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High-affinity nitrate transporters are considered
to be the major transporter system for nitrate
uptake in diatoms. In the diatom genus Skeletonema,
three forms of genes encoding high-affinity nitrate
transporters (INRT2) were newly identified from
transcriptomes generated as part of the marine
microbial eukaryote transcriptome sequencing
project. To examine the expression of each form of
NRT2 under different nitrogen environments,
laboratory experiments were conducted under
nitrate-sufficient, ammonium-sufficient, and nitrate-
limited conditions using three ecologically important
Skeletonema species: S. dohrnii, S. menzelii, and
S. marinoi. Primers were developed for each NRT2
form and species and Q-RT-PCR was performed.
For each NRT2 form, the three Skeletonema species
had similar transcriptional patterns. The transcript
levels of NRT2:1 were significantly elevated under
nitrogen-limited conditions, but strongly repressed
in the presence of ammonium. The transcript levels
of NRT2:2 were also repressed by ammonium, but
increased 5- to 10-fold under nitrate-sufficient and
nitrogen-limited conditions. Finally, the transcript
levels of NRT2:3 did not vary significantly under
various nitrogen conditions, and behaved more like
a constitutively expressed gene. Based on the
observed transcript variation among NRT2 forms,
we propose a revised model describing nitrate
uptake Kkinetics regulated by multiple forms of
nitrate transporter genes in response to various
nitrogen conditions in Skeletonema. The differential
NRT?2 transcriptional responses among species
suggest that species-specific adaptive strategies exist
within this genus to cope with environmental
changes.
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Diatoms contribute ~40% of annual marine pri-
mary production (Nelson et al. 1995, Field et al.
1998). Nitrogen is likely a major limiting nutrient
controlling their growth in the ocean (Howarth and
Marino 2006). However, diatoms are a diverse group
of phytoplankton (Kooistra et al. 2007, Armbrust
2009), and different species possess different strate-
gies for survival in environments with various nitro-
gen sources and availability (Dortch 1990, Lomas
and Glibert 1999). For example, several diatom spe-
cies (e.g., Skeletonema costatum) are able to take up
and store nitrate in excess of growth demands
(Dortch et al. 1984, Lomas and Glibert 2000), while
other species (e.g., Chaetoceros affinis) exhibit nitro-
gen uptake rates that are closely coupled to growth
rates (Collos 1982, Dortch 1982). Differences in
nitrate uptake dynamics among species lead to dif-
fering competitive advantages under different
nitrate concentrations providing a plausible mecha-
nism for diatoms’ geographic distribution patterns
and species succession (Kang et al. 2015).

Nitrate is the most stable and abundant form of
inorganic nitrogen in seawater and has been
regarded as the main nitrogen source for diatoms.
For decades, studies of nitrate uptake have guided
our understanding of how diatom cells utilize
nitrate for growth (e.g., Eppley and Thomas 1969,
Eppley et al. 1969, Falkowski 1975, Morel 1987).
The classic way to represent diatom uptake is based
on the Michaelis—Menten functional form for the
uptake rate (Dugdale 1967, Droop 1973). Since dia-
tom cells are able to adjust their kinetic parameters
in response to environmental changes, more com-
plex models have been proposed (Morel 1987,
Aksnes and Egge 1991, Smith et al. 2009, Bonachela
et al. 2011). However, the basic mechanism of
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nitrate transport across diatom cell membranes
remains unclear.

High-affinity nitrate transporters are membrane-
associated proteins and considered to be the major
transporter system responsible for nitrate uptake in
marine diatoms (Song and Ward 2007). Multiple
nitrate transporter genes, NRT12s, have been identi-
fied in numerous diatom species (Hildebrand and
Dahlin 2000, Song and Ward 2007, Kang et al.
2011), haptophytes (Kang et al. 2007, Song and
Ward 2007, Charrier et al. 2015), and eukaryotic
picophytoplankton (McDonald et al. 2010). Gener-
ally, the mRNA level of NRT2 in diatoms changes
rapidly and sensitively in response to different nitro-
gen conditions, where NRTZ2 transcript levels are
low in the presence of ammonium, moderately
expressed under nitrate-sufficient conditions, and
highly expressed under nitrate-deprived conditions
(Song and Ward 2007, Kang et al. 2009). Although
it has been noted that there are multiple forms of
NRT?2 genes in diatoms (e.g., Armbrust et al. 2004,
Bowler et al. 2008, Bender et al. 2014), comparative
gene expression among different forms has been
investigated only in Thalassiosira pseudonana. Differ-
ential gene expression among three different forms
of NRT2 in T. pseudonana revealed form-specific
expression in response to different nitrogen sources
(Kang et al. 2009) suggesting that nitrate uptake in
diatoms may prove to be more complex than antici-
pated, with at least one form behaving like a consti-
tutively expressed gene. Therefore, exploring the
function and regulation of multiple NRT2 genes
may provide additional information for understand-
ing how diatoms adjust their nitrate uptake kinetics
to cope with environmental changes.

