followed by Tukey tests for multiple
comparisons were performed on the biological and chemical
properties of the seawater (non-gene expression data) in
Graphpad PRISM v8.00.

Data deposition

The sequence data reported in this study have been
deposited in the National Center for Biotechnology (NCBI)
sequence read archive. RNA sequences are under the
accession no. SRP172750 (Bioproject accession no.
PRINAS508539), and rDNA sequence data are under the
accession no. SRP126177 (Bioproject accession no.
PRINA421139). Assembled contigs, read counts, and
annotations are available at Zenodo (https://doi.org/10.
5281/zenodo.2538206).

Results and discussion

Phytoplankton community responses to DSW
amendments

Initial dissolved nitrate plus nitrite concentrations from the
near surface seawater were 0.27 +0.27 umol L™! at Site 1
and below the detection limit (<0.007 pmol L™} at Site 2
(Fig. 2). Relative to the other macronutrients, these low
nitrate concentrations suggest that the initial phytoplankton
communities were likely nitrogen limited as anticipated for
the region [2]. Silicic acid concentrations are normally
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Fig. 2 Macronutrient

concentrations for the initial
surface and deep seawater and
following 48 h of incubation
(surface and deep seawater
[DSW] amendment treatments)
at both experimental sites. Error
bars represent the standard
deviation of the mean (n = 3),
except the initial deep seawater
from 600 m where n=1. bd
below detection limit

pmol L1

depleted to 0.5-1umolL~' at BATS; however, initial
concentrations at both study sites were >3.5 umol L' fur-
ther indicating that nitrate rather than silicic acid was lim-
iting to diatom growth [42]. Dissolved iron concentrations
were 1.42nmol L~! at Site 1 and 1.21 nmol L™! suggesting
that iron limitation or stress in the initial community was
unlikely [43]. The initial chlorophyll a concentrations at
both sites were low (0.04 +0.01 and 0.05 = 0.00 for Sites 1
and 2, respectively) which were also anticipated for the
region [8] and were further diluted by 50% with the filtered
seawater additions (Fig. 3a). The majority of chlorophyll
belonged to the large (>5 pm) size-fraction.

DSW nitrate concentrations at both sites were likely
much higher than would be anticipated for a pulse of new
nitrogen even after dilution by 50% (Fig. 2) [3]. By aver-
aging the initial nitrate concentrations from the seawater at
both depths, estimates of the starting concentrations for the
DSW treatment were 1.94 umol L™! at Site 1 and 6.39 pmol
L~! at Site 2. Addition of this filtered nutrient-rich DSW
and incubating for 48 h resulted in a significant increase (P
<0.0001) in chlorophyll from the large (>5um) size-
fraction. In addition, particulate nitrogen in both size frac-
tions increased albeit not always significantly (Fig. 3b).
Interestingly although chlorophyll a concentrations were
normally higher in the large size-fraction, particulate
nitrogen and nitrate uptake rates were greater in the small
size-fraction (<5 um) (Fig. 3b, ¢).

Nitrate uptake was significantly higher within each size
fraction in the DSW treatments apart from the small size
fraction at Site 1. Due to the low initial nitrate concentra-
tions at both sites in the initial seawater and surface treat-
ments, the tracer addition of 0.1 pmol L} 15NO3 to measure
uptake may have alleviated some nitrate limitation; thus,
these measurements are more reflective of a potential uptake
rate rather than actual nitrate uptake [44]. This influence is
apparent in comparisons to previous measurements during
oligotrophic conditions (<1 nmol L™' day™') as rates in the
initial or surface treatments were much higher in this study
[3]. The measured rates from the DSW treatments, however,
are similar when compared to those obtained during bloom
periods (10-150 nmol L™" day ") [3].
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Biomass-specific nitrate uptake rates (Vno3) were also
higher (P <0.001 except in the <5 um community at Site 1)
in both size fractions in the DSW treatment with larger
phytoplankton displaying significantly higher Vo3 due to
higher biomass (i.e., particulate nitrogen concentrations) in
the small size fraction. Small eukaryotes have been shown
to have an affinity for nitrate (>50% of N quota) while
prokaryotic phytoplankton continue to mostly rely on
regenerated forms of nitrogen. Although Synechococcus
populations under similar conditions have shown a high
affinity for nitrate [45], a significant proportion of the
observed nitrate uptake in our experiments can likely be
attributed to eukaryotic phytoplankton [5, 24, 46]. These
results indicate that both large (>5 pm) and small (<5 um)
phytoplankton may have a preference or reliance on new
forms of nitrogen with a potentially greater affinity for
nitrate in larger cells.

