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Global change will affect multiple physico-chemical parameters of the oceans, amongst

them also the abundances of macronutrients like phosphorus and nitrogen that are

critical for phytoplankton growth. Here, we assessed the transcriptomic responses to

phosphorus (P) depletion in the haploid and diploid life-cycle stage of the coccolithophore

Emiliania huxleyi (RCC1217/1216) and compared the results with an existing dataset on

nitrogen (N) depletion. The responses to the two depletion scenarios within one particular

life-cycle stage were more similar at the transcriptome level than the responses of the

two stages toward only one particular depletion scenario, emphasizing the tripartite

nature of the coccolithophore genome. When cells senesced in both scenarios, they

applied functionally similar programs to shut down cell-cycling, re-adjust biochemical

pathways, and increase metabolic turnover to efficiently recycle elements. Those genes

that exclusively responded to either P- or N-depletion modulated the general response

to enhance scavenging, uptake, and attempted storage of the limiting nutrient. The

metabolic adjustments during senescence involved conserved and ancient pathways

(e.g., proline oxidation or the glycolytic bypass) that prolong survival on the one hand,

but on the other hand give rise to toxic messengers (e.g., reactive oxygen species

or methylglyoxal). Continued senescence thus promotes various processes that lead

to cell death, which can be delayed only for a limited time. As a consequence, the

interplay of the involved processes determines how long cells can endure severe nutrient

depletion before they lyse and provide their constituent nutrients to the more viable

competitors in their environment. These responses to nutrient depletion are observable

in other phytoplankton, but it appears that E. huxleyi’s outstanding endurance under

nutrient deficiency is due to its versatile high-affinity uptake systems and an efficient,

NAD-independent malate oxidation that is absent from most other taxa.
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INTRODUCTION

Planktonic primary producers form the basis of the marine
food webs and drive the biogeochemical cycles of elements in
the oceans (Field et al., 1998). Understanding the subcellular
functioning of these cells is a basic and important quest
in biological research, and a prerequisite for depicting their
behavior in models to simulate their reactions to a changing
environment. Global change will affect multiple physical and
chemical parameters of the oceans, e.g., temperature, pH,
and also the abundances of macronutrients like phosphorus
(P) and nitrogen (N) that are critical for growth. In open
ocean regions, elevated atmospheric temperatures will lead
to enhanced stratification, thereby restricting nutrient input
from depth into euphotic surface waters (Rost and Riebesell,
2004; Steinacher et al., 2010; Doney et al., 2012). For coastal
waters, in turn, it is anticipated that altered wind systems
may strengthen eastern boundary upwelling, and thus enhance
primary productivity (Bakun et al., 2010). These alterations
are expected to affect phytoplankton community composition,
ecosystem functioning, and ultimately also biogeochemical
cycles.

The globally significant coccolithophore Emiliania huxleyi
is an especially interesting model organism for understanding
adaptations to changes in nutrient abundances. The calcifying
stage of this microalgae serves a complex role in biogeochemistry,
because its photosynthesis contributes to the ‘organic carbon
pump,’ and at the same time, its calcification contributes to the
‘inorganic carbon pump’ (Rost and Riebesell, 2004). In addition,
the ballasting of organic aggregates by the heavy calcite material
enhances subsequent depth export of organic aggregates (Klaas
and Archer, 2002), giving coccolithophores a critical role in the
regulation of the oceans’ biological carbon pumps. E. huxleyi
is also one of the most successful microalgae in contemporary
oceans; it has a global distribution from the tropics to the polar
fronts (Mohan et al., 2008), is regularly found in phytoplankton
assemblages and is able to form large monospecific blooms
(Tyrrell and Merico, 2004). It is highly competitive in strongly
stratified ‘high light/low nutrient regimes,’ due to its high-light
tolerant photosynthetic machinery (Tyrrell and Merico, 2004;
Löbl et al., 2010; Mckew et al., 2013) and efficient cellular
N management (Rokitta et al., 2014; McKew et al., 2015).
Furthermore, E. huxleyi has been shown to possess effective
P-uptake systems, involving an external alkaline phosphatase
that’s affinity ranks amongst the highest ever reported (Riegman
et al., 2000). As a consequence, blooms of this species have
been often attributed to ‘higher-than-Redfield’ NO−

3 :PO
3−
4 ratios

in the seawater (Paasche, 2002; Tyrrell and Merico, 2004), i.e.,
when there is an undersupply of P relative to N, although this
alone does not necessarily imply a situation of physiological
limitation, e.g., of growth. However, a review by Lessard et al.
(2005) concluded from observational evidence that E. huxleyi
blooms are more generally associated with low inorganic nutrient

levels, and not specifically conditions of low nutrients with high

N:P ratios. Thus, the mechanisms that ensure Emiliana’s survival

(and often dominance) under nutrient-limiting conditions are

still not fully resolved.

E. huxleyi has a heteromorphic haplo-diplontic life-cycle,
alternating between a calcified non-motile diploid (2N) cell
and a non-calcified motile haploid (1N) cell (Green et al.,
1996; Von Dassow et al., 2009). It thereby also provides a
unique system in which the consequences and benefits of
haploidy can be studied, especially with respect to genome
usage and the biochemical constraints underlying the responses
to environmental parameters. Furthermore, the heteromorphic
life-cycle facilitates comparative studies on physiology, as the
two cell types show major functional differences but have the
same genome. Besides its postulated function as an ecological
strategy to escape viral infection (Frada et al., 2008), it has
been hypothesized that haploid microorganisms in general,
having only half the genomic P-demand, could have evolutionary
advantages in oligotrophic regimes or post-bloom scenarios
(Lewis, 1985). Such a mechanism may have contributed to
the manifestation and retention of a haplo-diplontic life-cycle
strategy in E. huxleyi (Von Dassow et al., 2009).