Skeletonema is a common diatom genus, especially
in coastal, estuarine, and upwelling regions where it
often forms dense blooms (Cloern et al. 1985,
Kooistra et al. 2008, Borkman and Smayda 2009).
Our recent study reported that both Skeletonema
abundance and Skeletonema NRTZ2 expression were
closely related to the depth of the nutricline, which
suggested that nitrate supply has a strong bottom-up
influence on the distribution of Skeletonema spp. in
coastal regions (Kang et al. 2015). Recently, the
genus Skeletonema was shown to consist of several dis-
tinct species based on both morphological and
genetic variation (Sarno et al. 2005, 2007, Zingone
et al. 2005). There appear to be differences in geo-
graphic distributions among species (Kooistra et al.
2008) as well as temporal species succession within
individual locations (Canesi and Rynearson 2016)
suggesting that there are significant ecological dif-
ferences among these closely related species. Varia-
tion in nutrient metabolism among Skeletonema
species may help to explain species succession and
geographic distributions in the ocean.

In this study, we examined high-affinity nitrate
transporters in the NRT2 gene family among Skele-
tonema species using transcriptomes generated as

part of the Marine Microbial Eukaryote Transcrip-
tome Sequencing Project, MMETSP (Keeling et al.
2014), and identified three forms of NRT2 genes.
We examined their transcriptional patterns under
various nitrogen conditions in three cultured
strains: S. dorhnii, S. marinoi, and S. menzelii. These
species were chosen because they have different sea-
sonal cycles, with S. marinoi and S. dohrnii being
most common during winter and spring and S. men-
zelii, during summer (Kaeriyama et al. 2011, Canesi
and Rynearson 2016).

MATERIALS AND METHODS

Phylogenetic analysis of  Skeletonema NRT2 genes. NRT2
sequences from the Thalassiosira pseudonana (JGI12741,
26974, and 39592) and Phaeodactylum tricornutum (JGI54101,
26029, 54560, 12032, and 12171) genomes were used for
homology-based searches to identify Skeletonema sequences
from the MMETSP transcriptome database (https://www.imic
robe.us/project/view/104) using BlastX (E-value cut-off of
1E-20, ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/
LATEST/). For species with multiple transcriptomes in the
MMETSP database, NRT?2 sequences with >98% identity were
combined for phylogenetic analysis. Transcript sequences
were translated to deduced amino acid sequences using Bioe-
dit Sequence Alignment Editor (version 7.2.5; Department of
Microbiology, North Carolina State University, Raleigh, NC,
USA). The corresponding NRT2 sequences in the genomes
of other diatom species were obtained from GenBank and
the diatom genome database (Joint Genome Institute,
http://genome.jgi.doe.gov). The amino acid sequences were
aligned using ClustalW (Thompson et al. 1994) and trimmed
to include the conserved region (421 amino acid positions)
spanning 12 predicted transmembrane domains (Hildebrand
and Dahlin 2000). The resulting alignment files were used to
construct phylogenetic trees with PHYLIP software (the PHY-
Logeny Inference Package version 3.69, Felsenstein 1989).
Maximum likelihood trees were generated with the PROML
program in PHYLIP. Bootstrap values were obtained with 100
bootstrap replicates.

Culture conditions. ~ Skeletonema menzelii strain CCMP793 and
Skeletonema dohrnii strain CCMP3373 were obtained from the
Provasoli-Guillard National Center for the Culture of Marine
Phytoplankton  (West Boothbay Harbor, ME, USA).
Skeletonema marinoi strain Skel F was isolated from Narra-
gansett Bay RI, USA by D. Roche. All strains were maintained
at 14°C in f/2-enriched seawater medium (Guillard and
Ryther 1962) under a 12:12 h light:dark photoperiod with a
light intensity of 100 pmol photons - m 2 - s~ ! and were con-
firmed axenic at the beginning of the experiment.

