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divergent physiological effects in the diatom Phaeodactylum
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e Growth rates and other biomass traits of phytoplankton are strongly affected by tempera-
ture. We hypothesized that resulting phenotypes originate from deviating temperature sensi-
tivities of underlying physiological processes.

¢ We used membrane-inlet mass spectrometry to assess photosynthetic and respiratory O,
and CO, fluxes in response to abrupt temperature changes as well as after acclimation periods
in the diatom Phaeodactylum tricornutum.

o Abrupt temperature changes caused immediate over- or undershoots in most physiological
processes, that is, photosynthetic oxygen release (PSo,), photosynthetic carbon uptake
(PSco,), and respiratory oxygen release (Ro,). Over acclimation timescales, cells were, how-
ever, able to re-adjust their physiology and revert to phenotypic ‘sweet spots'.

e Respiratory CO, release (Rco,) was generally inhibited under high temperature and stimu-
lated under low-temperature settings, on abrupt as well as acclimation timescales. Such beha-
vior may help mitochondria to stabilize plastidial ATP: NADPH ratios and thus maximize
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Introduction

Phytoplankton are unicellular phototrophic organisms that are
responsible for ¢. 50% of the global primary production (Field
et al., 1998). By assimilating CO, into organic matter via the
process of photosynthesis, they provide the nutritional basis for
the entire aquatic food web (Beardall & Raven, 2004; Finkel
et al., 2009) and act as the prime driver of the biogeochemical
cycling of carbon, nitrogen, silicate, phosphorus, and multiple
trace metals (Falkowski ez al, 1998; Riebesell er al, 2007).
Among phytoplankton, diatoms are the most successful taxo-
nomic group, accounting for up to 20% of the global carbon fixa-
tion (Tréguer et al, 1995; Falkowski e al, 2000), and up to
40% of the marine primary production (Nelson er al, 1995).
They often dominate bloom events (Rousseau, 2000) and contri-
bute disproportionally strong to the vertical carbon export (Gao
& Campbell, 2014). Because of this role, diatoms such as the
model species Phaeodactylum tricornutum have been in the center
of many eco-physiological studies.

Phytoplankton cells apply a number of physiological subpro-
cesses that drive metabolism, biomass production, and ultimately
growth. In the autotrophic part of metabolism, oxygen (O,) is
released as a by-product of water splitting at the ‘start’ of photo-
synthesis, and CO, is fixed into sugars in the Calvin cycle at the
‘end’ of photosynthesis. The heterotrophic part of phytoplankton
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metabolism primarily extracts energy and reductants from these
sugar compounds in processes such as glycolysis or mitochondrial
respiration (Falkowski & Raven, 2013). During these processes,
CO, is released as a product of the tricarboxylic acid cycle
(TCA), while O, is consumed by the respiratory electron trans-
port chain (Taiz & Zeiger, 2006). Growth, biomass production,
and aforementioned physiological subprocesses are affected by
environmental factors such as temperature, light intensity, nutri-
ent concentrations, and CO, availability, all of which are affected
by climate change (Doney et al., 2012).

Temperature is believed to be one of the most profound envir-
onmental drivers, since it universally controls molecular move-
ment, and thus, affects literally all physiological processes (Brown
et al., 2004; Portner et al., 2006; Pearle ef al., 2010). Phytoplank-
ton from temperate and polar regions already undergo natural
temperature variability on timescales of seasons, mixing, and tidal
events. Additionally, next to rising mean sea surface temperatures
(Cooley et al., 2022), heat-wave events are projected to increase
in frequency, intensity, and duration (Meehl & Tebaldi, 2004;
Hobday er al, 2016). Warming that occurs below a process-
specific optimum temperature, typically increases physiological
rates of the according process. The temperature sensitivity is
often described by the Q;q law, that is, by the degree of stimula-
tion over a 10°C temperature rise (Hegarty, 1973). However,
since physiological processes depend on different physical or
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(bio)chemical phenomena, such as diffusion rates, membrane
permeability, gas solubility, or enzyme kinetics, they likely
diverge significantly in their temperature sensitivities (Padfield
et al., 2016; Schuback et 4/, 2017; Barton et al, 2020). Conse-
quently, temperature rises can be expected to cause physiological
imbalances, especially between the complex photosynthetic and
respiratory subprocesses. This is even more likely when tempera-
ture rises occur beyond thermal optima of processes, where any
further warming causes severe rate decreases and physiological
detriments (Angilletta Jr & Angilletta, 2009). The sensitivity
toward temperature stress also depends on the rate of changes
and the species’ ability to tolerate transient physiological stress
until acclimation is achieved.

