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of the Ecologically-Relevant Arctic
Diatom Chaetoceros gelidus: A Mix
of Polar and Temperate

Nicolas Schiffrine "2*, Jean-Eric Tremblay 2 and Marcel Babin "2

" Département de Biologie, Québec-Océan, Université Laval, Québec, QC, Canada,  Takuvik Joint International Laboratory,
CNRS (France) & Ulaval (Canada), Université Laval, Département de Biologie, Québec, QC, Canada

In the wake of modest surface blooms that occur at the onset of the growth season in the
nitrogen-poor surface waters of the Beaufort Sea, subsurface chlorophyll maxima (SCM)
develop and persist within the nutrient-rich halocline. Algal communities of these SCM
can realize a major portion of annual net primary production and are often dominated
by the widespread diatom Chaetoceros gelidus in coastal waters. In order to assess
how changing growth conditions at the SCM may affect the biological carbon pump,
grazer nutrition, and dissolved nutrient inventories across the transpolar Pacific-Atlantic
conduit, the elemental stoichiometry of a C. gelidus strain (RCC2046) isolated from the
Beaufort Sea and its response to the availability of light and different forms of nitrogen
(N) were examined in the laboratory. The cells were grown in semi-continuous batch
cultures at 0°C under sub-saturating (LL; 5.5 umol photons m—2 s~') or saturating
irradiance (HL; 200 xmol photons m—2 s~) and with ammonium (NHZ{), nitrate (NOg) or
urea as sole N form in nutrient-replete conditions. The growth rate, cell size, maximum
quantum efficiency of photosystem Il (F,/F) and the concentrations of chlorophyll a (Chl
a), biogenic silica (Si) and particulate N, phosphorus (P), and organic carbon (C) were
measured during the exponential growth phase. Despite a clear response of volumetric
quotas to N form, the growth rates and elemental ratios of the cells were unaffected by
N form in the two irradiance treatments. Elemental ratios were affected by light and the
responses were remarkably similar to those observed for temperate diatoms. Overall,
this study shows that the growth and elemental composition of C. gelidus in the Arctic
Ocean are highly resistant to changes in nitrogen form at near-freezing temperatures and
suggests that this diatom possesses the ability to remain competitive despite ongoing
environmental changes.

Keywords: Arctic diatom, ammonium, nitrate, urea, light, elemental stoichiometry

1. INTRODUCTION

The Arctic Ocean is currently experiencing major and abrupt transformations caused by climate
change as underscored by rapid warming and a drastic reduction in the extent of summer
sea ice (Bhatt et al., 2014; Overland et al., 2014). These alterations are impacting the marine
ecosystem from the bottom up by triggering changes in the productivity, biomass, and assemblage
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composition of phytoplankton (Wassmann and Reigstad, 2011;
Wassmann et al., 2011). According to recent observations of
large-scale latitudinal gradients in the elemental stoichiometry of
carbon (C), nitrogen (N), and phosphorus (P) in phytoplankton,
polar environments are characterized by low C:N:P ratios relative
to those observed in warm waters at low latitudes (Martiny et al.,
2013a,b). With the ongoing warming and increasing availability
of light resulting from sea-ice loss, C:N:P ratios in the Arctic
Ocean will possibly converge toward those observed at mid
latitudes, thereby altering the north polar component of global
elemental cycles.

Changes in the stoichiometry of elemental C, N, P, and silica
(Si) fluxes in the western Arctic may have major consequences.
Due to anomalously low nitrate:phosphate and nitrate:silicate
ratios in source waters of the North Pacific and large Siberian
rivers, annual net primary production in the Beaufort Sea, and
more generally the transpolar Pacific-Atlantic conduit, is strongly
N-limited (Tremblay and Gagnon, 2009; Tremblay et al., 2015).
A changing C:N ratio of organic matter synthesis would therefore
modulate the efficiency of the vertical carbon pump regionally
(Falkowski et al., 2003) and, concomitantly with changes in other
ratios, affect the nutritional value of phytoplankton for grazers
and the food web (e.g., Leu et al.,, 2011). These changes may
either rectify or amplify the nutrient imbalance of waters that
transit across the central Arctic (e.g., Tremblay et al., 2014), with
cascading effects on biological productivity and elemental fluxes
“downstream” (e.g., Yamamoto-Kawai et al., 2006).