NRT2 mRNA abundance of NOs -sufficient, NH, -sufficient,
and N-limited cells. For each species, cells in nitrate-sufficient,
ammonium-sufficient, and nitrogen-limited conditions were
prepared in duplicate for the detection of NRT2 mRNA abun-
dance. Nitrate-sufficient cells were grown in batch cultures
using f/2 medium with an initial nitrate concentration of
883 uM as the nitrogen source. After inoculation, cells were
harvested daily during the 3 d of the early- to mid-log phase
for cell counts and RNA isolation (~5.1 x 10° to 1.8 x 108
cells). Ammonium-sufficient cells were grown in modified /2
medium (h/2; Guillard and Ryther 1962) with nitrate
replaced by ammonium at an initial concentration of 500 pM
as the nitrogen source. The ammonium-sufficient cells were
also harvested daily during the 3 d of the early- to mid-log
phase (~2.4 x 10° to 1.4 x 107 cells). N-limited cells were
prepared by collecting ammonium-sufficient cells via
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centrifugation at 3,000g for 5 min at 4°C, followed by two
washes with nitrogen-free (N-free) medium. The washed cells
were then resuspended in the N-free medium, and incubated
for 2 and 3 d to reach a nitrogen-limited status before harvest
(~3.6 x 107 to 2.0 x 10° cells). To ensure nitrogen-free sta-
tus, the N-free f/2 medium was prepared with surface Sar-
gasso seawater. For all treatments, cell concentrations were
determined with a haemocytometer (Hausser Scientific, Hor-
sham, PA, USA). Growth rates (in doublings - dfl) were cal-
culated from cell counts using the following equation:

k_ltf?_(to) (1)

where £ is the doublings per day and N, and N are the cell
concentrations at to and to, respectively. Algal cells for RNA
isolation were harvested via centrifugation at 3,000 g for
10 min at 4°C, resuspended in RLT buffer (Qiagen, Valencia,
CA, USA) with 1% v/v of B-mercaptoethanol (Sigma-Aldrich,
St. Louis, MO, USA), and then stored at —20°C until further
processing.

RNA isolation. Samples for RNA isolation were thawed on
ice, followed by supersonic disruption (Digital Sonifier 450;
Branson, Danbury, CT, USA). Total RNA was isolated using
an RNeasy Plant Mini Kit (Qiagen) according to the manufac-
turer’s instructions. The RNase-Free DNase Set (Qiagen) was
applied for on-column digestion of residual DNA during
RNA purification. RNA concentrations were determined with
a spectrophotometer (ND-1000; NanoDrop Technologies
Inc., Wilmington, DE, USA) at the wavelengths of 260 and
280 nm. Total RNA (0.1 pg) was reverse-transcribed into
cDNA using random hexamers and Quantiscript Reverse
Transcriptase (QuantiTect Reverse Transcription Kit; Qia-
gen).

Primer design. The PCR primer sets for real-time quantita-
tive reverse-transcription polymerase chain reaction (Q-RT-
PCR) were specifically designed to amplify a 100-150 bp frag-
ment from each of the NRT2 and EFL (translation elongation
factor-like) genes in each Skeletonema species (Table S1 in the
Supporting Information). EFL was used as the reference gene
(Kang et al. 2012). To separately determine the transcript
levels of each NRT2 gene, each primer contained at least four
mismatching nucleotides compared to homologous segments
belonging to the other two forms of NRT2 and a single mis-
match at the 3’ terminal. The amplification efficiencies of
these primer sets were evaluated using serially diluted cDNA
obtained from each species. Controls without reverse tran-
scriptase were performed to confirm absence of genomic
DNA.

