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The impact of temperature on marine
phytoplankton resource allocation and

metabolism
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Marine phytoplankton are responsible for ~50% of the CO,
that is fixed annually worldwide, and contribute massively to
other biogeochemical cycles in the oceans'. Their contribu-
tion depends significantly on the interplay between dynamic
environmental conditions and the metabolic responses that
underpin resource allocation and hence biogeochemical cycling
in the oceans. However, these complex environment-biome
interactions have not been studied on a larger scale. Here we
use a set of integrative approaches that combine metatran-
scriptomes, biochemical data, cellular physiology and emer-
gent phytoplankton growth strategies in a global ecosystems
model, to show that temperature significantly affects eukary-
otic phytoplankton metabolism with consequences for biogeo-
chemical cycling under global warming. In particular, the rate of
protein synthesis strongly increases under high temperatures
even though the numbers of ribosomes and their associated
rRNAs decreases. Thus, at higher temperatures, eukaryotic
phytoplankton seem to require a lower density of ribosomes
to produce the required amounts of cellular protein. The re-
duction of phosphate-rich ribosomes? in warmer oceans will
tend to produce higher organismal nitrogen (N) to phosphate
(P) ratios, in turn increasing demand for N with consequences
for the marine carbon cycle due to shifts towards N-limitation.
Our integrative approach suggests that temperature plays a
previously unrecognized, critical role in resource allocation and
marine phytoplankton stoichiometry, with implications for the
biogeochemical cycles that they drive.

The global surface ocean is divided into distinct latitudinal
temperature zones, ranging from ~30°C in the tropics to the
freezing temperature of seawater (~ — 1.8 °C) at the ocean polar
sea/ice interface (inside sea ice, the temperature may be well
below —1.8°C). Phytoplankton, which fuel the entire ocean food
web, inhabit all these temperature zones and their growth and
diversity depend on their temperature optima for growth?, and on
temperature driven physical constraints such as stratification and
mixing for the supply of nutrients*. Thus, temperature determines
life in the surface ocean in manifold ways. Global climate change
will redirect the fine-tuned balance between temperature and
the biological evolution of phytoplankton in the global upper
ocean. Recent data, although debated, indicate that increasing
sea surface temperatures over the past century have caused
a decline of about 1% of the global phytoplankton standing

stock per year’. Thus, anthropogenic global warming could be
responsible for a significant decline in phytoplankton since the
1950s. The majority of the diminishing phytoplankton belongs
to the group of larger eukaryotic phytoplankton, such as the
diatoms. According to older estimates, diatoms contribute to
25% of global carbon fixation'. However, according to a model
study®, their contribution might have decreased in the context of
global warming. Despite the significance of temperature for life
in surface oceans, we have only a limited understanding of its
impact on the growth strategies, metabolism, and composition
of eukaryotic marine phytoplankton’. Our integrative approach
to this problem combines insights from metatranscriptomes
and biochemical data with a model representation of ecological
and evolutionary processes. Different existing models capture
phytoplankton ecophysiology®, stoichiometry’ and diversity'®!!.
Our new modelling approach brings all these elements together,
uniquely capturing phytoplankton cellular resource allocation and
adaptation within physiological constraints, in a global model. The
model represents major sub-cellular components within individual
phytoplankton cells. These in turn form diverse populations in each
grid point of an ocean general circulation model, which subjects
the individuals to environmental selection, producing emergent
growth strategies'?. Here we use our overall integrative approach to
show that temperature has a significant impact on cellular resource
allocation and predict an altered N:P stoichiometry.