Besides warming and increasing light availability, changes
in the relative availability of different N forms may affect
phytoplankton elemental stoichiometry. In addition to dissolved
inorganic N, such as nitrate (NO3) and ammonium (NHI),
bloom-forming diatoms are able to use some forms of dissolved
organic N (DON), including urea and amino acids (Antia et al.,
1991). For the coastal Beaufort Sea, Simpson et al. (2013)
emphasized that urea was unusually abundant and contributed
as much as ~50% of the total N assimilated annually. As the
land permafrost thaws, DON supply to coastal seas is expected
to increase (Frey et al,, 2007; McClelland et al., 2012). Away
from estuaries, where labile riverine nutrients are readily used
(e.g., Tremblay et al., 2014), increased freshwater input resulting
from sea-ice melt combined with increased precipitation and an
intensification of the hydrological cycle, is expected to strengthen
the vertical stratification of the upper Arctic Ocean (Yamamoto-
Kawai et al.,, 2009; Carmack et al., 2016). The main effect of
this additional freshwater would be to promote a large-scale
regenerative system by reducing upward NOj replenishment
(McLaughlin and Carmack, 2010; Ardyna et al.,, 2011) and the
relative share of this N form in total N uptake within the euphotic
zone (e.g., the f-ratio, sensu Dugdale and Goering, 1967).

The assimilation of N is considered to be more energetically
efficient for NH; and urea than for NOj since the latter is
oxidized and eight extra electrons must be used to sequentially
reduce it to nitrite and NHZr (Mulholland and Lomas, 2008).
The relatively high energetic costs of NO; assimilation led
to the common assumption that, all other things being
equal, diatoms should grow fastest and exhibit a different
elemental stoichiometry when NH or urea is the sole N

form provided (e.g., Levasseur et al, 1993). While these
assumptions are validated by classical physiological studies
(Solomon et al., 2010; Glibert et al., 2016), the interactive effects
of irradiance and different N forms on the growth and overall
C:N:P:Si stoichiometry of diatoms in cold polar waters remain
poorly documented.

In the cold waters of the Beaufort Sea, the strong N limitation
imparted by vertical stratification and the removal of NO; by
denitrification in source waters of the North Pacific and in
shallow sediments of the Pacific Arctic results in the presence
of a productive subsurface chlorophyll 4 maximum (SCM) in
coastal areas (Martin et al., 2010, 2012). These SCM occur over
a wide range of depths and light intensities, rely in variable
parts on NH, and urea despite the greater availability of NO3
and account for a substantial part of the primary production
(Martin et al., 2010, 2012, 2013). Both shelf and off-shore SCM
are frequently dominated by Chaetoceros gelidus (ex. socialis)
and to a lesser extent other chain-forming diatoms, both in
terms of cell abundance and carbon biomass (Booth et al., 2002;
Balzano et al., 2012; Chamnansinp et al., 2013; Coupel et al.,
2015; Crawford et al, 2018). A compilation of prior studies
showed that C. gelidus (or C. socialis as previously named)
ranges from the Norwegian Coast in the Atlantic sector to the
coastal Beaufort Sea in the Pacific sector (Kristiansen et al., 2001;
Chamnansinp et al., 2013; Coupel et al., 2015; Balzano et al., 2017;
Crawford et al., 2018) and at least as far North as 79°N in Baffin
Bay, where it can persist from early summer to autumn in the
SCM (Booth et al., 2002). The large spatial and temporal range
under which the cosmopolitan C. gelidus is successful makes it
a good candidate for an ecologically-relevant investigation of
how changing growth conditions impact the stoichiometry of
individual diatom species. Given the cosmopolitan nature of
C. gelidus, we hypothesized that it is able to maintain (1) relatively
high growth rates at the low irradiance characteristic of the SCM
and (2) similar growth rates and elemental compositions when
growing on NO3, NHI, or urea at a given irradiance.