Real-time Q-RT-PCR. Quantitative PCRs were initiated by
adding 5 pL. of 10-fold diluted ¢cDNA to a mixture contain-
ing 1X QuantiFast SYBR Green PCR Master Mix (Qiagen)
and 300 nM forward and reverse primers. Real-time PCR
analysis was conducted using an Mx3005P QPCR System
(Stratagene; Agilent Technologies Inc., Santa Clara, CA,
USA). Thermocycler settings were 95°C for 5 min followed
by 40 cycles of 95°C for 10 s and 60°C for 30 s. The speci-
ficity of the Q-RT-PCR products was confirmed by melting
temperature analysis from 55 to 95°C. The fluorescence
intensity from the complex formed by SYBR Green and the
double-stranded PCR product was continuously monitored
from cycles 1 to 40. The threshold cycle (Cr) at which the
fluorescence intensity exceeded a preset threshold was used
to calculate the gene transcript levels of each gene. The
amount of target-gene cDNA (X) normalized to that of a
reference gene (R) was calculated according to the
absolute ratio method described by Chung et al. (2005) as
follows:

M, G
log <%) =log (ﬁ) 4+ BX Orr (2)

where X; and R, are the target and reference molecules in
the original sample, Mg and My are the molecular weights of
the target and reference amplicons, Cr x and Crp are the Cp
values of X and R, and by and bp are the standard curve
slopes of X and R, respectively. Each Q-RT-PCR was per-
formed in duplicate to enable the calculation of a standard
deviation for tube replicates:

Var(Cr,X) Var(Cr,R)
Stdiog(xo/m)) = \/ + (3)

by br®

where Var(Cr x) and Var(Cr ) are the variances of Cr x and
Cr,r, respectively.

Statistical analyses. To compare differential expression
among treatments and forms, transcript levels of each NRT2
form were monitored during the first 3 d of the experiment.
An analysis of variance (ANOVA) test was conducted on each
treatment, species and target gene to confirm that no signifi-
cant differences in gene expression occurred over the 3-d
period and where appropriate, a post hoc Fisher’s least signif-
icant difference (LSD) was applied to determine days where
gene expression remained stable. Because transcript levels of
each NRT2 form in nitrogen-replete cultures were not signifi-
cantly different (Figs. S1-S3 in the Supporting Information),
average expression levels were calculated using duplicates for
days 1-3 in ammonium-sufficient (n» = 6) and nitrate-suffi-
cient (n = 6) conditions. For cells transferred into N-free
medium, average expression levels were calculated using only
days 2 and 3 (n = 4), based on the results of the ANOVA and
LSD tests (Figs. S1-S3) showing that for some species and
genes, expression stabilized only after 48 h in the N-free
media. This response is consistent with previous literature
showing that Skeletonema can take up and store nitrogen in
excess of growth demands (Dortch et al. 1984, Lomas and
Glibert 2000). To test for differences in transcript levels
among NRT2 forms and nitrogen conditions among species,
ANOVA and post hoc LSD tests were used. Differences were
considered statistically significant with P < 0.05.

RESULTS

Identification ~ of  NRT2  genes in  Skele-
tonema. Homology-based searches of the MMETSP
database using NRT2 genes from Thalassiosira pseudo-
nana and Phaeodactylum tricornutum genomes yielded
52 homologous amino acid sequences belonging to
11 Skeletonema strains. These amino acid sequences
were aligned and verified via manual inspection
(Tables S2 and S3 in the Supporting Information).
Three forms of NRT2 were identified in Skeletonema
(Fig. 1): all were classified in the same protein family
PF07690 (Pfam)/IPR004737 (interpro) and there
were no differences in domains among NRT2 forms.
Phylogenetic analyses revealed that each NRT2 form
comprised a distinct clade with strong bootstrap sup-
port (100%). The sequences in Clade I shared an
average identity of 95.7% with the first discovered
NRT2 sequence in S. costatum (NRT2_AAL85928;
Fig. 1; Song and Ward 2007). NRT2 in this clade was
thus named NRT2:1. Clade II shared an average
identity of 74.7% with Clade I, and these two clades
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Fic. 1. Phylogenetic tree of nitrate transporter (NRT2) amino acid sequences in diatoms. This phylogenetic tree is a condensed version
of a detailed analysis including homologous NRT?2 sequences from the MMETSP. To reduce the sequences from multiple transcriptomes
among different strains and treatments, sequences (spanning the conserved transmembrane regions) with shared identities of >0.98 were
combined and the most-conserved sequence was selected as a representative. The numbers at the nodes are bootstrap values based on 100
resamplings, and only values of > 70% are shown. Sequence accession numbers are from GenBank or JGI. Sequences from MMETSP are

followed by the CAMNT number.

were closely related to the TpNRT2:1 and (Kang et al. 2009). Therefore, NRT2 sequences in
TpNRT2:2 which were considered as the pri- Clade II were named NRT2:2. Finally, the sequences
mary nitrate transporters in Thalassiosira pseudonana in Clade III differed greatly from Clade I and II and
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shared only an average identity of 51.8%. This dis-
tinct clade was clustered with TpNRT2:3, thus,
sequences in this clade were named NRT2:3.