The availability of multiple genomic (Read et al., 2013; Von
Dassow et al., 2015) and transcriptomic resources (Wahlund
et al., 2004; Von Dassow et al., 2009; Rokitta et al., 2011, 2012;
Kegel et al., 2013; Keeling et al., 2014) for E. huxleyi facilitate
the application of ‘omics’ approaches to deepen physiological
studies, leading to an emerging (and also converging) picture
of how eukaryotic phytoplankton cells behave under changing
environments, especially under nutrient depletion. As much of
the modern ocean is limited by the availability of inorganic N,
we earlier conducted transcriptome screenings with haploid and
diploid E. huxleyi to assess the responses to N-depletion (Rokitta
et al., 2014). We could identify the molecular machinery that
is regulated by the cell to decrease protein biosynthesis and
organelle activity, and that eventually facilitates the transition
to senescence. In this context, both life-cycle stages restructured
the ornithine-urea-cycle, similar to what has been reported
in diatoms (Allen et al., 2011), likely supporting the efficient
budgeting of N under limiting conditions. Proline oxidase (POX)
was strongly induced under N-depletion. This enzyme catalyzes
the mitochondrial oxidation of proline (Phang et al., 2012), so
that its reductant input to the electron transfer chain should scale
with the re-routing of cellular N into the associated biochemical
pathways (which were also restructured when the cell-cycling
was arrested). Consequently, it was interpreted to function as
a ‘redox-sensor’ that monitors cellular N stocks and ultimately
stops cell proliferation (Rokitta et al., 2014). The involvement of
POX in the regulation of growth-arrest vs. proliferation has been
impressively demonstrated in the context of cancer research (Liu
et al., 2009; Phang et al., 2012). Under N-depletion, both life-
cycle stages of E. huxleyi also strongly induced a malate:quinone-
oxidoreductase (MQO), an enzyme that efficiently circumvents
respiratory complex I by facilitating reductant input into the
electron transfer chain, without the need for N-rich NAD, and
under adverse cellular redox states (Molenaar et al., 1998; Kather
et al., 2000; Rokitta et al., 2014).

Here, we present data from an experiment in which the cells
were exposed to P-depletion in the external media. We assessed
the transcriptomic response by means of microarrays, and
analyzed the functional overlap with the N-depletion response
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acquired earlier (Rokitta et al., 2014) as well as the peculiarities
of the exclusive responses to N- and P-depletion. Thereby, we
could extract the general genetic response that facilitates the
arrest of cell-cycling under any of the depletion scenarios, and
also the specific responses that are exclusively triggered under the
particular depletion scenarios.

METHODS

Culturing, Growth, and Fluorometry
Cells of E. huxleyi strains RCC1216 (diploid, isolated from
the Tasman Sea) and RCC1217 (the haploid sub-strain
originating from RCC1216) were obtained from the Roscoff
culture collection and cultured in 5L Schott bottles (biological
triplicates). Cultures were grown at 15◦C under a light:dark
cycle of 16:8 h with irradiances of 250 ± 25 µmol photons
m−2 s−1 (in the middle of the culture vessel; FQ 54W/965HO
daylight lamps; OSRAM, Munich, Germany), confirmed with a
datalogger (LI-1400; Li-Cor, Lincoln, NE, USA) equipped with
a 4π-sensor (Walz, Effeltrich, Germany). Culture medium was
prepared with aged, 0.2 µm filtered North Sea seawater (salinity
32). The nutrient-replete control medium was enriched with
vitamins and trace-metals according to the F/2 recipe, (Guillard
and Ryther, 1962), as well as with 100 µmol L−1 nitrate (NO−

3 )

and 5 µmol L−1 phosphate (PO3−
4 ). The ‘P-depleted’ medium

was supplemented with vitamins, trace-metals and 100 µmol
L−1 NO−

3 only. The low inorganic nutrients naturally present
in North Sea seawater and carry-over from the cultures used to
inoculate experiments added an additional∼0.5 µmol L−1 PO3−

4
and∼8 µmol L−1 NO−

3 . Prior to the inoculation in experimental
media, cells were acclimated to experimental conditions for at
least 10 days in dilute batch, in which exponential growth of
cells was maintained under nutrient-replete conditions. Over
the duration of the experiment (12 days), the culture vessels
were aerated with humidified room-air (flow-rate 130 ± 20
mL min−1) to avoid cell sedimentation and to re-equilibrate
dissolved inorganic carbon (DIC). In addition, culture bottles
were manually swirled several times a day to maintain cells in
suspension.

The cell concentrations were assessed daily with a Multi-Sizer
III particle counter (Beckman-Coulter, Fullerton, USA) with a
100 µm aperture tube (applied current 800 µA, gain setting
4). Specific, cell-based growth rates (µ) were calculated from
cell concentrations using the equation µ = [ln(c1) – ln(c0)]
1t−1, where c0 and c1 are the cell concentrations at two time
points and 1t is the time interval. The optical properties of
cells were examined by flow cytometry at three time points
during the experiment (when all cultures were still growing
exponentially, during the transition to stationary phase when
the cell-based growth rate was near zero in nutrient-deplete
conditions, and at the end of the experiment when all cultures
were in stationary phase. Samples of 1.8 ml were fixed by
adding 0.2 ml of 10% formaldehyde, 0.5% glutaraldehyde, 10
mM Na-borate pH 8.5, and measured on a FACS Calibur flow
cytometer (BD Biosciences, San Jose, CA, USA) with a 488 nm
laser. Measured parameters were forward and side light scatter
(FSC and SSC) and red chlorophyll fluorescence. All parameters

were normalized to values of 2 µm YG FlowCheck Alignment
microspheres (Polysciences, Warrington, PA, USA) added as
internal standards to each sample.