2. MATERIALS AND METHODS

2.1. Culture Conditions

The marine Arctic diatom Chaetoceros gelidus (Chamnansinp,
Li, Lundholm & Moestrup, strain RCC2046, Roscoff Culture
Collection, http://roscoff- culture- collection.org/rcc-strain-
details/2046) was grown in 500 mL (1 L borosilicate Erlenmeyer
flasks) sterile artificial sea water. Artificial seawater was prepared
using a salt base (Berges et al, 2001) and enriched with f/2
concentration of silicate (100 ©M-Si), trace metals and vitamins
(Guillard, 1975). Nitrogen was supplied as either NH;, NO3,
or urea as sole N form at 100 £M-N. In order to maximize the
ecological relevance of the experiments, other growth conditions
were established based on prior observations made in the coastal
Beaufort Sea. The concentration of phosphate in the medium
was adjusted to obtain a N:P ratio of 9:1 (11.11 uM-P), which
approximates the values observed just below the winter mixed
layer before the productive season begins (Simpson et al., 2008).
The nutrient concentrations used here largely exceed those
observed in the coastal Beaufort Sea (e.g., Simpson et al., 2008;
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Tremblay et al., 2008) in order to generate enough biomass for
all analyses while keeping culture volumes manageably small
and avoiding the onset of nutrient limitation prior to harvest.
Martin et al. (2012), who investigated the high Canadian Arctic
across several regions, seasons and years, reported median
irradiance values of 7.9 and 167 jumol photons m~2 s~! at the
SCM and the surface, respectively. In order to mimic conditions
under the summer midnight sun, the cultures were illuminated
continuously by Philips® fluorescent tubes and attenuated by
neutral-density screening (LEE® filters: 216-White diffusion) to
provide 5.5 umol photons m~2 s~! for the low-light treatment
(LL) and 200 gemol photons m~2 s~! for the high-light treatment
(HL). Irradiance in the LL treatment corresponded to 58% of
the photo-acclimation index for growth (Kg = 9.5 umol photons
m~2 s71), established during preliminary experiments in which
C. gelidus was acclimated to different light intensities of the
same spectral composition as used in the present experiments
(Supplementary Figure 1). Martin et al. (2012) also found that
temperature at the SCM was cold and constrained within a
narrow range (median of —1.2°C, min = —1.7°C, and max =
1.9°C; excluding data from Hudson Bay). Cultures were grown
at 0°C to avoid the logistical complications of working at subzero
temperatures. Therefore, we applied 6 different treatments
during this experiment: HL NH, HL NO;, HL Urea, LL NH},
LLNO;J, and LL Urea.

For all treatments, cultures were inoculated with 10 mL
aliquots (initial concentration > 25 000 cell mL™1) of the
same C. gelidus stock culture (continuous light, ~30 pmol
photons m™2 s7!, 0°C, f/2 media). To avoid NOj carry-
over into other N treatments, a second transfer was made
into the same conditions (Supplementary Figure 2). Growth
was maintained semi-constant by diluting cultures with fresh
medium (Supplementary Figure 2) and cultures were manually
mixed gently three times a day. Culture sampling was
undertaken when cultures reached balanced growth (Maclntyre
and Cullen, 2005) i.e., when growth rate had been stable for
at least 10 generations (Supplementary Figure 2). Treatments
were conducted in triplicate. For each replicate, triplicate
subsamples were taken for each of the variable measured
(Supplementary Figure 2). Sterile techniques were used for all
culture work.

2.2. Cell Number, Volume and Growth Rate

Determination

Cell abundance, volume and size (sphere-equivalent diameter)
were monitored daily with a Multisizer 4 Coulter Counter
(Coulter Counter Beckman®). Three consecutive counts were
achieved for each replicate. Samples were bubbled before each
count to break C. gelidus chains. Growth rate was calculated as:

In(N; — Ny) )
ir— (1)
where N is the cell concentration at time t, and Ny is the cell
concentration at time t,. The cell volume (equivalent spherical
volume) was calculated from a spherical formula. Based on the
same counting and particle size spectrum data, the aggregate

volume of detectable particles smaller than phytoplankton (e.g.,
bacteria) was order of magnitudes lower than the combined
volume of C. gelidus cells.