Detrital material has been shown to account for 25% of
the bulk particulate nitrogen under similar conditions
[24], and thus, it could be elevating the particulate
nitrogen measurements reducing Vyos in the smaller size
fraction. However, nitrate uptake was also greater for
smaller cells, indicating that the newly available dissolved
nitrate must have been assimilated into particulate nitro-
gen. Some of the nitrate uptake in the small size fraction
may be attributed to heterotrophic bacteria which can
account for 15% of the bulk particulate nitrogen
[24, 47, 48]. It is also possible that the small cells were
more effectively grazed as is common in incubation
experiments [49], and chlorophyll became uncoupled as
particulate nitrogen may be shifted to small non-
chlorophyll-containing particles, although grazing rates
were likely significantly impacted by the 50% dilution
[50]. Alternatively, this high level of nitrogen unmatched
by chlorophyll could be explained by nitrogen storage.
Evidence of nitrate storage has been reported across major
eukaryotic phytoplankton lineages [51], and uptake of
nitrate that is then stored rather than immediately utilized
for growth would be consistent with the observation of
nitrate uptake and increased particulate nitrogen unmat-
ched by increases in chlorophyll.
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Taxonomic composition

The relative abundance of TPM were examined to assess
the changes in the taxonomic composition of the eukaryotic
community following DSW amendment (Fig. 4). The initial
communities’ transcript pools at both sites were dominated
by dinoflagellates with increases in their relative propor-
tions following 48 h of incubation in the surface treatment
(Fig. S2). This relatively high dinoflagellate presence in the
initial seawater is supported by V4-18S ribosomal DNA
(rDNA) amplicon sequencing results (Dataset S2, Fig. S2).
Dinoflagellates have previously been found to be a major
constituent of the protistan community in the euphotic zone
of the Sargasso Sea [52], and mixotrophic dinoflagellates
are likely able to outcompete other eukaryotic phyto-
plankton under oligotrophic conditions [53]. Of the dino-
flagellates resolved to a genus level, the top three genera at
both sites were Gyrodinium, Neoceratium, and Karlodi-
nium, all of which are known to contain species that exhibit
mixotrophy (Fig. S3) [53, 54].

Haptophytes were the second most abundant group in the
initial community (Figs. 4 and S2) and mostly comprised of
Prymnesiales, consistent with previous observations in the
region (Dataset S2, Fig. S4) [14, 55]. Prasinophytes were
the third most abundant group based on the 18S rDNA,
although less abundant than diatoms based on RNA (Figs. 4
and S2). Most Prasinophyte OTUs did not resolve to a
SILVA family-level assignment; however, the most abun-
dant with annotation belong to clade IX, which entirely

consists of uncultured environmental sequences and have
been shown to dominate warm oligotrophic oceanic waters
(Fig. S5) [56, 57]. The prevalent prasinophyte genera with
annotations were Pyramimonas and Dolichomastix, the
latter of which have also been associated with oligotrophic
surface waters (Dataset S2) [56].

Less than 8% of the transcripts were attributed to diatoms
in the surface treatments which is consistent with estimates
via pigment analysis that show diatom contributions to total
chlorophyll biomass are commonly low [2]. Diatoms
comprised even lower relative abundances (<1%) of the V4-
18S rDNA suggesting that their proportion of the initial
eukaryotic community may have been even lower than that
estimated via transcripts (Fig. S2). Initial diatom abun-
dances via quantitative rDNA were 4.34 x 10° (Site 1) and
7.38 x 10° (Site 2) copies L~!, which were similar but above
average compared to values obtained throughout the Sar-
gasso Sea during the study period (Fig. S6). The dominant
diatom taxa included Chaetoceros, Pseudo-nitzschia, and
Ditylum (Fig. S7), the former two genera having previously
been reported to be common at BATS [14, 58]. Chaeto-
ceros can form diatom—diazotroph associations (DDAs),
which likely confers an advantage under nitrogen-limiting
conditions [59].