To monitor inorganic carbon chemistry over the course of
the experiment, total alkalinity (TA) was inferred from linear
Gran-titrations (Dickson, 1981; TitroLine alpha plus burette,
Schott, Mainz, Germany). DIC was measured colorimetrically
(Stoll M.H.C. et al., 2001), using a TRAACS CS800 autoanalyzer
(Seal Analytical, Norderstedt, Germany). Analyses of dissolved
inorganic nitrite and nitrate as well as phosphate were
done according to the methods described by Strickland and
Parsons (1972) which were adapted to run on a QuAAtro
39 continuous-flow autoanalyzer (Seal Analytical). To assess
functionality of photosystems, the ratios of variable:maximal
fluorescence (Fv/Fm) were measured using a fast-induction
relaxation fluorometer (FIRe, Satlantic, Halifax, Canada).

For the determination of elemental quotas of particulate
organic C, N, and P (POC, PON, POP), algal cultures were gently
filtered on pre-combusted GF/F filters (12 h, 500◦C, 1.2 µm
pore size; Whatman, Maidstone, UK). For the determination of
POC contents, filters were acidified with 200 µL 0.2mol L−1 HCl
(Merck) to remove calcite. POC and PON analyses were carried
out on a EuroVector CHNS-O elemental analyzer (EuroEA,
Milano, Italy) that was calibrated with acetanilide standards
(measurement uncertainty 1.5 and 2.2µg inN andC respectively,
having sample amounts of >30 and >150 µg N and C
respectively). Cellular POP quotas were assessed by colorimetric
measurements of molybdenum-blue complexes that form with
orthophosphate, which is liberated by the complete sulphuric
acid-based oxidation of filtered cells (Strickland and Parsons,
1972). Cellular quotas of calcium (a measure of particulate
inorganic carbon, i.e., calcium carbonate) were assessed from
samples filtered onto polycarbonate membrane filters using the
ICP-MS method developed by Stoll H.M. et al. (2001).

Microarray Hybridization
Cultures were sampled for RNA at two time points that reflect
‘early depletion’ (days 9 and 10 in haploid and diploid cultures,
respectively, i.e., 3–4 days after the detection limit for phosphate
was reached) and ‘full depletion’ (days 11 and 12 in haploid
and diploid cultures meaning 6–7 days after detection limits for
phosphate were reached). As a reference, RNA was sampled from
haploid and diploid cultures grown in control medium (P- and
N-replete) at days 6 and 7, reflecting unlimited exponential cell-
growth in dilute culture. The transcriptome screening followed
the protocol established in Rokitta et al. (2012). In brief,
∼1.5 × 107 cells were harvested and disrupted in a bead
mill. The extracted RNA (RNeasy, Qiagen, Hilden, Germany)
was DNAse treated and enriched by ultrafiltration (MicroCon
YM 30 columns, Millipore, Darmstadt, Germany). Integrity of
isolated RNA was verified using a Bioanalyzer 2100 (Agilent,
Waldbronn, Germany). RNA Spike-In Mix (Agilent, p/n 5188–
5279) was added to 250 ng RNA of the samples as a benchmark
of hybridization performance prior to cDNA synthesis and
cRNA synthesis/labeling reactions (Two-color low RNA Input
fluorescent linear amplification kit, Agilent, p/n 5184–3523).
750 ng of each Cy-3 and Cy-5 labeled cRNA were hybridized
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onto 2∗105K E. huxleyi custom-built microarrays (Agilent,
Design# 022065). Three microarray probes were designed
for each of 28670 transcript clusters (i.e., on-chip technical
replication). Hybridization was performed following the Two-
Color Microarray-based Gene Expression Analysis protocol
(Agilent, p/n 5188–5242). Arrays were immediately scanned after
hybridization with a G2505C microarray scanner (Agilent) using
standard photomultiplier tube settings and 5µm scan resolution.
In the microarray hybridizations, every biological replicate
was hybridized against the same common control baseline
(i.e., pooled control RNA from all treatments) to minimize
hybridization biases. Treatment-vs.-treatment expression ratios
were then calculated from the single treatment-vs.-control
expression ratios. All further reported expression ratios are
relative to the control, i.e., unlimited exponential growth of cells
in the P-replete treatment.

Data Treatment
Raw data was extracted with Feature Extraction Software version
9.0 (Agilent). Analysis was performed using GeneSpring 11
(Agilent). LOWESS-normalized data were submitted to the
MIAMExpress database hosted by the European Bioinformatics
Institute (EBI; www.ebi.ac.uk/arrayexpress; accession code
E-MTAB-3877). The hybridization results of the biological
triplicates (i.e., treatment-vs.-treatment expression ratios)
were tested for significance using multiple comparison tests
(ANOVA) prior to correcting the obtained p-values for false
discoveries (Benjamini and Hochberg, 1995). Regulation was
judged significant when probe-specific corrected p-values
were <0.05. The dataset was then reduced to only those
probes which detected expression changes in response to the
P-depletion treatment by more than 1.5-fold. When a divergent
regulation was reported, i.e., probes for the same transcript
cluster indicated regulation in opposite directions, the entire
probe set was excluded from further analyses (<15 probe sets
per hybridization). In the cases where only one out of three
probes reported significant differential expression but two probes
reported unaltered expression, the respective probe sets were also
excluded from further analyses to further increase the confidence
level of results (300–700 probe sets per hybridization). The
remaining probe sets were then merged, and are in the following
reported as significantly regulated features representing one
transcript cluster. For completeness, the averaged fold-change
values as well as (corrected) p-values are reported for every
transcript cluster.