Most studies on phytoplankton temperature responses have
focused on ‘bulk’ parameters such as growth or biomass produc-
tion under acclimated conditions (Eppley, 1972; Bissinger
et al., 2008; Boyd et al., 2013), but neglected abrupt responses of
single physiological subprocesses. It has been observed that
respiratory processes generally seem to be more prominently
stimulated by temperature rises than photosynthetic processes
(Padfield er al., 2016; Barton et al., 2020). Also, natural phyto-
plankton communities of temperate or Arctic origin were
reported to become relatively more heterotrophic under elevated
temperatures (Hoppe ez al., 2002; Hancke & Glud, 2004). We
hypothesize that abrupt temperature changes cause imbalances
between physiological subprocesses and are a major threat for
balanced growth. Processes that rely primarily on (bio)physical
phenomena, such as charge separation and membrane fluidity
(i.e. photosynthetic light reaction) are likely to be differenty
affected by temperature than processes that involve (bio)chemical
pathways (e.g. the tricarboxylic acid cycle). Over acclimation
timescales, however, we expect cells to partly overcome imbal-
ances by physiological adjustments (i.e. acclimation) and thereby
minimize detrimental effects.

To test these hypotheses, we cultivated Phaeodactylum tricornu-
tum at to two different temperature scenarios (6°C vs 15°C). In
addition to descriptions of ‘bulk’ cellular parameters (growth
rates, elemental quotas, and pigmentation), cells were exposed to
abrupt temperature rises (6°C — 15°C) or drops (15°C — 6°C),
respectively, and mass-spectrometric 7z-vivo assays of photosyn-
thetic O, release (PSp,), photosynthetic CO, uptake (PSco,),
respiratory CO; release (Rco,), and respiratory O, uptake (Ro,)
were conducted.

Materials and Methods

Strain and culture conditions

We cultivated the model species Phacodactylum tricornutum Boh-
lin, which is known to have different morphotypes that are asso-
ciated to different habitats and divergent evolutionary adaptation
potential (Sabir ez al, 2018). Pelagic and benthic strains, how-
ever, show very few differences in physiological traits (Raven &
Beardall, 2022). The here used triradiate morphotype of P. tricor-
nutum (CCAP 1052/1A) was grown at 6°C and 15°C in 0.2 pm
sterile-filtered North Sea seawater (Salinity 33), enriched with
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vitamins and trace metals according to /2 media (Guillard &
Ryther, 1962). Nitrate and phosphate were added in concentra-
tions of 100 and 6 pmol I, respectively. Irradiance was applied
in a light: dark cycle of 16 h:8h with a light intensity of 100
pmol photons m™*s™'. Cells were acclimated to experimental
conditions for at least 10 generations. For assessments of growth,
chlorophyll quotas and physiological assays, cells were grown as
semicontinuous dilute batch cultures in aerated 21 glass bottles
(Schott Instruments, Mainz, Germany) under continuous supply
of humidified air (pCO; of 400 patm) generated in a gas mixing
system (CGM 2000; MCZ Umwelttechnik, Bad Nauheim, Ger-
many). To ensure temperature stability, culture bottles were
placed in aquaria, submersed in temperature-controlled water.
Due to logistical reasons, for the determination of elemental
composition, incubation bottles with pre-adjusted media (pCO,
of 400 patm) were placed on roller tables (¢. 10 rpm), which
avoided sedimentation equally well. In both cultivation
approaches, culture densities never exceeded ¢. 60 000 cells ml ™",
which ensured nutrient replete conditions and stable carbonate

chemistry (pH drift < 0.02; Supporting Information Table S1).