Following incubation with DSW, diatoms became the
dominant eukaryotic phytoplankton group with 34% of the
transcripts at both sites. At BATS, diatom blooms are infre-
quent but have been previously observed [14, 15, 60-62], and
the increase in diatoms observed here was anticipated due to
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diatom’s known ability to grow rapidly in nutrient-replete
conditions [63, 64]. An increase in diatoms was also observed
in a similar metatranscriptomic study in the North Pacific
Subtropical Gyre (NPSG) [34], where occasional diatom
blooms are observed indicating that these characteristic
responses may apply across similar ocean basins, although the
conditions under which diatom blooms occur in the two gyres
may differ [65, 66].

Transcriptional responses among phytoplankton
groups

The total number of genes overrepresented in either treat-
ment (surface or DSW) for each of the four dominant
functional groups were examined (Fig. 5a). At both sites,
diatoms increased expression of a majority of their genes in
the DSW treatment. Dinoflagellates showed an opposite
trend with more genes overrepresented in the surface
treatment. Results were inconsistent across the two sites for
prasinophytes and haptophytes.

These distributions indicate that the two diatom commu-
nities here were highly transcriptionally active following
nutrient amendment relative to the nutrient-depleted surface
conditions which is consistent with what has been observed
under similar incubations in the NPSG [34] and in response
to being upwelled [27]. It has also been suggested that these
transcriptional distributions are a reflection of r- and K-
selection [34]. Given the observed responsiveness and
increase in diatom abundances, both the experiments per-
formed in this study align with this paradigm. Interestingly,
dinoflagellates showed little change in expression in the
NPSG, in contrast to this study, where higher transcriptional
activity was observed under surface conditions. Numerous

Y

a

34%

16%

differences in the experiments, such as timing of sampling
may contribute to this discrepancy. It has also been suggested
that dinoflagellates have comparatively less regulation of
gene expression with transcription [67]; however, studies
have shown differential expression of many genes in dino-
flagellates under certain environmental conditions [68—70].
Higher transcriptional activity here may be linked to their
speculated mixotrophic behavior under the ambient oligo-
trophic conditions.

The expression of genes with matching KEGG Orthol-
ogy (KO) annotation among these four dominant algal
groups were queried to examine similarities or differences
in transcription of conserved genes under both conditions.
Orthologs normally retain the same function throughout
evolutionary history allowing for direct comparisons in
transcription among the taxonomic groups. 1004 genes
were found to be expressed by all four of the dominant
eukaryotic phytoplankton groups in both experiments
(Fig. 5b, Dataset S3). These genes were sorted based on the
variance expression of the gene among the groups com-
pared to the average variance of the dataset and which
group displayed the highest fold change values. A majority
of the genes showed relatively little change in expression
among the groups and are involved in a wide array of
processes including glycolosis, amino acid biosynthesis,
photosynthesis, and ribosomal proteins. No genes were
found to be consistently overrepresented (absolute log,-fold
change >2) among all four groups in either the surface or
DSW treatments.

In concordance with diatoms’ increased transcription of
more genes following DSW amendment, diatoms had the
largest number of uniquely overrepresented orthologs (193
KOs; Fig. 5b), that is, genes with above average variance
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Fig. 5 Gene expression comparison among the four dominant eukar-
yotic phytoplankton groups at both experimental sites: diatoms (blue),
dinoflagellates (red), prasinophytes (green), and haptophytes (orange).
a Histograms of gene counts binned by log, fold change intervals of 1
for the DSW treatment/surface treatment and fitted with a Gaussian
curve. Dashed vertical lines indicate a log, fold change of —1 or 1.
b Heatmap of KEGG Ortholog (KO) expression for the 1004 genes
expressed by all four groups at both sites. Sites are denoted with the
site number. Each row indicates an expressed KO with darker red

and fold change values greater than other groups. This
pattern appears to continue when examining the diatom
genes expressed by only one or two of the other examined
groups (Fig. S8). Each group also had uniquely over-
represented orthologs; however, these numbered fewer than
those of diatoms (42-81 genes).