Data Annotation
Significantly regulated clusters were assigned to an annotation
table. This table was generated using BLASTn similarity searches,
in which the 28670 transcript clusters were aligned with
the ‘Emihu1_best_transcripts’ database provided by the Joint
Genome Institute (JGI). After excluding alignments with an
e-value >10−5, the two best aligning, but different transcript
models were implemented into the annotation table. This allowed
the assignment of ∼21740 investigated transcript clusters to
models existing in the JGI E. huxleyi gene catalog. Assigned
JGI model IDs were then aligned with the ‘best gene-model’
predictions, based on similarity to eukaryotic orthologous genes

(KOG; provided by the JGI). This KOG-database harbors
functional information on ∼11930 different E. huxleyi gene
models. Additionally, generic information on the investigated
transcript clusters was obtained by Blast2GO (B2G) queries
(Conesa et al., 2005; e-value cutoff at 10−6), and the GO
information was augmented to the annotation. The final
transcriptome screening involved ∼10.000 E. huxleyi transcripts
with a confidently predicted function. The integrity and validity
of gene models of interest that are discussed in the text were
reconfirmed bymodel inspection in the JGI genome database and
by BLAST searches. In the text, exemplary transcripts of interest
are notated with their numerical cluster identifiers.

RESULTS AND DISCUSSION

Growth Characteristics and Fluorometry
During the experiment, specific cell-based growth rates, as
determined from numbers of the diploid (2N) and haploid (1N)
cells, started off in the range of 0.9–1.1 d−1 when cultures
were growing under nutrient-replete conditions (Figures 1A,B).
With the onset of P-depletion at days 6 and 7, cells stopped
dividing, and the growth rates calculated from cell numbers
decreased rapidly to approach zero around day 12. Nutrient
analyses show that the P-depleted cultures had consumed all
phosphate (PO3−

4 ) by days 6 and 7 (Figure 1C), whereas the
concentration of nitrate (NO−

3 ) remained well above limiting
levels (Figure 1D). This demonstrates that P-depletion, and
not N-depletion caused the cells to enter stationary phase.
Interestingly, after depletion of PO3−

4 , NO−
3 consumption was

also greatly decreased. This suggests that in E. huxleyi, the uptake
of non-limiting macronutrients (here N), is mechanistically
coupled to the uptake and assimilation of the limiting nutrient
(P) as also observed in other microalgae (Flynn, 2008).

As a consequence of the PO3−
4 depletion by days 6 and

7 in 1N and 2N cultures, respectively, the typical responses
were evident from the cellular elemental quotas: The depletion
of PO3−

4 led to significant decreases in the cellular quotas of
particulate organic phosphorus (POP, Figure 1E), which were
halved by the end of the experiment. The cellular quotas of
particulate organic nitrogen (PON) were more or less unaltered
(Supplemental Figure 1A). The arrested cell division caused
an increase in POC quotas (Figure 1F), leading to greatly
elevated POC:POP as well as POC:PON ratios (Figures 1G,H).
In such small microalgae (diameter ∼5 µm), POC quotas
correlate well with biomass, so that increased POC quotas
also indicate an increase in cell volume, as typically observed
under P-depletion (e.g., Shemi et al., 2016). In support of
this, flow cytometry observations showed that FSC and SSC
increased in both, 1N and 2N cultures under P-depletion
(Supplemental Figures 1B,C). The high SSC in 2N cells is due
to the coccoliths surrounding the cells whereas FSC is more
related to cell size (Von Dassow et al., 2012). Somewhat smaller
increases in these parameters were also observed before under
N-limitation.

As reported by other authors (Paasche, 1998; Riegman
et al., 2000), P-depletion resulted in 2N cells showing higher
cellular PIC contents and PIC:POC ratios compared to replete
conditions (Supplemental Figures 1D,E). However, although PIC
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FIGURE 1 | Culture dynamics, nutrient concentrations and elemental compositions during the experiments with haploid (1N, orange) and diploid (2N,

blue) Emiliania huxleyi grown with (P-replete, filled symbols) and without (P-depleted, open symbols) P-supplementation. (A) Cell number; (B) Specific

growth rates; (C) Concentrations of phosphate (PO3−
4 ); (D) Sum of concentrations of nitrite (NO−

2 ) and nitrate (NO−
3 ); (E) Quotas of particulate organic phosphorus

(POP); (F) Quotas of particulate organic carbon (POC); (G) Ratio of POC:POP; (H) Ratio of POC:PON; (I) Ratios of variable:maximum fluorescence (Fv/Fm) measured

over the course of the experiment; Error bars denote 1 SD (n = 3).

quotas increased over time in P-depleted cultures, the cellular
PIC:POC ratios were more or less stable due to the fact that
the arrest in cell division simultaneously caused increased POC
quotas (Supplemental Figure 1E). Thus, we could not find
direct evidence for overly increased calcification rates under
P-depletion as suggested for E. huxleyi strain 1516 (Dyhrman
et al., 2006). These elemental analyses clearly demonstrate that
the cells experienced external P-depletion during the time of
culture growth.