Acclimation responses

Specific growth rates were calculated using the daily assessments
of cell concentrations over the exponential growth phase accord-
ing to the formula p = (log.(V;) — log.(No))/ (11 — 1), where | is
the specific growth rate (d™"), and N, as well as IV; are the cell
concentrations at the initial and final time points 74 and #,
respectively. Counting was performed, using a cell-counter
(Beckmann-Coulter Multisizer III, Fullerton, CA, USA). Count-
ing and cell harvests for the determination of particulate organic
carbon and nitrogen (POC and PON) as well as Chlorophyll 2
(Chla) were performed about 4 h after the start of the daily
photoperiod. POC and PON samples were filtered onto precom-
busted (12 h, 500°C) glass fiber filters (GF/F, 0.7 pm nominal
pore size; Whatman, Maidstone, UK). After drying for at least
24h, filters were submitted to elemental analysis (EA 3000;
EuroVector, Pavia, Italy) using the flash combustion technique
(Knap et al, 1996). Chla samples were filtered onto precom-
busted (12 h, 500°C) glass fiber filters (GF/F 0.7 pm; Whatman),
shock frozen in liquid nitrogen and stored at —80°C until extrac-
tion. Filters were extracted overnight in 5ml acetone (90%,
Sigma-Aldrich) after cell disruption in a cell-mill (Precellys 24,
Bertin, Montigny-le-Bretonneux, France). Extracts were centri-
fuged (13 000 rcf for 5 min, 4K10; Sigma) and Chla concentra-
tion in the supernatant was determined using the fluorometric
‘acidification method’ (TD-700 Fluorometer; Turner Designs,
San Jose, CA, USA; Knap et al., 1996).

Physiological assays

Gas fluxes of O, and CO, were measured at least 4 h after the
start of the daily photoperiod using membrane-inlet mass spec-
trometry (MIMS; Isoprime; GV Instruments, Manchester, UK),
following calibration procedures described in Rokitta &
Rost (2012). Prior to the assays, cells were concentrated by gentle
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filtration over polycarbonate filters (Isopore TSTP, 3 pm; Merck,
Darmstadt, Germany) and resuspended in culture medium buf-
fered to a pHnps of 8.0 (50mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid; HEPES). Subsequently, cells were
transferred into the temperature- and light-controlled MIMS
cuvette. Carbonic anhydrase (500 pg 17! final concentration) was
added to ensure instantaneous equilibration of the carbonate sys-
tem, and therefore, reported CO, fluxes comprise CO, as well as
HCO;™. Photosynthesis-vs-irradiance (PI-) assays were per-
formed in consecutive light—dark phases of ¢. 6 min each with
increasing light intensities (50, 150, 250, 400 pmol photons
m Zs ). Pl-assays were performed first under the acclimation
temperatures (6°C or 15°C, respectively). Subsequently, the cuv-
ette temperature was shifted to 15°C or 6°C, respectively, and
the Pl-assays were repeated to assess the abrupt effects of warming
or cooling on the physiological processes.

Net rates of photosynthetic oxygen release and carbon uptake
were obtained from O, and CO, fluxes during the light phases,
while rates of respiratory oxygen uptake (Rp,) and carbon release
(Rco,) were obtained from O, and CO, fluxes during the dark
phases. Gross rates of photosynthetic oxygen release (PSp,) and
carbon uptake (PScp,) were calculated by subtracting mean
respiratory rates from net rates during light. Maximum photo-
synthetic rates (V;,,,), the light-use efficiencies (@), and the light
saturation indices (/) were estimated by fitting the Pl-curves to
the model of Rokitta & Rost (2012). After the assays, Chla sam-
ples were collected from the cuvette in duplicates and analysed as
described above, to express the obtained rates based on Chla.
Assay data were based on 3-5 replicates, as in some cases physio-
logical activity was too low to derive process rates.

Qo factors were calculated, comparing physiological rates
before and after the abrupt temperature shifts according to the
formula Qo= A#'*"“'2T whereby # refers to the corresponding
physiological rate. Photosynthetic (PQ) and respiratory quotients
(RQ) were calculated from gross rates as PQ =PSq,/PSco, and
RQ = Reo,/Ro,.

Statistics

Results of acclimation responses were obtained as means with
standard deviations of four biological replicates (7 =4) and con-
firmed to be normally distributed (Kolmorogov-Smirnov test).
Acclimation responses were tested for significance using an
unpaired two-sided Student’s #test. Results of physiological
responses were obtained as means with standard deviation of
three or more biological replicates (7> 3) and were likewise con-
firmed to be normally distributed. Increases or decreases in phy-
siological rates in response to abrupt temperature shifts were
tested for significance with a paired one-sided Student’s #test. To
test for significant differences between acclimation temperatures,
an unpaired two-sided Student’s #test was used. Q¢ values were
tested for significant differences by a one-way analysis of var-
iances and additional post hoc test (Tukey). Differences in V.,
rates after abrupt temperature increases were tested for signifi-
cance using an unpaired one-sided Student’s #test. Differences in
PQs and RQs in response to the abrupt temperature shifts were
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tested for significance using a paired two-sided Student’s #test,
and for significant differences between acclimation temperatures
by an unpaired two-sided Student’s #test. All statistics were
performed using the statistics program Jasp (Love er al., 2019).
The significance level was set to *, P<0.05; **, P < 0.01;
#k%k P < 0.001.