Categorization of these uniquely overrepresented genes
based on KEGG modules broadly shows the unique
expression and transcriptional investments exhibited by
each group (Fig. S9), although only 1787 (23.8%) of the
orthologs found here have a KEGG module categorization,
which is expected from the database [27]. Diatoms
expressed genes associated with photosynthesis, DNA
repair and replication, sterol biosynthesis, and amino acid
metabolism, which may correspond to their investments in
growth and cell division-associated metabolic pathways and
contribute to their increase in relative transcript proportions.
Meanwhile, dinoflagellates and haptophytes expressed
genes associated with glycan and fatty acid catabolism
suggesting heterotrophy or higher reliance on intracellular
compounds similar to observations of these same groups at

log, fold change
(DSW / Surface)

(positive fold change) indicating overrepresentation in the DSW
treatment and darker blue (negative fold change) indicating over-
representation in the surface treatment. KOs were sorted based on
average fold change values for each taxonomic group at both sites,
having higher or lower fold change values than other taxonomic
groups, and the variance in fold change values across all four groups
being greater than the mean variance for the dataset. The number of
genes uniquely overrepresented for a particular group in the DSW
treatment is indicated on the left

depth and in the presence of prey [71, 72]. Altogether, these
distinctly overrepresented genes may represent some degree
of niche partitioning with transcriptional investments in
different cellular processes in response to nutrient
amendment.

Expression of nitrogen metabolism genes

Genes involved in nitrogen assimilation and utilization were
examined in all four dominant eukaryotic phytoplankton
groups to investigate links between transcription and
increases in particulate nitrogen and nitrate uptake rates
(Figs. 3, 6, and S10). The nitrate uptake rates in both
experiments indicate that both small and large size-fractions
responded to the nutrient addition with increased rates of
nitrate uptake; however, gene expression patterns suggest
that not all four groups respond with the assimilatory nitrate
reduction genes equivalently.

All groups but haptophytes at one site showed increased
expression of nitrate transporters, and the greatest over-
representation of nitrate transporters after nutrient
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Fig. 6 Heatmap comparing the expression of nitrogen metabolism
genes among the four dominant eukaryotic phytoplankton groups at
both sites. Site numbers are denoted at the top of the heatmap. To
account for both the abundance and change of gene expression, plotted
values are the Euclidian distance of the log, transformed mean
abundance and fold change from 0 (DSW/Surface), i.e. no expression
or change. Distances that are derived from negative fold change values
are also shown as negative. Gray indicates no expression

amendment was observed in prasinophytes and diatoms.
This corresponds to the observed increase in nitrate uptake
rates within both size fractions, assuming the majority of
prasinophytes were in the small size-fraction and diatoms
were mostly in the large size-fraction. Diatoms, however,
were the only group to consistently exhibit both high (>95th
percentile of genes) and increased expression upon DSW
amendment for the genes required for assimilatory nitrate
reduction: nitrate transporter, nitrate reductase, and nitrite
reductase. Prasinophytes showed comparatively low
expression of nitrite reductase (43rd percentile at Site 1,
69th percentile at Site 2) and dinoflagellates displayed no
detectable expression upon DSW amendment.

Results were inconsistent for nitrate reductase expression
in dinoflagellates and haptophytes. Expression in both was
reduced with DSW amendment at one of the two sites, and
dinoflagellates increased expression at another site. At Site
1, expression in haptophytes also increased but was very
low (23rd percentile). Expression of ammonium transpor-
ters was also variable among the four groups. Within the
DSW treatment, dinoflagellates showed increased gene
expression whereas diatom expression decreased; hapto-
phyte and prasinophyte expression patterns were
inconsistent.