We sequenced marine eukaryotic phytoplankton metatranscrip-
tomes from polar, temperate and tropical temperature zones of
the ocean, including samples from both poles (Fig. 1a and Sup-
plementary Fig. S1 and Table S1). We obtained about 1.5 million
high quality cDNA sequences with an average length of ~242bp
(Supplementary Table S2). Although the size of this metatranscrip-
tome dataset is limiting, representative biogeochemical provinces
from low-temperature nutrient-rich coastal to high-temperature
open-ocean high-nutrient low-chlorophyll waters have been sam-
pled. Rarefraction curves based on the domain oriented Pfam
database® demonstrated a levelling off with increased sequences
for all metatranscriptomes (Supplementary Fig. S2), indicating
a near saturated identification of known protein families. The
majority of sequences were ecosystem-specific, based on CD-HIT
(ref. 14) clustering using 60% similarity and 50% overlap of
translated amino acid sequences (Fig. 1b). A significant propor-
tion of transcripts from all samples closely resembled sequences
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Figure 1| Sampling sites for eukaryotic phytoplankton metatranscriptomes and sequence distribution. a, Sampling sites and surface ocean temperatures.
Two stations each were sampled for EPAC and ANT. b, Sequence-distribution Venn diagram for pooled sequence clustering based on CD-HIT (longest
open reading frames clustered using 60% similarity and 50% overlap of sequences). U is all sequences under consideration, numbers show sequences that
fall into clusters from the environment(s) represented by that section of the Venn diagram. Percentages show the proportion of sequences that are specific
to a particular environment. Part a is reproduced with permission from the World Ocean Atlas 2009 (http://data.nodc.noaa.gov/woa/WOAO9F/
temperature/JPEG/t_0_0_1.jpg), © National Oceanic and Atmospheric Administration/Department of Commerce.

(Genomic, EST or other) from known eukaryotic phytoplankton
phyla (Supplementary Table S3 and Fig. S3). Samples from all five
ecosystems differ significantly in terms of their taxonomic composi-
tion at the phylum level (PhymmBL (ref. 15) confidence score >0.9;
Fig. 2a) and did not show a correlation with temperature. Both po-
lar samples and samples from the North Pacific Ocean (NPAC) were
dominated by sequences from Bacillariophyta, whereas sequences
from dinoflagellates dominated samples from the Equatorial Pacific

Ocean (EPAC) and Ciliophora dominated samples from the North
Atlantic Ocean (NATL; Fig. 2a). However, a functional annotation
of sequences (GO term: biological processes'®) revealed a significant
clustering of metabolism according to the annual average surface
ocean temperature, regardless of the taxonomic composition of the
communities and significant differences in nutrient concentrations
(for example, open ocean versus coastal; Fig. 2b), time of sampling
and water depth. A canonical correspondence analysis (CCA)
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Figure 2 | Heatmaps for algal groups and biological processes. a,b, Heatmaps for PhymmBL-classified algal groups (confidence score of >0.9) (a) and
biological process GO terms for all sequences (using an abundance cut off >0.5% of total GO terms in at least one environment) (b). Complete linkage
clustering was performed based on a correlation matrix (1— Pearson correlation coefficient) of relative abundances. Heatmaps scaled and centred

by column (Z-score).

between protein family abundance, properties of the sequences (GC
content), latitude, longitude and environmental conditions (light,
temperature, nitrate, silicate, phosphate, salinity; Supplementary
Table S4), deduced from ocean samples and annual averages for
the corresponding sample locations, revealed that temperature
accounts for 28.32% of metabolic variability, which is similar
to both nitrate and phosphate (31.71% and 34.87%, respectively;
Fig. 3a and Supplementary Fig. S4) and light (30.17%). This result
indicates that temperature affects phytoplankton metabolism nearly
as significantly as nutrients and light. Translation of proteins, as
a core metabolic process, was identified to be strongly affected by
temperature (Fig. 3a and Supplementary Fig. S5). A multicorrela-
tion analysis based on the normalized abundance of sequences in-
volved in translation (GO term: 0006412) revealed that temperature
has the strongest correlation (R =0.9) in comparison to all other
tested environmental variables (Supplementary Fig. S6).

Biochemical studies on the eukaryotic ribosomal protein S14 in
the psychrophilic Southern Ocean diatom Fragilariopsis cylindrus
after acclimation to different temperature regimes (—2 to 10°C)
showed that this protein (Fig. 3b) is more abundant under low
temperatures (—2 °C), corresponding to temperatures at the sea/ice
interface. The regulation of transcripts encoding several other
ribosomal proteins in F. cylindrus showed the same temperature
dependence (Supplementary Fig. S7). A similar temperature de-
pendence of the S14 ribosomal protein was observed in the globally
distributed temperate diatom Thalassiosira pseudonana (Fig. 3b).
However, the greatest difference in terms of protein abundance was
observed between 11 and 20°C in temperature regimes from 4 to
27°C (Fig. 3b). Interestingly, the average annual surface tempera-
ture of 20 °C corresponds to tropical marine ecosystems (Fig. 1a).