2.3. Fluorescence Measurement and

Chlorophyll a Concentration

In order to assess the physiological state of the cells, the
maximum energy conversion efficiency, or quantum efficiency
of PSII charge separation (F,/F,,) was measured using a Phyto-
PAM fluorometer (Walz GmbH®, Effeltrich, Germany). After
15 min of dark acclimation, a 3 mL subsample was transferred
into the measuring chamber and was first exposed to single-
turnover non-actinic probe flashes to measure the minimum
fluorescence yield (Fp), and then to the same probe flashes while
being simultaneously exposed to a multi-turnover saturating
actinic flash (500 ms; 655 nm; > 2,000 mol photons m—2 s~ 1)
to measure the maximum fluorescence yield (F,,) (see Huot and
Babin, 2010). F,/F,, was calculated according to the following
equation:

Fn —Fy
Fi

F,/Fp = (2)

A blank was done using 3 mL of culture filtered through a 0.2-um
syringe filter.

The concentration of chlorophyll a (Chl a), was determined
by directly injecting 1 mL of culture into 6 mL of 90% acetone
and incubating in the dark for 24 h at -20°C to extract pigments.
The extracts were measured on a Turner TD- 700 fluorometer
(Turner Designs, Sunnyvale, California, USA) based on the
acidification method (Parsons et al., 1984). A blank was assessed
by injecting 1 mL of artificial sea water into 6 mL of 90% acetone.
Instrument was daily calibrated with manufacturer-provided
solid standard, while the instrument is routinely calibrated with
pure chlorophyll a (Sigma-Aldrich, C6144).

2.4. Cellular Content Analysis

Samples for particulate organic carbon and particulate nitrogen
were collected on pre-combusted Whatman GF/F filters,
desiccated at 60°C and analyzed simultaneously using an
elemental analyzer (ECS 4010, Costech Analytical Technologies
Inc.) coupled to a mass spectrometer (Delta V Advantage,
Thermo- Finnigan). Samples for particulate phosphorus
determination were filtered on pre-combusted Whatman filters,
desiccated and oxidized using the method of Solérzano and
Sharp (1980). Oxydized phosphorus (as POZ_) was analyzed
with standard colorimetric methods (Hansen and Koroleff, 2007)
adapted for the AutoAnalyzer 3 (Bran+Luebbe). Samples for
biogenic silicate (BSi) determination were collected on 0.8-um
polycarbonate filters and frozen at ~20°C. Filters were thawed in
the laboratory and submitted to the alkaline hydrolysis method
of Paasche (1980). The hydrolyzate was analyzed for Si(OH)4
with an Autoanalyser 3 (see above). The different cellular
contents (X) were expressed as cell quotas (Q$, normalized
by cell abundance), volumetric quotas (Q)‘é, normalized by cell
volume) and areal quotas (Qf(, normalized by cell surface).
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2.5. Statistical Analysis

Data are reported as mean =+ standard deviation (SD) or
presented as boxplots that show the average, spread and
extremes of the data for each treatment. More details are given in
Supplementary Figure 3. Prior to statistical testing of differences
between treatments, the normality of data distributions was
checked and systematically rejected. Differences between
treatments were assessed with a permutational multivariate
analysis of variance (PERMANOVA), using the Imp function
of the ImPerm package (Wheeler and Torchiano, 2016) in R
(R Development Core Team, 2019) and considered significant
at p < 0.05.

3. RESULTS

3.1. Growth and Elemental Composition

At a given irradiance, the growth rate (u; d=!) of C. gelidus did
not differ among the three N forms provided and ranged from
0.12 to 0.28 d~! when cultures were grown at 5.5 (LL) and 200
(HL) umol photons m=2 s~ 1, respectively (Figure 1, Tables 1, 2).
The diameter and volume of the cells increased significantly with
light intensity and were significantly higher for NHI than for
NOj or urea-grown cells (Tables 1, 2). The maximum quantum
efficiency of PSII (F,/F,) was high (~0.6) in all treatments
indicating that the cultures were in a healthy physiological state.
Values decreased slightly at HL but were unaffected by N form
(Figure 2A, Table 2).