Liffect of nitrogen sowrces on the growth of Skeletonema
species. The growth characteristics of cells main-
tained in nitrate or ammonium as the sole nitrogen
source were compared in  Skeletonema dohrnii
CCMP3373, S. menzelii CCMP793, and S. marinoi
Skel F (Fig. 2). When grown in either nitrate or
ammonium media, S. dohrnii exhibited significantly
faster growth rates than the other species (Fig. 2;
Fisher LSD test, P < 0.05). The growth rates of
S. marinoi and S. menzelii were similar when main-
tained in nitrate media. In media supplemented
with ammonium, S. marinoi had the slowest growth
rates of the three species (Fig. 2; Fisher LSD test,
P < 0.05). Maximum biomass obtained by S. dohrnii
and S. menzelii in media with nitrate or ammonium
was similar, with an average of 4.2 + 1.5 x 10°
cells - mL~'. In S marinoi, the maximum biomass of
cells grown with nitrate was not significantly differ-
ent compared to the other two species, but when
grown with ammonium its maximum biomass was
significantly reduced (9.7 + 1.2 x 10* cells - mL™";
Fig. 2, Fisher LSD test, P < 0.05), revealing signifi-
cant  interspecific  variation in  physiological
responses to different nitrogen sources.

Expression patterns of NRT2 genes under various nitro-
gen conditions. For each of the three Skeletonema spe-
cies, the transcript levels of multiple NRT2 genes
were determined by Q-RT-PCR and their expression

patterns were compared by normalizing to a refer-
ence gene (EFL). The amplification efficiency of
each primer set was high, ranging from 91.6% to
110%, with strong linearity (+* > 0.993) in each spe-
cies (Table 1). To compare transcriptional patterns
of multiple NRT2 genes among treatments and spe-
cies, the transcript levels measured under the same
nitrogen conditions were averaged for each treat-
ment and species (Figs. 3; SI-S3).

Transcript levels of NRT2:1 in Skeletonema dohrnii,
were significantly different among treatments (Fig. 3;
Fisher LSD test, P < 0.05) with the lowest average
level of 0.19 mmol - (mol Eﬂ)f1 in ammonium-suffi-
cient cells and the highest in nitrogen-limited cells
(12.7 mmol - (mol Eﬂ)fl). In S. menzelii and S. mari-
noi, transcriptional patterns of NR72:1 among treat-
ments were similar to S. dohrnii, except that nitrogen-
limited cells had transcript levels approximately two
orders of magnitude higher (Fig. 3). Like NRT2:1,
NRT2:2 had the lowest transcript levels in the ammo-
nium-sufficient treatment in all three species. Unlike
NRT?2:1, transcript levels in NR7T2:2 for nitrate-suffi-
cient and nitrogen-limited cells were not significantly
different in S. menzelii and S. marinoi (Fisher LSD test,
P < 0.05), and were higher in nitrate-sufficient than
nitrogen-limited cells in S. dohrnii. In contrast, tran-
script levels of NRT2:3 did not vary significantly
under different nitrogen conditions in S. dohrnii
(Fig. 3; Fisher LSD test, P < 0.05), and were only
slightly enhanced wunder nitrogen starvation in
S. menzeliiand S. marinoi.

2.0
—~ 1.5 1
0T
E -
c 2 10+
=
Fic. 2. Growth rates and % 'g
maximum biomass for the three = O
species of Skeletonema grown with o 3 0.5 A

ammonium (h/2) or nitrate (f/
2) as the nitrogen source. Error
bars represent £1 SD from
replicate experiments. Identical 0.0 1
letters above the  columns
indicate no significant difference

between means of growth rates or 1e+7 1
biomass concentrations (P < 0.05, 0 —~
ANOVA  with  Fisher’s  least 0
significant difference test). g —El
o . 1e+6 -
RS
< =
g8
1e+5

S. dohmii

S. marinoi

S. menzelii
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TasLE 1. Properties of standard curves generated by each
primer set using serial dilution of ¢cDNA from each spe-
cies as a template.