Although small eukaryotic phytoplankton have been
found to be more reliant on nitrate compared to prokaryotes
[24, 46], the differences here suggest that the proposed
reliance on or utilization of nitrate among eukaryotes is not
equivalent. First, the inconsistent expression of nitrate and
nitrite reductases among phytoplankton groups suggests
that eukaryotic phytoplankton groups may employ different
strategies for nitrate assimilation. Nitrate is likely taken up
by all groups based on the increased gene expression of
nitrate transporters and nitrate uptake rates. Diatoms

increased their expression of the entire pathway and likely
channeled the assimilated nitrate towards growth, corre-
sponding to increases in chlorophyll for the large size
fraction and increases in the proportion of diatoms (Figs. 3
and 4). In contrast, the low expression of nitrite reductase in
prasinophytes and dinoflagellates and of nitrate reductase in
dinoflagellates and haptophytes suggests that these groups
may exhibit a delayed response or shuttled nitrate towards
storage rather than towards growth or short-term utilization.
In the dinoflagellate Alexandrium minutum, it has been
shown that most of the nitrate and ammonium taken up was
stored rather than immediately utilized [73]. Nitrate storage
has also been shown in the dinoflagellate Amphidinium
carterae, the haptophyte Isochrysis galbana, and the
chlorophyte Dunaliella tertiolecta although other species
from the same lineages showed a lack of storage [25, 74].
At least for the small (<5 pum) phytoplankton, i.e. certain
prasinophytes and haptophytes, these results may explain
the maintenance of relatively high particulate nitrogen and
nitrate uptake rates unmatched by increases in phyto-
plankton biomass (i.e., chlorophyll concentrations). Alter-
natively, timing of sampling may have resulted in the
transcriptional response of these groups to be missed,
although nitrate concentrations were still significantly
higher in the DSW treatment compared to surface treatment
(P<0.05; Fig. 2). It is also plausible that diatoms are
exhibiting some degree of nitrate storage as inferred by the
overrepresentation of a putative vacuolar nitrate (CLC)
transporter in the DSW treatment (P = 0.06) [75].

Secondly, dinoflagellates increased their expression of
ammonium transporters, indicating a preference for
ammonium even when nitrate was abundant which has also
been observed in the laboratory for the dinoflagellate A.
minutum (Fig. 6) [73]. In contrast, diatoms at both sites and
haptophytes and prasinophytes at one site showed decreased
expression of ammonium transporters. These differences in
expression may be an example of niche partitioning by
dinoflagellates to exploit regenerated forms of nitrogen as
other groups, particularly diatoms, may be reducing their
reliance on these recycled forms.

In dinoflagellates and diatoms, high expression of nitric
oxide dioxygenase (NOD) was found at both sites. Dino-
flagellates displayed high expression (>85th percentile) of
this gene in both treatments while diatoms significantly
expressed it in the surface treatment (log, fold change > 3,
P <0.05; Fig. 7). Phylogenetic analysis indicates that the
gene was likely inherited via multiple horizontal gene
transfer events, and that haptophytes also possess the gene
although we did not detect haptophyte NOD gene expres-
sion (Supplementary Text, Figs. S11 and S12). In prasino-
phytes, it was not identified.

NO in seawater likely only exists in low picomolar levels
[76]. It can be produced abiotically via the photochemical
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Fig. 7 Volcano plot of genes expressed by diatoms considering all
surface and deep treatments from both experiments as replicates. The
log, fold changes (DSW vs. Surface) are displayed on the x-axis and
the —log(adjusted p-values) are on the y-axis such that the most sig-
nificantly expressed genes have greater values. Points with adjusted p-
values > (.05 are below the horizontal dashed line in gray while points
>5 (P < 1x107°) are plotted at 5 as black triangles. Labeled genes are
abbreviated as follows: FBAI fructose-bisphosphate aldolase, class I,
ICL isocitrate lyase, NR nitrate reductase, NiR nitrite reductase, NOD
nitric oxide dioxygenase, RHO proteorhodopsin, SDH succinate
dehydrogenase, SOD1 Cu—Zn superoxide dismutase

reduction of nitrite, but this is an unlikely source here as
nitrite concentrations were also extremely low (Fig. 2) [77].
NO can also be produced via nitrate reductase activity or
nitric oxide synthases as part of a stress surveillance system
in diatoms or under lytic infection in haptophytes [78—-81];
however, nitric reductase expression was lower in the sur-
face treatment, and overall, nitric oxide synthase displayed
relatively low gene expression or was absent in each of the
main phytoplankton groups during this study.