Since the responses of cellular (Q)C() and volumetric (Q)‘?)
quotas followed nearly identical trends with respect to the
different experimental treatments, only the latter is presented in
Figure 2. Other quotas are plotted in Supplementary Figure 5
or provided in Supplementary Table 1 for ease of comparison
with previous studies on the influence of N form. The volumetric
Chl a quota (Q‘C/hla) was significantly affected by light, N form

0.3
HL
LL
T
©
-~ 0.2+
=
]
-
o
=
S 0.1+
o
O
0.0+
NH; NO; Urea
Nitrogen Source
FIGURE 1 | Growth rate of C. gelidus acclimated to NH;, NO; or urea under
low (5.5 umol photons m=2 s~'; gray) or high (200 xmol photons m=2 s~';
white) light at 0°C. Vertical lines indicate the standard deviation (n = 3).

and an interaction of the two factors (Figure 2B, Table 2). In
all N treatments, Q‘C/hla decreased in a similar proportion (ca.
88%) with increasing light (Figure 2B). Cells grown with NO3’
exhibited higher Qghla than those grown with NH, and urea,
with values ranging from 21.48 £ 1.01 to 18.94 & 0.57 fg Chl a
pum~2 at LL and from 2.73 & 0.46 to 2.30 & 0.34 fg Chl @ um ™3
at HL (Figure 2B).

Volumetric C and N quotas (Q‘C/ and QX], respectively) were
significantly affected by growth conditions. In all N treatments,
both QY and QY; decreased with increasing light (Figures 2C,D,
Table 2). Although the interaction between light and N form
was either not or barely significant (Figures 2C,D, Table 2), the
urea treatment exhibited lower Qg (~13%) and QI‘\/, (~7%)
than the NHI and NOj treatments at HL. The two quotas

TABLE 1 | Growth rates, cell diameter and volume of C. gelidus acclimated to
NH;, NOj3, and urea under LL (6.5 umol photons m~2 s~') and HL (200 wmol
photons m=2 s~7).

Nitrogen NH; NO; Urea
forms
LL HL LL HL LL HL

Growth rate 0.13 0.28 0.12 0.27 0.12 0.27
(u; d71) (0.01) (0.01) (0.002) (0.01) (0.01) (0.01)
Cell diameter 7.1 7.72 6.89 7.35 7.00 7.33
(xm) 0.18) 0.15)  (0.08) 0.17) 0.09)  (0.16)
Volume (um®)  189.00 241.80 171.43 208.61 179.93 207.19

(1426) (14.46)  (6.03) (1523) (7.21)  (14.22)

Numbers in parentheses indicate the standard deviation (n > 9).

TABLE 2 | Summary of statistical analyses relating N form, irradiance or their
interaction to the growth rate (d~), cell diameter (m), volume (xm?), PSII
maximum quantum efficiency (F,/F,, dimensionless), volumetric Chl a quota
(Q¥ye: T9 wm=3), volumetric quotas (QX%, QY. Q% and QY; fmol pm=2) and molar
C:N, N:P, Si:N ratios of C. gelidus acclimated to NH; (A), NOz (N), and urea (U)
under LL (5.5 umol photons m~2 s~') and HL (200 zzmol photons m—2 s~ 1).

Variable Two-way PERMANOVA HSD Tukey post-hoc test
Light N form Interaction Light N form

Growth rate o ns ns HL>LL -

Cell diameter ~ *** o - HL>LL A>N=U
Volume o o o HL>LL A>N=U
Q% * * HL<LL A<N=>U
Fy/Fm Hx ns ns HL>LL -

Q¢ . ns HL<LL A=N>U
Qf - - HL<LL A=N>U
QY * - * HL>LL A<N>U
Qy ns > HL>LL -

C:N ns ns ns - -

N:P o ns o HL<LL -

Si:N o ns ns HL>LL -

C:Chla o ns * HL>LL -

ns, p-value > 0.05; *, p-value < 0.05; **, p-value < 0.01, ***, p-value < 0.001, —indicates

not tested.
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were unaffected by N treatment at LL (Figures 2C,D, Table 2).
Volumetric P quota (Q}) increased with light intensity by 42%
for both the NH; and NOj treatments respectively (Figure 2E,
Table 2), while in the urea treatment Ql‘.f was similar between LL
and HL (Figure 2E, Table 2). Volumetric Si quota (Qg) increased
significantly with increasing light intensity only for NO3 (32%)
and urea (77%) treatments, while in NHI treatment Qg’i did not
significantly differ between LL and HL (Figure 2F, Table 2). At a
given light intensity, QY; was similar unaffected by N treatment
(Figure 2F, Table 2).