Target species Target gene Primer set E%" s
Skeletonema dohrnii EFL SxEfl 105 0.999
NRT2:1 SANC3 102 0.998
NRT2:2 SNB2 103 0.999
NRT2:3 SNA1 99.5  0.993
Skeletonema menzelii ~ EFL SxEfl 106 0.999
NRT2:1 SNC1 106 0.999
NRT2:2 SmNB3 109 0.997
NRT2:3 SmNA4 104 0.997
Skeletonema marinoi  EFL SxEfl 101 0.999
NRT2:1 SNC1 98.9  0.998
NRT2:2 SNB2 99.6  0.997
NRT2:3 SNA1 91.6  0.998

*Amplification efficiency (E%) = [10° /%P — 1] . 100%.

DISCUSSION

Three forms of NRT2 genes in Skeletonema. Diatom
genomes commonly contain multiple NRT2 genes.
For example, the genomes of Thalassiosira pseudo-
nana and Pseudonilzschia multiseries have at least
three copies, Phaeodactylum tricornutum and Fragilari-
opsis cylindrus have at least five copies, and it has
been proposed that in diatoms, these genes can be
divided into at least two orthologous groups (Arm-
brust et al. 2004, Bowler et al. 2008, Bender et al.
2014). The three NRT2s we identified in Skeletonema
each formed a distinct and strongly supported clade
and were most closely related to the NRT2s in
T. pseudonana (Fig. 1). Within each of the three
NRT?2 clades, the topology was principally consistent
with the phylogenetic relationship among species
inferred from rDNA sequences (Sarno et al. 2005,
2007), suggesting that the three forms of NRT2s
evolved prior to speciation of the Skeletonema species
investigated here. Within each NRT?2 clade, sequence
identity among Skeletonema species was high, further
suggesting that the NRT2s in the same clade might
possess similar uptake kinetic properties.

Patterns and significance of NRT2 gene expression in
Skeletonema. Many phytoplankton, including Skele-
tonema, are known to have high rates of nitrate
uptake after short periods of nitrogen deprivation
(e.g., Serra et al. 1978, Martinez 1991). An active
transporter has long been suggested to be responsi-
ble for the active transport of nitrate at extremely
low concentrations (Falkowski 1975, Raven 1980).
In nitrogen-depleted conditions, only NR72:1 had
significantly higher transcript levels across all species
compared to nitrogen-sufficient conditions, suggest-
ing that it is an active transporter of nitrate (Fig. 3).
High gene expression of NRT2:1 under nitrogen
starvation can be considered as an adaptive strategy
for the eventual synthesis of NRT2 protein when
nitrate concentrations increase. In contrast, the
orders of magnitude lower transcript levels of
NRT2:1 in the presence of ammonium is also

consistent with the fact that ammonium strongly
inhibits the activity of this nitrate transporter (Serra
et al. 1978). NRT2 genes with similar expression pat-
terns have been repeatedly observed in diatoms and
haptophytes (Kang et al. 2007, 2009, Song and
Ward 2007, Bender et al. 2014, Charrier et al.
2015), suggesting that NRT2:1 was the major gene
responsible for nitrate uptake under low nitrate con-
ditions. The expression patterns of NRT2:1 observed
in Skeletonema further support the suggestion that
NRT?2:1 may serve as a good indicator of nitrogen
status across a broad range of diatom species (Kang
et al. 2009, 2015).

Similar to NRT2:1, NRT2:2 transcript levels were
also repressed by the presence of ammonium, and
transcript levels increased under nitrate-sufficient
and nitrogen-limited conditions in Skeletonema. How-
ever, the response was less extreme, with a maximum
response of 2l-fold (Fig. 3). Interestingly in
S. dohrnii, NRT2:2 exhibited the highest transcript
levels in nitrate-sufficient conditions compared to
both the other two conditions, and the other two
forms of NRT2 genes (Fig. 3). Since S. dohrnii exhib-
ited a higher growth rate than the other species when
grown with nitrate as a nitrogen source (Fig. 2), these
results imply that NRT2:2 could be the main gene
responsible for nitrate uptake under nitrate-sufficient
conditions. A biphasic or nonsaturating character of
nitrate uptake kinetics in high nitrate concentrations
has been described in laboratory cultures and natural
communities of Skeletonema (Serra et al.1978, Collos
et al. 1992, 1997, 2005, Lomas and Glibert 2000).
NRT?2:2, with its higher capacity working under
higher external nitrate concentrations, could be the
second nitrate uptake mechanism that has been con-
sidered as a possible explanation for the occurrence
of Skeletonema in eutrophic waters such as coastal,
estuarine, and upwelling areas (Collos et al. 1992,
2005, Flynn 1999).