It is evident from these data that temperature has an impact
on the core metabolism in eukaryotic phytoplankton. Translation
initiation at the ribosomes might be the rate-limiting step for
protein synthesis under low temperatures and may therefore
serve as a molecular thermometer in future studies to assess
the impact of temperature on core metabolism in eukaryotic

phytoplankton. Despite evidence that low temperatures increase
the abundance of ribosomes, the rate of protein synthesis per cell
seems to decrease at lower temperatures, on the basis of translation
efficiency experiments with 7. pseudonana at 11 and 20 °C (Fig. 3¢).
Translation efficiency was measured with temperature acclimated
transgenic T. pseudonana cell lines that express green fluorescent
protein (GFP) when nitrate is present in the growth medium.
Translation efficiency was expressed as a rate constant (#iggp),
reflecting the increase of GFP fluorescence over time (Fig. 3¢) after
the addition of nitrate to N-starved cultures. Although an almost
3-fold difference in translation efficiency was observed between the
two temperatures, the difference in response to nitrate addition
(lag time) was below 1.5-fold. This suggests that increasing cellular
concentrations of ribosomal proteins partially compensate for the
reduced translation efficiency under low temperatures, which has
implications for how fast cells are able to progress through the cell
cycle and, hence, their ability to build up biomass'”~".

Our NPAC samples were taken from a subsurface bloom
(8 m) of nutrient-replete 12°C water (Supplementary Fig. S8)
dominated by Thalassiosira, Chaetoceros and Coscinodiscus species
(Supplementary Table S5). When we selected only Bacillariophyta
sequences (PhymmBL confidence score >0.9) from the NPAC
metatranscriptome data set and aligned them to T. pseudonana
genes significantly up-regulated (fold change >2, p-value <0.05;
Supplementary Table S6) under limiting N, Si, Fe, CO, and low
temperature®’, we found that 90% of them were homologs to genes
up-regulated at low temperature (Supplementary Fig. S9). Among
these, ribosomal transcripts dominated (Supplementary Table S7),
followed by transcripts encoding heat shock proteins, DEAD-
box ribonucleic acid (RNA) helicases and fatty acid desaturases,
providing further evidence that metabolism in the diatom NPAC
community represents a low-temperature-adapted transcriptome,
with ribosome production as the most dominant core metabolism.

A higher production of ribosomes requires increased con-
centrations of rRNAs, because rRNAs and ribosomal proteins
are produced in equimolar amounts?'. rRNAs in eukaryotes in
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Figure 3 | The impact of temperature on translation. a, Canonical correspondence analysis between protein family (Pfam) abundance and environmental
conditions deduced from ocean samples in this study, red dots represent ribosomal transcripts. Percentages on the axes show the proportion of variability
accounted for by that dimension. b, Western blots using a commercial antipeptide against the eukaryotic ribosomal protein S14. Cultures of F. cylindrus and
T. pseudonana were cultivated at different temperatures under nutrient replete conditions. ¢, Measurements of translation induction (lag time) and
efficiency (slope) at different temperatures in T. pseudonana based on an inducible promoter (NR) and measurements of % eGFP increase over time (N=3;
error bars denote standard deviation; mgpp = constant for % eGFP increase per minute). The two bars below the plot indicate the length of the lag phase in
minutes. The lag phase is the time required for the GFP signal to significantly (p-value < 0.01) rise above the background noise.

general contribute about 80% of total RNAs (ref. 22) in a cell
because of their importance for translation; hence, the majority
of substrates from purine and pyrimidine metabolism are used
for TRNA synthesis?*?. The proportion of sequences from our
metatranscriptomes encoding enzymes involved in purine and
pyrimidine metabolism based on Kyoto Encyclopedia of Genes and
Genomes (KEGG; ref. 23) assignments were negatively affected
(R =10.96) by increasing temperatures (Supplementary Fig. S10).
The highest relative proportion of these sequences was identified
in both polar metatranscriptomes, indicating a greater rate of RNA
(mainly rRNA) synthesis, which is consistent with an increased
content of ribosomes in the cells. Indeed, total RNA per cell in the
polar diatom F. cylindrus markedly increased (about 2-fold) over a
temperature gradient from +10 to —2 °C (Supplementary Fig. S11),
similar to the increase of the eukaryotic ribosomal protein S14
at —2 °C (Fig. 3b). These data, together with the metatranscriptome
data, provide unambiguous evidence that temperature in the ocean
significantly affects phytoplankton core metabolism (synthesis of
proteins and RNA), with consequences for resource allocation.