3.2. Elemental Ratios

The molar C:N ratio was independent of light and N form
(Figure 3A, Table 2). All treatments showed a molar C:N ratio
near 7.5 mol C mol™! N, which was slightly higher than the
Redfield value of 6.6 mol C mol~! N (Figure 3A). The molar N:P

ratio was statistically independent of N form at a given irradiance
(Figure 3B, Table 2) but decreased from LL to HL by ~0.4-,
~0.5-, and ~0.8-fold for NH;, NO3 , and urea, respectively. At
HL, N:P ratios were slightly lower than Redfield (N:P = 13.7 &
2.0 mol N mol~! P; Figure 3B), while at LL N:P ratios largely
exceeded the Redfield value in all N treatments (N:P = 25.7
+ 7.8 mol N mol~! P; Figure 3B). The molar Si:N ratio was
statistically independent of N form at a given irradiance and
increased with increasing light (Figure 3C, Table 2). Although
the interaction between light and N form was not significant for
Si:N (Table 2), this ratio increased from LL to HL by ~1.25-, ~2-,
and ~2.25-fold for NH, NOj, and urea, respectively. Molar
Si:N ratios were constantly lower than the Redfield-Brzezinski
average (i.e, 0.94 mol Si mol™! N; Brzezinski, 1985) in all
treatments (averages = 0.21 £ 0.10 and 0.37 £ 0.13 mol Si
mol™! N at LL and HL, respectively; Figure 3C). The C:Chl a
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ratio rose significantly with light intensity, with those cultures
growing at HL exhibiting values ~6-fold higher than those at LL,
and was slightly affected by N form, with cells grown on NH;
exhibiting high C:Chl a ratios relative to those grown on NOj or
urea (Figure 3D, Table 2).

4. DISCUSSION

The elemental composition of microalgae is a cornerstone of
marine biogeochemical fluxes and ecosystem models. Changing
C:N:P:Si composition can have significant repercussions for how
energy and organic matter are routed through pelagic ecosystems
and exported toward the deep ocean. Yet studies of the effect
of environmental change on the elemental stoichiometry of
phytoplankton isolated from the Arctic are scarce despite a
growing interest in the ecophysiology of polar diatoms. Two
major ways in which the elemental stoichiometry of organic
matter can be affected by changes in growth conditions include
modifications in the physiology of microalgae and shifts in
their assemblage composition. Addressing these two components
simultaneously with field experiments or laboratory studies is
highly challenging. Here we partially circumvented this difficulty
by working with a species that will in all likelihood persist
through change. The cosmopolitan species Chaetoceros gelidus
has been abundant in the SCM communities of several sectors
of the Arctic for the past 20 years certainly and possibly since
the early twentieth century at least (Grontved and Seidenfaden,
1938; Chamnansinp et al., 2013). Because the same species can

be found in northern temperate regions as well (see geographic
distribution in Chamnansinp et al., 2013), there is no reason to
expect that it will be displaced by competitors.

While previous studies focused solely on the effects of light
intensity or temperature on Arctic diatom species (see references
in Lacour et al,, 2017), a comprehensive understanding of how
phytoplankton will respond to changes in the generally strongly
N-limited waters of the Arctic can be gained by considering
N form as an additional variable. To our knowledge, this
study provides the first investigation of the physiological and
compositional response of a widespread diatom that qualifies
as a long-term resident of the Arctic and a likely survivor of
future change. An attempt was made to maximize the ecological
relevance of the experiments by focusing on the environmental
variables that exhibit the largest fluctuations in the area from
which C. gelidus was isolated and to approximate the daily
irradiance regime (constant lighting) and subsurface dissolved
N:P ratios that prevail in the coastal Beaufort Sea during summer
(Martin et al., 2012; Simpson et al., 2013). The choice of a fixed
temperature of 0°C for all the experiments was based on the work
of Martin et al. (2010, 2012), who investigated SCMs of the high
Canadian Arctic across several regions, seasons, and years, to
find that temperature at the SCM is constrained within a narrow
range (1.7 to 1.9°C). By contrast, at the SCM, irradiance levels
ranged two orders of magnitude while the relative contribution
of ambient NH to the sum of NH; and NO; ranged from 0.3
to 100% (Martin et al., 2012). In the present study, cultures were
grown under high nutrient concentrations (see section Materials
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and Methods) in order to assess the impact of irradiance and N
form on actively growing cells instead of the effects of nutrient
starvation on a terminating bloom. Our results and the following
discussion therefore apply to nutrient-replete cells only. The
effects of nutrient limitation on elemental quotas and ratios have
been treated elsewhere (Geider and La Roche, 2002).