Regardless of its synthesis from biotic or abiotic sources,
NOD may play an important role in regulating the level of
NO as a signaling molecule and thereby regulating the
expression of nitrogen assimilation genes. In the model
marine diatom, P. tricornutum, NOD is coexpressed with
nitrate reductase suggesting that the two enzymes function
to regulate nitrogen levels (nitrate, nitrite, and NO) which
may control nitrogen assimilation gene expression [82];
however, strong opposing expression of NOD and nitrate
reductase was observed here (Fig. 7). The presence of NO
in P. tricornutum has also been shown to upregulate nitrite
reductase expression [81]; therefore, NOD may act to sup-
press NO and maintain lower expression of nitrite reductase
consistent with our observations (Fig. S10). NOD also

catalyzes the conversion of nitric oxide (NO) to nitrate with
an associated oxidation of ferrous to ferric heme followed
by a reduction back to the ferrous state by flavin adenine
dinucleotide (FAD) [83, 84]. As the product of this reaction
is nitrate, use of this gene may provide a small amount of
additional nitrate from NO when nitrate concentrations are
low and are limiting to phytoplankton growth similar to a
role that has been suggested in raphidophytes [85].

Diatom-specific gene expression

Other significantly expressed genes in diatoms during these
experiments may indicate certain cellular mechanisms that
are utilized for their subsistence under typical oligotrophic
conditions and for growth during periods of nutrient injec-
tion into the euphotic zone (Fig. 7). In examining both
experiments, 904 genes showed significant differential
expression (461 in the surface water treatment and 443 in
the DSW treatment) (Dataset S4). This assessment includes
genes that do not currently have an annotated function.

The genes overrepresented in the surface water treat-
ments indicate how the diatom community is responding to
long-term nitrogen-limited conditions. As expected, gene
expression patterns indicate a reliance on regenerated forms
of nitrogen as ammonium and urea transporters were highly
expressed in the surface treatment (Fig. 8). Interestingly,
transcript abundances of two genes that have been asso-
ciated with low-iron conditions in diatoms, proteorho-
dopsin, and class I fructose-bisphosphate aldolase (FBA),
were also significantly higher in the surface water treatment
(P<0.05) despite the relatively high iron concentrations
that suggest iron availability was likely not limiting growth
(Fig. 7) [86, 87]. Proteorhodopsin may serve as an alter-
native phototrophic mechanism while photosynthetic effi-
ciency is reduced due to iron limitation [88]. Increased
expression of proteorhodopsin in the surface water treat-
ment also suggests that there may be other roles for the
protein in diatoms in addition to coping with iron limitation.
Class I FBAs are metal-independent functional equivalents
of class I FBAs [89, 90]. Given that NOD requires Fe,
utilization of low-iron-requiring pathways may reduce cel-
lular Fe requirements to better support NOD activity;
however, superoxide is required as well. A diatom-
associated gene encoding Cu—Zn superoxide dismutase
was also significantly expressed (P < 0.05) (Fig. 7), and the
activity of superoxide dismutase would inhibit NOD
activity.

In the DSW treatment, diatom transcription of many urea
cycle genes were overrepresented, which is consistent with
its known use for recovery from nitrogen limitation; how-
ever, some exceptions are apparent [91] (Fig. 8). Ornithine
carbamoyltransferase showed nearly no change in expres-
sion between the two treatments. Urease showed reduced
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(Site 1) or no expression (Site 2) possibly indicating a
delayed response until a sufficient amount of urea is gen-
erated (Fig. 8). As both ornithine and urea are products of
arginase, ornithine could be used to produce putrescine for
polyamine synthesis via ornithine decarboxylase at the time
of sampling [92]. These ornithine-derived polyamines are
important for cell wall biogenesis which would be important
for diatom cell division [93]; transcripts for the gene
encoding ornithine decarboxylase were highly abundant in
the DSW treatment at Site 1 (fold change = 13.9, P =0.16)
but not at Site 2.