In the diploid E. huxleyi cultures, total alkalinity (TA)
decreased over the course of culture growth (Supplemental

Figure 1F) due to calcification. The parallel drop in dissolved
inorganic carbon (DIC; Supplemental Figure 1G), despite a
replenishment by bubbling, is due to the aforementioned
consumption of TA, because this is the parameter that determines
the DIC uptake capacity of seawater (Wolf-Gladrow et al.,
2007). In the non-calcifying haploid cultures, TA was slightly
elevated (Supplemental Figure 1F) due to the consumption of
NO−

3 (Wolf-Gladrow et al., 2007). As a consequence, continuous
aeration caused even slight increases in DIC toward the end of
the experiment (Supplemental Figure 1G). The parameters TA
and DIC were used to calculate pH and [CO2] (Supplemental
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Figures 1H,I; Pierrot et al., 2006), showing that over the duration
of the cell cultivation, [CO2]was at all times >20 µmol kg−1

(i.e., sufficiently high to rule out co-limitation with inorganic C).
Thus, given the high affinities of E. huxleyi toward CO2 and
DIC (Rokitta and Rost, 2012), these factors could not have been
limiting the photosynthetic carbon uptake over the course of the
experiment.

Fluorescence data showed that in replete medium, diploid
cells maintained high photosynthetic efficiency throughout the
experiment (Fv/Fm = ∼0.5; Figure 1I), likely because P and
N were fully consumed only at the very last day. In contrast,
in P-depleted diploid cultures, photosynthetic efficiency began
to drop after day 9, 2 days after PO3−

4 was drawn down
below the detection limit, and was halved by the end of the
experiment (Fv/Fm;day12 = ∼0.25; Figure 1I). This is in contrast
to N-depletion, where diploid E. huxleyi cells did not show major
declines in photosystem viability at all (Löbl et al., 2010; Rokitta
et al., 2014). Thus, diploid E. huxleyi cells appear less resistant to
P-depletion than to N-depletion. In the haploid life-cycle stage,
Fv/Fm values dropped after day 9, in both P-depleted as well
as replete cultures (Figure 1I). The more rapid drop of Fv/Fm
in replete haploid cultures compared to P-depleted conditions
is difficult to interpret, because substantial levels of both nitrate
and phosphate remained in the cultures and also changes in TA
and DIC were moderate. The drop in Fv/Fm values is, however,
unlikely to stem from light limitation because cell densities were
not sufficient to induce significant self-shading.

The haploid cultures showed a smaller drop in Fv/Fm than
diploid cultures, even after having spent at least as much time
in P-depletion (PO3−

4 levels were undetectable at day 6 in
haploid cultures). Likewise, under P-depletion, haploid cells
showed a smaller drop in relative chlorophyll fluorescence per
cell compared to diploid cells or in comparison to haploid cells
under N-depletion or upon entering stationary phase in replete
cultures (Supplemental Figure J). In conclusion, diploid cells
appear to resist N-depletion better, while haploid cells appear to
resist P-depletion better. The haploid stage possesses only half
the amount of DNA, and its tolerance against P-depletion may
thus be due to the lower P-demand for DNA replication as well
as RNA synthesis (Lewis, 1985; Loladze and Elser, 2011) and may
be directly connected to the distinct niche-occupations of the two
life-cycle stages (Von Dassow et al., 2009; Rokitta et al., 2011).

Structure of the Transcriptomic Response
Microarray data revealed that distinct, but functionally consistent
sets of genes responded in haploid and diploid cells (Figure 2;
Supplemental Table 1). We report data for both time points, but
for simplicity, we argue along the data of the ‘Full depletion’
response, where the observed transcriptomic responses are most
clearly represented.

In response to external P-depletion, 3904 genes (68.5% of
all the significantly regulated genes in this stage) changed
expression only in the diploid stage (Figure 2). 2187 genes
(55% of all significantly regulated genes in this stage) were
differentially expressed only in the haploid stage. 1586 genes (20%
of all significantly regulated genes) experienced unidirectional
expression changes in both life-cycle stages. A residual of 212

genes (2.7% of all significantly regulated genes) showed an
incoherent or contradictory response between the life-cycle
stages. These patterns of expression are consistent with the
transcriptomic patterns observed in response to N-depletion
(Rokitta et al., 2014) and derive from the tripartite genome that
accompanies life-cycling: One portion of the genome seems to be
a basic ‘operating system’ , required by both stages, whereas other
large portions follow highly stage-specific expression patterns
and appear to shape the two life-cycle stages structurally,
functionally as well as ecologically (Von Dassow et al., 2009;
Rokitta et al., 2011).

The expression patterns at the two assessed time points
‘Early depletion’ and ‘Full depletion’ (Figure 2) are functionally
coherent, the expression patterns share 68 to 75 percent of the
regulated features in diploid and haploid stages, respectively.
This is very similar to the pattern observed under N-depletion
(Rokitta et al., 2014): Under both, P- and N-depleted conditions,
the functional coherence between the investigated time points
suggests that the metabolism undergoes a comprehensive
and more or less immediate re-constellation, rather than
executing a sequential series of distinguishable countermeasures.
Furthermore, the transcriptomic responses, both to P-depletion
(this study) and to N-depletion (Rokitta et al., 2014), are strongly
amplified over time, as is apparent from increasing fold-change
values, indicating that the transcriptomic responses are coupled
in their intensity to the progressive character of cell starvation.

In the experiment, the cellular growth arrest occurred within
36 h after extracellular P was depleted below detectable levels
(Figures 1A–C), very similar to the time scale of growth arrest
after N-depletion (Rokitta et al., 2014). To explore the degree to
which the responses to N- and P-depletion share a genetic basis,
we compared the transcriptomic responses under full P-depletion
to those reported earlier under full N-depletion (Rokitta et al.,
2014). Indeed, the responses to N- and P-depletion within each
life-cycle stage showed a significant overlap, with 63 to 68 percent
of the regulated genes being essentially the same (Figure 3). In
fact, these specific transcriptomic responses of the particular
stages toward N- and P-depletion are much more similar and
coherent than the responses of the two life-cycle stages toward
one particular depletion scenario (Figure 2, see also Figure 3

in Rokitta et al., 2014). In other words, there is less difference
between the two depletion responses within one life-cycle stage
than there is difference between the two stages in response to a
single nutrient-depletion condition.