Results

Acclimation responses

Growth rates of P. mricornutum increased significantly by 125%
from 0.4 +0.01d™" at 6°C acclimation temperature to 0.9 +
0.1d™" at 15°C acclimation temperature (P < 0.05; Fig. la).
POC production rates increased significantly by 180% from
7.0+ 0.3 pgeell ' d" at 6°C to 21 + 4 at 15°C (Fig. 1b). POC
quota increased significantly by 35% from 16.9 4 0.9 pgcell ™'
at 6°C to 23.2 £ 3.4 pgcell " at 15°C (Fig. 1c), whereas PON
quota increased significantly by 55% from 2.7 + 0.2 pg cell " at
6°C to 4.14+0.2pgcell”’ at 15°C acclimation temperature
(Fig. 1d). This resulted in an insignificant decrease of the POC:
PON ratio by 20% from 5.4£0.3 at 6°C and 4.8 £0.9 at
15°C. Chlz quota increased significantly by 180% from 0.13 &+
0.03 pg cell ™" at 6°C to 0.37 £ 0.02 pg cell ™! at 15°C (Fig. 1e).
Chla: POC ratios increased significantly by 105% from 0.008 £
0.001 (pgpg ') at 6°C to 0.01640.002 (pgpg ') at 15°C
(Fig. 1f).

Physiological responses

Under #n-situ light intensity, P. tricornutum experienced a stimu-
lation of PSo,, PSco,, and Ro, in response to the abrupt tem-
perature rises (Fig. 2a,b) and, vice versa, an inhibition in response
to the abrupt temperature drop (Fig. 2a,b). The degree of stimu-
lation upon warming was similar for these three processes, with
Qo factors of ¢. 1.6 (Table 1). The degree of inhibition upon
cooling was equally strong for PSco, (1/Qjq ¢ 1.6; Table 1),
while PSp, and Ro, responded much more prominently (1/Q;,
¢. 2.1; Table 1). After acclimation to 6°C and 15°C, however,
rates of PSo,, PSco, and Ro, were, despite the temperature dif-
ference of almost 10°C, surprisingly similar to pretreatment levels
(PSo, ¢ 190 pmol O, (mg Chla) ' h™", PSco, ¢ 130 pmol CO,
(mg Chle) " 'h™! and Ro, ¢ 40 pmol O, (mg Chlg)~'h7Y
Fig. 2a,b). As a result, also PQs remained stable (c. 1.6; Table 1),
and only experienced a transient, insignificant decrease (PQ «.
1.0) after the abrupt temperature drop.

In contrast to the above-described changes in V, ., of PSo,,
PSco, and Ro,, all of which responded to warming or cooling as
hypothesized, Rco, showed an opposite response (Fig. 2b): It
decreased in response to the abrupt temperature rise (Q;q ¢ 0.7;
Table 1) and increased in response to the abrupt temperature
drop (1/Q1g ¢ 0.6). Also, no compensational behavior after accli-
mation was observed in Rco,, that is, cells maintained rates on a
higher level (c. 60 pmol CO, (mg Chle)™'h™Y) at low tempera-
ture, and vice versa on a lower level (¢. 40 pmol CO, (mg
Chl™'h™Y) at high temperature (Fig. 2b). This contrasting
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behavior of R, and R¢o, in response to acclimation tempera- Discussion

ture led to significantly different RQs at 6°C (c. 2.0) and 15°C
(c. 0.9), this divergence being even slightly stronger after the
abrupt temperature changes (Table 1).