Among the most significantly overrepresented genes in the
DSW treatment was isocitrate lyase (Fig. 7, P<1x 1077),
suggesting that diatoms alter their carbon metabolism in
response to the nutrient amendment and that the peroxisomal
glyoxylate cycle plays an important role in this response [94].
Isocitrate lyase and malate synthase can create a bypass to the

>5

synthetase, CS citrate synthase, FUM fumarate hydratase, GS gluta-
mine synthetase, GOGAT glutamate synthase, GDH glutamate dehy-
drogenase, ICL isocitrate lyase, IDH isocitrate dehydrogenase, LSC
succinate-CoA ligase, MS malate synthase, MDH malate dehy-
drogenase, NRT nitrate transporter, NR nitrate reductase, NiR nitrite
reductase, OGDH oxoglutarate dehydrogenase, OTC ornithine carba-
moyltransferase, SDH succinate dehydrogenase, URT urea transporter,
URE urease

tricarboxylic acid (TCA) cycle, which corresponds with
decreases in expression in several TCA cycle genes (Figs. 7
and 8). This modification may help satisfy increased carbon
demand as nitrogen assimilation increases. Increased expres-
sion of isocitrate lyase under nitrate replete conditions also
aligns with laboratory studies examining nitrogen dynamics in
P. tricornutum, although malate synthase was not differen-
tially expressed in our study [95]. Isocitrate lyase has also
been shown to be upregulated in diatoms under iron limitation
[82, 90] indicating that the glyoxylate cycle may have more
widespread importance under other nutritional scenarios.

Conclusions

Our metatranscriptomic analysis supports differing levels of
transcriptional responsiveness among phytoplankton groups



upon nutrient amendment in oligotrophic subtropical gyre
systems [34]. Moreover, gene expression in conjunction
with assessments of nutrient standing stocks and biological
rate processes suggests that eukaryotic phytoplankton
respond to injections of nitrate in different ways. Diatom
gene expression patterns suggest newly acquired nitrate is
rapidly assimilated and used to support growth, which
partially explains the high level of diatom-driven export in
the region. Meanwhile other phytoplankton groups may
initially be storing the nitrate or relying on regenerated
nitrogen forms. Further examination of nitrate storage
across eukaryotic phytoplankton groups is warranted and
could help provide context for these results.

Diatoms also coordinately alter their expression of other
genes upon nutrient amendment which may support their
increases in nitrogen assimilation. Ultimately, with most
diatom genes lacking a functional annotation, it is likely that
there are many cellular processes contributing to their sur-
vival and then subsequent growth upon nutrient delivery that
are yet to be identified [13]. Furthermore, oligotrophic
regions have been shown to have unexpectedly high diatom
diversity implying that diatoms as a whole display a wide
spectrum of growth strategies [96, 97]; thus, although we
characterized a distinct diatom response here as a singular
group, this observed response is likely driven by a dominant
subset of diatoms while rarer species could be displaying
other growth strategies more akin to the other phytoplankton
functional groups. Further investigation into diatom diversity
in the Sargasso Sea and other oligotrophic regions will be
necessary to reveal the full spectrum of strategies.

A 15-year record of biogenic silica at BATS has found
that diatom abundances are declining [98]. Corresponding
increases in water column stratification and temperatures
due to climate change suggests that increased nitrogen
demand in eukaryotic phytoplankton [99] followed by less
frequent delivery of subsurface nutrients could lead to a
further decline. Our results indicate that diatoms are able to
physiologically adjust their metabolism and employ
mechanisms for survival under oligotrophic conditions, but
it is possible that the limits of these mechanisms could soon
be reached. Alternatively, diatom taxa and responses, such
as those observed here may become more common as
increased warming and vertical stratification expand oligo-
trophic subtropical gyre-like conditions to other regions of
the ocean [100].
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