General Responses to P- and N-depletion
The observed response to P-depletion was compared in more
detail to the response to N-depletion that was reported earlier,
specifically by looking at the 162 exemplarily selected genes
that were interpreted to constitute the cellular response to N-
depletion in E. huxleyi (Rokitta et al., 2014) and by including
33 further genes (Supplemental Table 2). In fact, 161 out of the
162 previously highlighted genes were regulated in the same
direction in response to P-depletion as well as N-depletion,
suggesting that the major re-constellations of metabolism are
highly similar in both scenarios. These re-constellations include
the prominent down-regulation of genes related to RNA
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FIGURE 2 | Heat map representation of the observed transcriptomic responses to P-depletion in haploid and diploid Emiliania huxleyi. The legend

contains color-coding of ‘fold-change’ expression values, the density function reflects data distribution. The heat map depicts the time course of P-depletion in

haploid and diploid individuals and the generic as well as stage-specific usage of genes.

FIGURE 3 | Venn diagram representation of the functional overlap between the transcriptomic responses to N- and P-depletion in the two life-cycle

stages of Emiliania huxleyi. The data on the responses toward N-depletion is taken from Rokitta et al. (2014).

and protein biosynthesis, photosynthetic light reactions, and
mitochondrial ATP generation as well as the restructuring of
carbon fluxes and the induction of MQO-supported reduction
of the quinone pool (Rokitta et al., 2014). As under N-
depletion, we observed significant regulations in the biochemical
pathways of lipid buildup and breakdown, supposedly reflecting

an enhanced lipid turnover. Especially notable was that both,
P- and N-depletion induced largely the same re-constellations
of genes related to N metabolism, i.e., decreased expression of
genes of the ornithine-urea-cycle (OUC) and massive induction
of proline oxidase (POX). This is likely due to the tight
stoichiometric coupling of N and P metabolism, and thus
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may explain the near-absence of NO−
3 consumption under P-

depletion (Figure 1D). However, the prominent upregulation of
POX also under P-depletion implies that this enzyme not only
functions in N budgeting (as interpreted in Rokitta et al., 2014),
but has a superior regulatory role in arresting the cell-cycle, as is
also suggested by numerous recent results from cancer research
with animal cells (Liu et al., 2009; Pandhare et al., 2009; Phang
et al., 2012). Beyond its role in the generation of reactive oxygen
species (Pandhare et al., 2009; Phang et al., 2012), POX possibly
also contributes to the maintenance of the mitochondrial inner
membrane polarization to counteract premature cell death as a
consequence of a mitochondrial permeability transition (Gottlieb
et al., 2003; Bernardi, 2013; Malhotra et al., 2013).

Another interesting finding in the context of nutrient-
depletion is the significant activation of the methylglyoxal
(MG) pathway, the so-called ‘glycolytic bypass.’ This
ubiquitous pathway circumvents the conventional oxidative
part of glycolysis and facilitates the conversion of
dihydroxyacetonephosphate into pyruvate via lactate, with e.g.,
glutathione as reductant carrier and without the generation of
ATP (Chakraborty et al., 2014). This pathway is increasingly used
also in animal cells, in situations where glycolytic intermediates
accumulate in the cell, e.g., due to excess sugar input and/or
decreased glycolytic flux. Also, when NAD and inorganic
phosphate (required for conventional glycolysis) are low due to
depletion in N or P, the glycolytic bypass can to a certain extent
continue the oxidation of dihydroxyacetonephosphate. However,
instead of just being an alternative route, increasing cellular
levels of MG also promote the cell-cycle arrest and various
forms of cell death (Kalapos, 1999): MG is a potent glycating
agent that irreversibly modifies and inactivates proteins, and is
therefore also used as an effective cytostatic in chemotherapy
(Chakraborty et al., 2014). The diploid stage downregulates
cytosolic and plastidic forms of glyoxalase I (GJ07554, GJ11585,
GJ09709), but both life-cycle stages additionally induce other
cytosolic and mitochondrial glyoxalase II enzymes (GJ08445,
GJ02232, GJ02627), regulations that likely increase cellular levels
of MG and contribute to the cell-cycle arrest. To convert the
resulting D-lactate to pyruvate, cells of both life-cycle stages
upregulate corresponding D-lactate dehydrogenases (GJ20429,
GJ12287, GJ17732, GJ11998). Interestingly, the upregulation
of these dehydrogenases occurs only under P-limitation. It is
known that the MG pathway is induced in other microalgae
when inorganic phosphate concentrations are low (Frischkorn
et al., 2014), and that an enhanced operation of this pathway can
liberate inorganic phosphate from glycolytic intermediates and
produce pyruvate, even when levels of NAD and inorganic P
are low (Chakraborty et al., 2014). The induction of the lactate
dehydrogenases is thus likely an additional measure to relieve
the limitation in inorganic phosphate in the cytosol in situations
of external nutrient depletion.

The dataset also indicates the induction of autophagic
genes (e.g., regulation of autophagy-related enzymes ATG 1,
8, 9. and 10; GJ17478, GJ05745, GJ00141, GJ03622), as well
as proapoptotic (e.g., diverse metacaspases involved in the
regulation of apoptosis; GJ25353, GJ01565, GJ03128) and also
antiapoptotic genes (e.g., apoptosis-inhibitor protein; GJ03892).