To put these results in a global context and test the hypothesis
that they reflect adaptive physiological responses of cellular
allocation to the environment, we developed a mechanistic
phytoplankton cell model (Fig.4a). This model resolves cell
size and sub-cellular resource allocation to biosynthetic and
photosynthetic pathways, which determine ecological traits and
cellular stoichiometry. Environmental selection in a trait-based
global marine ecosystems model then links emergent growth and
cellular resource allocation strategies to large-scale patterns in light,

nutrients and temperature in the marine environment. Optimal
allocation to the biosynthesis component (Fig.4b), including
ribosomal proteins and rRNA, is related to the growth rate, and
hence to a combination of light availability, nutrient availability
and temperature. Nutrient availability demarcates resource-limited
oligotrophic gyres with low allocation to biosynthesis from
upwelling and bloom-forming regions with high allocation to
biosynthesis. The assumed temperature dependence of biosynthesis
superimposes a latitudinal gradient on this.

These global predictions for cellular resource allocation (Fig. 4b)
are broadly consistent with the patterns in metatranscriptome data.
For instance, a pair-wise gene ontology enrichment analysis be-
tween the two most contrasting ecosystems in terms of temperature
(ANT (Southern Ocean) versus EPAC, Supplementary Fig. S12)
revealed that processes involved in translation (identified with
model rRNA and component E, Supplementary Fig. 3) were signifi-
cantly enriched in the ANT metatranscriptome, whereas membrane
associated processes involved in ion transport (identified with
S, Supplementary Fig. S13), photosynthesis and respiration were
significantly enriched in the EPAC metatranscriptome. A model
for optimal cellular allocation under nutrient-replete exponential
growth (appropriate for diatom ecological strategies from boom to
bust) demonstrates the temperature-dependent reciprocal resource
investment into photosynthesis versus biosynthesis (with a large
contribution from ribosomal proteins and rRNA; Supplementary
Fig. S14). Under low temperatures, cells invest more in biosyn-
thesis, whereas under high temperatures more resources are in-
vested in photosynthesis. Investment in biosynthesis significantly
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Figure 4 | Phytoplankton cell model and N:P ratios. a, Cell model containing light-harvesting apparatus (L) (Chlorophyll, accessory pigments),
biosynthesis (E) (small molecule biosynthesis (sm) and ribosomes (rib)) and cell structure (S) (including nutrient acquisition and assimilation). Carbon,
nutrients and energy (blue arrows) are synthesized to new biomass (red arrows) which is allocated (crossed circle) to cellular compartments. b, Relative
cellular allocation to biosynthesis in a global ecosystem model. ¢, Modelled N:P ratios based on cell and ecosystems model in a,b. d, Sensitivity study
showing N:P for a +5 °C perturbation to the ‘physiological’ temperature in an unchanged climate.

increases under higher light intensities, but the sensitivity to
temperature remains the same.

The global model demonstrates that allocation to phosphate-
rich rRNAs significantly alters the N:P stoichiometry of marine
phytoplankton according to latitudinal changes in temperature and
nutrient availability (Fig. 4c). The lowest N:P is predicted in colder
regions and those with upwelling nutrients. The highest N:P is
predicted in warm stratified sub-tropical gyres. Indeed, the most
recent analysis provides evidence for the temperature dependence
of marine plankton and organic matter N:P ratios on a global
scale, with temperature explaining 33% of the variation (R?) in
N:P ratios*. Plant leaf N:P ratios have also been shown to be
strongly correlated with the mean annual temperature of terrestrial
ecosystems®. Thus, temperature-dependent changes of N:P ratios
in autotrophic organisms seem to be universal**?. However, as
growth rates are generally much lower in terrestrial plants, the
physiological basis of these biogeographic patterns may differ, with
lower rRNA contributions to bulk P and an increased importance
of other factors such as protein turnover in determining rRNA
content’. The mechanisms and relative importance of multiple
temperature-correlated environmental controls (including nutrient
supply) also differ between terrestrial and marine environments.