In contrast to NRT2:1 and NRT2:2, the transcript
levels of NRT2:3 did not vary notably under differ-
ent nitrogen conditions, and behaved more like
constitutively expressed genes that maintain a stable
transcript level under different growth conditions
(Fig. 3). These results are consistent with the consti-
tutive expression of NRT2:3 in Thalassiosira pseudo-
nana (Kang et al. 2009). Since the expression of
NRT?2:3 is not repressed by ammonium, its protein
may still function even in the presence of ammo-
nium. Past studies showed that while ammonium
significantly repressed nitrate uptake in diatoms,
they were still able to take up trace amounts of
nitrate when nitrate and ammonium were simulta-
neously provided as N sources (Dortch and Conway
1984, Lund 1987, Dortch 1990, Dortch et al. 1991,
Yin et al. 1998). This suggests that NRT2:3 in dia-
toms could function to take up nitrate in the pres-
ence of ammonium, albeit with low capacity.

A revised model for mitrate uptake in  Skele-
tonema. Models of phytoplankton nutrient uptake
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kinetics have taken into consideration the fact that
phytoplankton are able to regulate the number of
uptake sites (transporters) in response to changes
in nutrient availability (Aksnes and Egge 1991,
Smith et al. 2009, Bonachela et al. 2011). Given the
three forms of nitrate transporters identified here
and their gene expression patterns under different
nitrogen conditions, we propose a revised
model based on the nitrate uptake kinetics of
Skeletonema costatum (Collos et al. 1992, Lomas and
Glibert 2000) and the regulation of multiple forms

C ¢
by
N -N
NRT2:3
a a c C
N N N

S. menzelii S. marinoi

of transporters and their expression levels measured
here (Fig. 4). We hypothesize that when ambient
nitrate concentration is low, nitrate is mainly taken
up via the high affinity, low capacity nitrate trans-
porter, NRT2:1. This is supported by Martinez
(1991) who observed that nitrogen-limited cells gen-
erated large numbers of transporters to take up
nitrate from the environment and is consistent with
high transcript levels of NRT2:1 under nitrogen-lim-
ited conditions observed here. With increasing
ambient nitrate concentrations, there is a reduction
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in transcript levels of NRT2:1 in Skeletonema as well
as other diatom species (Liu et al. 2013), and we
hypothesize that nitrate uptake is gradually medi-
ated by another high-capacity transporter, NRT2:2.
Early kinetic studies have observed the biphasic or
nonsaturable kinetics of nitrate transport in several
diatom species including S. costatum (Collos et al.
1992, 1997, Lomas and Glibert 2000). A possible
explanation involves the participation of multiple
transporters with different uptake kinetics, such as
NRT2:1 and NRT2:2 in Skeletonema. In higher nitrate
concentrations (>60 uM), Skeletonema exhibited
increased nitrate uptake rates compared to low

nitrate concentrations (Lomas and Glibert 2000).
These increased uptake rates were likely related to
NRT2:2 instead of NRT2:1 (Fig. 4B). In the pres-
ence of ammonium, the transcript levels of NRT2:1
and NRT2:2 are significantly repressed suggesting
that ammonium might inhibit NRT2:1 and NRT2:2.
In this scenario, we hypothesize that NRT2:3 consti-
tutive expression results in the uptake of trace
nitrate, even in the presence of ammonium. This
revised model is a generalized model for the genus
Skeletonema, and each species apparently has a differ-
ent arrangement of these transporters reflecting var-
ious nitrate uptake characteristics. Overall, there is a
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positive correlation of gene expression with protein
amount and enzyme activity in diatoms (see for
example Dyhrman et al. 2012) but no specific evi-
dence exists for NRT2. Since the precise functions
of NRT2 proteins in diatoms are still unclear, future
functional studies, such as nitrate uptake into Xeno-
pus oocytes (Zhou et al. 2000, Orsel et al. 2006,
Kotur et al. 2012), are needed to confirm the role
of each NRT2 in nitrate uptake.