These expression patterns reflect cellular changes that liberate
organically bound nutrients by the degradation of cellular
structures for resource re-allocation and at the same time
reduce the overall metabolic demands, by decreasing the number
of organelles. As suggested before (Shemi et al., 2016), the
nutrient depletion promotes metabolic re-constellations and, as
a consequence, also versatile auto-destructive cell remodeling
processes that need to be kept in check by the cell to avoid, or
at least delay, the otherwise inevitable self-destruction (Eguchi
et al., 1997; Tsujimoto and Shimizu, 2005; Jiménez et al., 2009;
Chakraborty et al., 2014; Bidle, 2015).

Exclusive Responses to P- and N-depletion
In contrast to the described ‘general depletion responses’ , in
which the cells stop growing and enter senescence, sets of genes
were exclusively upregulated only in response to either P- or
N-depletion (Figure 3), which appear to modulate the generic
metabolic readjustments according to the required nutrient.

In the exclusive response to P-depletion, both stages
prominently induced machinery serving the scavenging and
storage of the depleted nutrient: Phosphate depletion induced
the expression of inorganic phosphate transporters in both
diploid and haploid cells, as was earlier observed in diploid
E. huxleyi (Dyhrman et al., 2006). While some of these
transporters were upregulated in both stages (GJ07903 and
GJ17289), others were induced only in the diploid phase
(GJ07431, GJ19080) or the haploid phase (GJ00052, GJ18265).
The diploid stage induced a protein involved in vacuolar
deposition of polyphosphates (GJ00534) and strongly induced an
alkaline phosphatase (GJ22399, GJ14355) that supports efficient
cleavage of inorganic P from dissolved external organic sources.
This enzyme of E. huxleyi has been observed to possess an
extraordinarily high affinity and is typically discussed as one of
the prime measures of this species to maintain its P budget in
environments where inorganic P is scarce (Riegman et al., 2000;
Dyhrman et al., 2006). The haploid life-cycle stage, however,
expressed only an acidic phosphatase (GJ11194), a type of enzyme
that is typically present in digestive organelles with low pH,
like lysosomes (Braun et al., 1989). Apparently, both stages take
measures to increase P uptake, but the induced sets partly differ
between the stages. It might thus be interpreted that, in response
to low inorganic P, the diploid stage increases the uptake of
PO3−

4 cleaved off external organic P, whereas the haplont also

increases the utilization of PO3−
4 that derives from the lysosomal

digestion of internalized (or autophagically derived) organic
matter. Indeed, it was already hypothesized that phagotrophic
feeding of the haploid stage could constitute an adaptation
to their natural habitat, i.e., post-bloom situations with low
concentrations of inorganic nutrients, but comparably high
concentrations of particulate organic matter (Rokitta et al., 2011).
Capacities for the uptake of dissolved organics are inherent to all
cells and might facilitate also an auxiliary osmotrophic, ultimately
even dasmotrophic way of nutrition (Estep and MacIntyre, 1989),
supporting cell survival when inorganic nutrients are depleted.

In the exclusive response to N-depletion, diploid cells in
particular downregulated multiple subunits of respiratory
complex I (GJ11336, GJ16883, GJ14395, GJ15869, GJ05219,
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GJ00231), indicating that the rerouting of electrons to
circumvent complex I is a necessity under N-depletion
only (Rokitta et al., 2014). This may derive from the fact that
the complex’ substrates (NADH) and redox cofactors (FAD)
can be considerably decreased under N-depletion; under such
conditions, electrons might be rather transferred directly into
the electron transfer chain, e.g., via POX or MQO, as seen in the
global depletion response, thereby decreasing the requirements
for soluble reductant carriers. Thus, the downregulation
of complex I appears as an additional measure to decrease
metabolic N demands and to strengthen and support the effects
of the other cellular readjustments.

These data show that in addition to the general arrest of cell-
cycling and the transition to senescence, E. huxleyi exhibits well-
tuned specific responses to the environmental nutrient status
that not only streamline metabolism and cellular architecture
for low nutrient demands but also maximize the scavenging
of the nutrient that is particularly limiting. The stage-specific
usage of distinct sets of genes that facilitate the same or similar
metabolic functions suggests that both life-cycle stages attempt
to maintain metabolic balance in response to nutrient depletion,
but with different machinery. Also numerically, the diplont
regulates a much higher number of genes than the haploid
stage, confirming differences in regulation patterns between
stages (Rokitta et al., 2011). Unfortunately, for most genes that
show stage-specific regulation patterns, there is no homology
information available, which disables the interpretation of these
stage-specific responses. Lastly, here we have only analyzed
genes that were present in the reference genome of strain
CCMP1516 (Read et al., 2013). This improved our ability to
perform functional annotation and to focus on genes common
to many E. huxleyi genotypes and ecotypes. However, it has
been shown that stage-specific genes can be differentially present
in different E. huxleyi genomes, with strain CCMP1516 having
lost 10% of 1N-specific genes present in the strain used in this
study, and 59% of these had no detectable homology to known
genes (Von Dassow et al., 2015). Our observations support
the idea that these genes without known homologies may play
important roles in niche occupation and life-cycle constraints
(Von Dassow et al., 2009, 2015; Rokitta et al., 2011; Read et al.,
2013). Many of the genes showing exclusive expression in one
life-cycle stage or the other may, for example, code for non-
translated, regulatory RNAs or small structural protein factors
that are not well described yet, or for proteins that are unique
to haptophytes or coccolithophores.