The integrated response of the marine ecosystem to climate
change will include both the ‘direct’ effects of temperature on
physiology and the ‘indirect’ effects due to ocean stratification
changes®*. To isolate the ‘direct’ effect on N:P stoichiometry, we

performed an idealized sensitivity study by perturbing the temper-
ature seen by the cell physiology by 45 °C in an unchanged climate.
Figure 4d shows that ‘direct’ temperature effects on physiology lead
to an overall increase in N:P at higher temperature. There are two ef-
fects involved. Atlow latitudes (~ < 30°), growth is resource limited
and a change in ‘physiological temperature’ has a large relative effect
on allocation to biosynthesis and rRNA; however as the absolute
allocation to biosynthesis is small, this has only a small overall effect
on N:P. At high latitudes, growth is exponential. Increased temper-
ature has a large direct effect on growth rate?”, but a smaller effect
on the relative allocation to rRNA, as rRNA makes a higher absolute
contribution to cellular allocation (Supplementary Fig. S14).

Our integrated ecosystems approach therefore demonstrates
that the ‘direct’ metabolic response to environmental temperature
change®®, especially in polar and temperate marine ecosystems,
will have a significant impact on the ecological and biogeochemical
cycling of N and P (ref. 9). Specifically, global warming and associ-
ated ocean stratification may be expected to increase the N:P ratios
of eukaryotic phytoplankton. This will tend to increase N limitation
in the ocean, but may also increase export fluxes of carbon, given
that C:N is relatively conserved?. These data add to concerns about
the effect of global warming on marine ecosystem functioning.

Methods

Metatranscriptomics. Natural phytoplankton communities were sampled
from polar (Southern Ocean, Arctic Ocean (ARC)), temperate (North Atlantic,
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Northwest Pacific) and tropical (Central Equatorial Pacific) surface marine
ecosystems. The samples were purified for mRNA, reverse transcribed into
double-stranded ¢cDNA and sequenced using a combination of 454 GS-FLX and
titanium pyrosequencing. Quality-filtered sequences were taxonomically classified
using PhymmBL (extended with eukaryotic genome and EST-interpolated
Markov models). Transcript functions were assigned using sequence homology to
Pfam protein domains, gene ontology terms and KEGG orthologies. Canonical
correspondence analysis was performed based on relative Pfam abundances for all
sequences. Details are described in Supplementary Information S1,52,S3 and S5.

Molecular physiology and biochemistry. Temperature experiments were
conducted with the mesophilic diatom T. pseudonana and the psychrophilic
diatom F. cylindrus. Quantitative PCR and Western blots were used to investigate
the temperature-dependent expression of ribosomal genes and their proteins. A
transgenic T. pseudonana cell line expressing eGFP regulated by an inducible nitrate
reductase promoter was used to measure the translation efficiency (mggp) at 11 and
20°C. F. ¢ylindrus was used to measure temperature-dependent changes in the con-
centration of cellular RNA. Details are described in Supplementary Information S4.

Modelling. The phytoplankton cell model represents allocation to three compo-
nents: L represents cellular resource allocation (fraction of cell nitrogen) to the
photosynthetic light harvesting apparatus (including chlorophyll and accessory pig-
ments); E represents allocation to the biosynthetic apparatus (including aggregated
enzyme systems and ribosomes involved in small and large molecule biosynthesis);
and S represents a size-dependent allocation to cell structure, including cell
surface associated components involved in nutrient acquisition and assimilation,
and all ‘other’ components not directly involved in either photosynthesis or
biosynthesis. Growth rate is then given by the most limiting of the light-harvesting
mass-specific rate, f, = k,I.L (where I is incident light intensity and k, is an
empirical;y determined rate constant), the temperature-dependent biosynthesis
rate, kq Q(10 ~T/og (where temperature dependence is represented by the factor Qyo,
and k; is an empirically determined rate constant), and the mass-specific nutrient
uptake (assumed diffusion limited and hence related to cell radius r by fy o< 1/r?).
New biomass (at rate f;, accounting for cost of biosynthesis ¢, and maintenance
¢, is allocated to cellular pools at rates £, £ and f;’. Resource allocation strategies
in the global individual-based marine ecosystem model are set by traits, which are
acted on by environmental selection. In the simplified optimality model, resource
allocation to L and E (including ribosomes) under steady-state environmental
conditions (light, temperature, unlimited nutrients) is set by maximization of the
mass-specific growth rate. The minimum cellular rRNA to protein ratio by dry
mass rlgitnapror Fequired for growth is given in terms of the growth rate 1 and the
per-ribosome synthesis rate ¢,0, by T eallRNAsprot = 5.9(u/1 h=")(¢py0,/1aarib's™).
Details are described in Supplementary Information S6.
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