Lcology. Phylogenetic similarity among species in
the genus Skeletonema does not appear to reflect
physiological similarity. For example, two of the
most closely related species in this genus, S. dohrnii
and S. marinoi (Sarno et al. 2005, Ellegaard et al.
2008), also had high amino acid identities within
each NRT2 form (Fig. 1) but showed significant dif-
ferences in growth rate under different nitrogen
sources. The growth rate of S. marinoi was repressed
under high ammonium compared to high nitrate
conditions while S. dohrnii growth rates did not dif-
fer (Fig. 2). Furthermore, patterns of transcriptional
responses to nitrogen conditions varied between the
two species in each NRT2 gene (Fig. 3) suggesting
that the two closely related species may have evolved
different strategies of transcriptional regulation to
cope with their environments. Together the growth
and transcriptional responses may provide some
insights into the types of environments each species
inhabits. The increase in NRT2:1 transcript levels in
all three species under nitrogen starvation suggests
that all species are able to acclimate to a nitrate-lim-
ited environment with a pulsed nutrient supply, as
is commonly found in coastal regions (Nixon 1995).
Under high nitrate conditions, the data suggests
that S. dohrnii would be the most successful species
given its elevated growth rates and unique ability to
significantly increase transcript levels of NRT2:2.

Based on field observations, it has been proposed
that genetic and phenotypic variation among species
in the genus Skeletonema influence their temporal
and spatial distributions (Kooistra et al. 2008, Canesi
and Rynearson 2016). In the dynamic coastal and
estuarine ecosystems that Skeletonema inhabits, there
may be a trade-off among species as environmental
conditions shift between habitats or throughout an
annual cycle. For example, in Narragansett Bay, six
Skeletonema species comprise and often numerically
dominate different blooms over the course of a year
when dissolved inorganic nitrogen concentrations
range from 0.14 to 18.94 uM (Canesi and Rynearson
2016). Environmentally variable ecosystems inhabited
by multiple Skeletonema species present an opportu-
nity to examine Skeletonema gene expression in situ to
further examine the relationship between nitrogen
conditions and nitrogen uptake, to define the physio-
logical characteristics among species and to better
understand the process of species succession.
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Figure S1. Time course of cell density and
NRT?2 gene transcript level under three nitrogen
conditions in Skeletonema dohrnii. Cells were grown
under ammonium-sufficient (left  column),
nitrate-sufficient (middle column), or nitrogen
limited (right column) conditions. The maximum
biomass is indicated by a dashed line. ANOVA
was used to test for significant differences in tran-
script levels among time points. P values are listed
after the gene name in each panel. Error bars
indicate 1 SD of cell count in growth curves and
represent =1 SD of Q-RT-PCR replicate tubes in
gene transcript levels.

Figure S2. Time course of cell density and
NRT?2 gene transcript level under three nitrogen
conditions in Skeletonema menzelii. Cells were

grown under ammonium-sufficient (left column),
nitrate-sufficient (middle column), or nitrogen
limited (right column) conditions. The maximum
biomass is indicated by a dashed line. ANOVA
was used to test for significant differences in tran-
script levels among time points. P values are listed
after the gene name in each panel. Identical let-
ters above the time points indicate no significant
difference between means of transcript levels
(Fisher’s least significant difference test). Differ-
ent symbols represent two replicated experiments.
Error bars indicate =1 SD of cell count in growth
curves and represent £1 SD of Q-RT-PCR repli-
cate tubes in gene transcript levels.

Figure S3. Time course of cell density and
NRT?2 gene transcript level under three nitrogen
conditions in Skeletonema marinoi. Cells were
grown under ammonium-sufficient (left column),
nitrate-sufficient (middle column), or nitrogen-
limited (right column) conditions. The maximum
biomass is indicated by a dashed line. ANOVA
was used to test for significant differences in tran-
script levels among time points. P values are listed
after the gene name in each panel. Different sym-
bols represent two replicated experiments. Error
bars indicate £1 SD of cell count in growth
curves and represent £1 SD of Q-RT-PCR repli-
cate tubes in gene transcript levels.

Table S1. Primers used in this study.

Table S2. Skeletonema species and the NRT2
forms identified from the Marine Microbial
Eukaryote Transcriptome Sequencing Project.
The NRT2 form identified is indicated by the
number following the colon.

Table S3. NRT2-homologus sequences searched
from the transcriptome database.