4.1. Effect of N Form on Growth Rates and

Stoichiometry at Low Temperature
One paradigm for algal N nutrition stipulates that cells
should achieve their highest growth rates when growing on
reduced N and NH/ in particular, since the cells incur a
20% incremental energy expenditure for the reduction of
NO; (Thompson et al, 1989; Levasseur et al, 1993). In
previous studies, this expectation has been substantiated only
for cells growing at saturating irradiance, possibly because
the disadvantage of using NOJ is not manifest when growth
is severely light-limited (e.g., Levasseur et al., 1993, for the
temperate diatoms Chaetoceros gracilis). At saturating light,
the lower cost of using NH] can translate into a higher
growth rate and higher C, N, and chlorophyll a contents
(Thompson et al., 1989; Levasseur et al., 1993; Shi et al., 2015).
The results presented here partly agree with previous studies
in that growth rates and volumetric or cellular quotas did
not differ significantly between the NH, and NOj treatments
at LL (Figures1-3, Tables1, 2, Supplementary Figure5,
Supplementary Table 1). At HL, however, the growth rates of
C. gelidus were also unaffected by N form. This contrast with
prior studies is possibly due to the low temperature used
in our study. In a parallel set of experiments in which C.
gelidus was grown at the same HL but higher temperatures,
Schiffrine et al. (in prep) obtained a fi;qyx of 0.65 d=! at 6°C
(Supplementary Figure 4). The maximum growth rates obtained
here at LL and HL correspond to 20 and 43% of this gy,
respectively, representing a relatively small growth increment
given the 36-fold difference in irradiance between the two
treatments and the fact that irradiance at LL was lower than
the half-saturation constant for light at 0°C (Kg = 9.5 umol
photons m~2 s~!; Supplementary Figure 1). Recently, it has
been suggested that the relatively low growth rates at 0°C can
be attributed to the limitation of C fixation resulting from the
slow catalytic activity of Rubisco (Young et al., 2015; Lacour
etal,, 2018). In this context, the strong control of temperature on
C fixation presumably nullifies the energetic advantage of using
NHI. This scenario is consistent with the invariance of Qg for
our C. gelidus cultures growing at HL and 0°C on NO; or NH;
(Figure 2C, Table 2). The nearly equal values of Qghlu and F,/F,,
in these two N treatments further suggests that cells using NO3’
did not strain to maintain high photosynthetic capacity and offset
the greater reductant requirement of N assimilation by trapping
more light energy, in contrast with studies performed at relatively
high temperature (Thompson et al., 1989; Levasseur et al., 1993).
The lack of differences in ng‘ (Figure 2F, Table 2) or in areal Si
quota (Qgi; Supplementary Table 1) between the NH; and NOj
treatments further indicates that the lower energetic cost of using
NHZr had no positive impact on the inclusion of silicon in the
forming frustule.

Urea assimilation is supposedly as energetically inexpensive as
NH assimilation, since the investment required to cleave urea
is offset by the release of two NH, molecules (e.g., Solomon
et al., 2010). This notion is supported by the lack of difference
in growth rate for cells using urea and NH at either light
intensity (Tables 1, 2). However, a closer look at the HL condition
reveals that Qghla’ Q¢ and QY for the urea treatment were
substantially lower than in the NHZ treatment, while F,/F,,
Q¢ remained invariant despite a slight difference in cell size
(Figures 1-2, Tables 1, 2). These results suggest that urea-grown
cells do not accumulate as much biomass as their NH; -grown
counterparts for reasons that remain unclear. As example, Price
and Harrison (1988) observed that urea uptake and assimilation
by the diatom Thalassiosira pseudonana was followed by the
release of C and N, whereas Jauffrais et al. (2016) observed
relatively high accumulations of dissolved organic C and N in
the culture medium of a urea-grown benthic diatom, Entomoneis
paludosa. The ability of the C. gelidus to acquire N from urea
may also have been impaired by the absence of a circadian light
cycle in our experiments. For cells of the temperate diatom
Thalassiosira pseudonana grown with urea, Bender et al. (2012)
observed a lesser number of transcripts for urease during the
day, suggesting that most urease activity occurs at night. Using
continuous lightning as we have done here to approximate mid-
summer conditions at high latitudes possibly diminished urease
activity and leads to lesser QY quotas and an efflux of excess
C and P from the cells. This scenario implies some degree of
uncoupling between urea uptake and net biomass accumulation,
which cannot be confirmed here in the absence of a mass
balance approach.