Synthesis
From this and a number of other recent datasets, it becomes
clear that when cells face nutrient depletion, ancient and highly
conserved responses are commonly triggered to downregulate
RNA and protein synthesis (Wagner et al., 2013), arrest cell-
cycling, reconfigure metabolic pathways (Figure 4), and induce
efficient recycling and scavenging to optimize nutrient usage and
acquisition (Hillebrand et al., 2013). These interpretations are
corroborated, e.g., by a recent proteome study on E. huxleyi, in
which N- and P-depletion induced the same canonical responses
to re-structure metabolism, but differential specific responses to
increase the cellular budgets of the missing nutrient (McKew

et al., 2015). These responses to N- and P-depletion described
in E. huxleyi can also be seen in other phytoplankton, e.g., the
related prymnesiophyte Prymnesium parvum triggers more or
less the same response (Liu et al., 2015), including the arrest of
cell-cycling, differential regulation of theOUC, increased internal
turnover of proteins and lipids as well as effective scavenging
of nutrients. Also more distantly related phytoplankton genera
seem to apply these mechanisms: Comparable responses to
nutrient-depletion have been observed in the dinoflagellate
Karenia brevis, although its P-depletion response was much
less pronounced than observed here (Morey et al., 2011).
In the N-starved diatom Phaeodactylum tricornutum, genes
related to the OUC were regulated in the same manner as
observed in N- and P-starved E. huxleyi cells (Allen et al.,
2011, this study; Rokitta et al., 2014). It has also been shown
that this diatom experiences highly similar modifications of
its lipidome in response to both depletion scenarios (Abida
et al., 2015), indicating that, in diatoms as well, P- and N-
depletion trigger more or less the same biochemical program.
Likewise, in the pelagophyte Aureococcus, the arrest of cell-
cycling, extensive nutrient scavenging, internal metabolic re-
constellations, as well as a prominent induction the MG
pathway were observed (Frischkorn et al., 2014), underlining
the common conserved cell-biological basis of unicellular
eukaryotes.

The high similarity of all these expression patterns across
different phytoplankton taxa as well as the tight conservation of
parts of the involved machinery from protists to humans (Liu
et al., 2009; Phang et al., 2012; Chakraborty et al., 2014) shows
that the molecular mechanisms that balance cell proliferation vs.
cell-cycle arrest and senescence are still operative, even across
distant lineages and evolutionary histories.

In nature, there are many ecological processes and adaptive
mechanisms occurring simultaneously when a phytoplankton
bloom enters senescence, e.g., recycling of nutrients by grazers
(Eppley and Peterson, 1979), viral termination (Frada et al.,
2008), or mutual facilitation (John et al., 2015). However, the
reductionist, artificial laboratory system used here elucidated a
genetic senescence-transition program that appears to constitute
another, possibly quite underestimated mechanism. Its wide
genetic occurrence and conservation among distant groups
of marine protists suggests that it is and has been also an
adaptive strategy for phytoplankton: Cells, confronted with life-
threatening nutrient depletion struggle for survival by inducing
the described ‘emergency-program’ to delay their own death
as long as possible. Cells that fail first in doing so will die
and set free organic nutrients that are readily taken up by
more persistent competitors, including their conspecifics. Over
longer timescales, this mechanism will promote selection for very
enduring cells and thus may be an important factor shaping
the genetics of phytoplankton populations. Also, it delivers an
additional explanation for the often observed phenomena of
increased cell division rates despite a constantly high portion
of dead and dying cells when phytoplankton occupy nutrient-
poor environments (Agustí et al., 1998; Agustí and Sánchez, 2002;
Bidle, 2015).

Besides the strong parallels between the life-cycle stages
with respect to their overall behavior under nutrient limitation,
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FIGURE 4 | Proposed generalized metabolic constellations in Emiliania huxleyi under nutrient-depletion: Under nutrient-depletion, photosynthetic light

reactions, and carbon fixation are minimized. As a consequence, carbon input into the cell and thus the flux through glycolysis and the TCA cycle are reduced. Cells

strongly induce the citrate-shuttle that exports acetyl-CoA into the cytoplasm and increase the relative intensity of lipid turnover (synthesis as well as oxidation), which

provides required sinks for reduction equivalents. To facilitate electron input into the quinone-pool (Q) under these adverse flux conditions, cells make use of a

malate:quinone oxidoreductase (MQO). Mitochondrial amino acid oxidation is increased, while enzymes of the ornithine-urea-cycle (OUC) and connected reactions are

throttled, putatively leading to a accumulation of OUC intermediates, polyamines and proline relative to common aminoacids. The oxidation of proline to

pyrroline-5-carboxylate (P5C) by proline oxidase (POX) appears to be a major entryway for reductants into Q when nutrients are scarce and protein machinery is

eroded. Especially the diploid stage induces machinery to scavenge external (in)organic N and P (orange and blue shade).

they exhibited key transcriptomic and physiological differences
(e.g., photosynthetic efficiency measures suggested that diploid
cells are more resistant to N-depletion whereas haploid cells
are more resistant to P-depletion). Importantly, there is a
numerically significant portion of genes that are differentially
regulated between the stages, for which no gene homology
information is available. These under-investigated genes may
play important roles in defining the ploidy stages as such,
and their distinct ecological niches, and attention should
be paid in the future to elucidate the functions of these
transcripts.

CONCLUSION

The canonical responses of diverse protistan taxa to P- and
N-depletion give rise to an emerging picture about how
phytoplankton transitions into senescence to ensure population

survival in oligotrophic environments. Critical hallmarks of the
transition are the arrest of cell-cycling, re-constellation of central
carbon metabolism as well as effective scavenging of nutrients,
supported by intense cellular turnover. Ensuring survival, it
is a crucial mechanism on which evolution continuously acts
and thereby streamlines phytoplankton species for optimal
persistence in their habitats. While this strategy is true for many,
if not all phytoplankton, it appears that E. huxleyi’s outstanding
endurance is owed especially to its versatile and uniquely high-
affinity uptake systems as well as the efficient NAD-independent
malate-oxidation that seems to be lacking from most other
protistan taxa.
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