The relatively low elemental quotas of urea-grown cells
suggest that the C production and biomass synthesis supported
by urea in the ocean may prove to be less than expected
from the contribution of this N form to total N uptake
by microalgae during short-term incubations. The incomplete
inclusion of urea-N into biomass possibly explains why C:N
uptake ratios that include urea can be substantially lower than
the Redfield ratio and the C:N ratio of particulate organic matter
in field studies, although several other factors may contribute
(e.g., Bury et al., 1995).

Despite a N form effect on cellular quotas, the effect of N form
on elemental ratios was either small or not significant (Figure 2,
Table 2). Comparing the results obtained in this study with a
number of similar culture investigations with various species of
phytoplankton illustrates that variation is mainly dependent on
species and other aspects of growth conditions such as irradiance
and light regime (Table 3). In our case, the relative invariance of
elemental ratios in cells grown with different N forms suggests
a balanced reorganization of the different cellular biochemical
pools across the different conditions tested.

4.2. Similarities and Contrasts Between the
Elemental Ratios of C. gelidus and Those

of Other Polar or Temperate Diatoms

The C:N ratios observed here for C. gelidus at 0°C (7.48 £ 0.83
mol C mol~! N) are at the upper bound of values reported for
other polar diatoms by Lacour et al. (2017) in the -0.5 to 5°C
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TABLE 3 | Summary of published studies on the effect of different N forms on the elemental stoichiometry of phytoplankton.

Species Light level Light cycle Temperature Nitrogen Effect Source
(wmol photons (°C) concentration
m-2s71) (umol L)
Photosynthetic bacteria
Cyanophytes
Synechococcus 100 12:12 25 550 C:N ratio was 11% higher with NO3 than with NH;  Ruan and
sp. UTEX LB 2380 Giordano, 2017
No significant difference in N:P ratio with NH; and
NO;
Synechococcus 15 to 250 Continuous 24 880 C:N increased with increasing light intensity and Collier et al., 2012
WH7805 was significantly affected by light, but not by N form
Red lineage
Diatoms
Actinocyclus sp. 145 14:10 16 50 In iron replete conditions no difference was Muggli et al., 1996
observed between NH; and NO5
Chaetoceros 7-170 Continuous 18 100 At both light intensities, C:N ratio was significantly Levasseur et al.,
gracilis higher in was significantly higher with urea than with 1993
NO; and NH;
Entomoneis 90 14:10 17 400 C:N ratio was significantly higher with urea than Jauffrais et al.,
paludosa NH, and NO3 2016
Thalassiosira 7-170 Continuous 18 100 T. pseudonana was not able to grow with urea as Levasseur et al.,
pseudonana sole N form and exhibited a higher C:N ratio with 1993
NOj3 than NHI at HL. By contrast, C:N ratio was
lower with NOj than NH; at LL
Thalassiosira 510200 Continuous 17.5 75 C:N ratios were often highest with NO; than NH,;  Thompson et al.,
pseudonana but the difference was significant only once at a low 1989
light
Thalassiosira 170 Continuous 20 50 C:N ratio was significantly higher withNOj - than Price, 2005
weissflogii NH;
N form (i.e., NHI and NO3) had no statistically
significant effect on N:P and C:P ratios
Thalassiosira 80 14:10 20 ~880 No significant difference in C:N ratio with NH, NO3 Lomas, 2004
weissflogii and urea
CCMP1407
Dinoflagellates
Alexandrium 350 12:12 17 6—-100 At low N concentration no differences were noted in  Leong et al., 2010
tamarense C:N ratio between NH; , NO; and urea. Under
N-replete conditions C:N was highest with urea
Gymnodinium 29-170 Continuous 18 100 At both light, C:N ratio was significantly higher with  Levasseur et al.,
sanguineum urea than with NO; and NH; 1993
Haptophytes
Emiliania huxleyi 1