Interestingly, analog to observations of photosynthetic rates
under zn-situ light intensity (V) light saturated rates (V..
of PSp, and PS¢, remained on a similarly high level (Fig. 2¢,d),
irrespective of the acclimation temperature. However, when 6°C
acclimated cells experienced the abrupt temperature rise to 15°C,
the Vi, rates of both, PSp, and PSco,, were synergistically sti-
mulated. Hence, the combined stimulation by light and tempera-
ture was significantly stronger than by high light or temperature
rise alone. Cells exhibited fluxes of ¢ 400 pmol O, or C (mg
Chla)™"h™" under the combination of abrupt exposure to high
temperature and high light, this being an increase of 94% (PSo;
Fig. 2¢) and 191% (PSco,; Fig. 2d) in comparison to V,
rates (Fig. 2a,b). In turn, in 15°C acclimated cells, V.
decreased by the abrupt temperature drop to a similar level
as observed under V, ., (Fig. 2ab), indicating that the
thermally induced inhibition could not be compensated by
higher irradiance.
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Higher temperatures accelerate cellular metabolism

All assessed growth parameters were clearly stimulated by the
higher temperature, confirming that P. tricornutum (strain CCAP
1052/1A) performs better under 15°C than under 6°C (Fig. 1).
Studies on other diatoms often found opposing responses for
growth and elemental quota with warming, that is, high growth
rates result in low elemental quota since faster cell division lowers
the apparent biomass content per cell (Thompson ez al, 1992;
Hoppe et al., 2018; Wolf et al., 2018).

In our study, both growth rate (+125%, Fig. 1a) and POC
quota (+35%, Fig. 1c) were stimulated by higher acclimation
temperature, which also resulted in massively stimulated POC
production rates (+180%, Fig. 1b) as well as seemingly larger
cells (Fig. S1; in line with Li & Young, 2023). Consequently, the
primary factor affecting POC quota in P. tricornutum seemed not
to be the cell division rate, but net carbon uptake. This observa-
tion also confirms the hypothesis that anabolic processes (i.e.
CO, fixation) are affected by warming differently than catabolic
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Fig. 2 Fluxes of O, and C in Phaeodactylum tricornutum corresponding to major physiological processes under acclimation temperature (light grey or dark
grey filled; underlined temperature) and abruptly shifted temperature (hatched; not underlined). (a) gross rate of photosynthetic O, release (PSo, Vin-sit;
light grey) and rate of respiratory O, uptake (Ro,; dark grey) at in-situ light intensity; (b) gross rate of photosynthetic C uptake (PSco, Vin-sit; light grey)
and rate of respiratory C release (Rco,; dark grey) at in-situ light intensity; (c) gross rate of photosynthetic O, release under light saturation (PSo, Vimax;
light grey); (d) gross rate of photosynthetic C uptake under light saturation (PSco, Vimax: light grey). Arrows indicate assay direction. Letters indicate

significance between treatments. Error bars denote standard deviation.

Table 1 Q4 factors of all measured physiological processes and PQs and
RQs at in-situ light intensity of Phaeodactylum tricornutum.

Temp (°C) 66— »15 15——»6

QioPSo, 15+0.2% 2.1+0.6°

Qi0PSco, 1.6£05° 1.6+0.6%°

QqoRo, 1.6+02% 22+0.8°

QioRco, 0.6+0.1° 07+03°

PQ 16402 ————»1.6+£0.4° 15+0.3*———»1.0£04°
RQ 20+02°——— $0.8+0.01° 09+03* — p34+1.1°

PSo, . gross rate of photosynthetic O, release; PSco,, gross rate of
photosynthetic C uptake; Ro,, rate of respiratory O, uptake; Rco,, rate of
respiratory C release; PQ, photosynthetic quotient; RQ, respiratory
quotient. Underlined temperatures indicate acclimation temperature, non-
underlined temperatures indicate abrupt shifts. Q¢ factors of the 15°C >
6°C assay are expressed as 1/Qo. Arrows indicate assay directions. Letters
indicate significance between treatments. Values are expressed as means
+SD.

processes (i.e. respiratory CO, release), otherwise the phenotype
would not have changed so remarkably.
Moreover, PON quota were even more strongly increased at

15°C (+55%, Fig. 1d) than POC quota, resulting in insignificantly
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decreased POC:PON rados by 22%. Hence, cells apparentdy
assimilated relatively more nitrogen relative to carbon, which in
turn hints toward increased content of protein and light harvest-
ing complexes. In line with this, Chlz quota increased more
strongly under higher temperature (+180%, Fig. le) than POC
quota, so that Chlz: POC ratios increased significantly (+105%,
Fig.1f). Hence, the stimulation in Chlz quota at higher tempera-
ture is thus not a result of generally increased biomass, but
indeed reflects the upregulaton of photosynthetic machinery.
These results are in line with previous reports on the dependency
of Chlz on temperature in marine phytoplankton (Geider, 1987;
Thompson et al, 1992). Apparenty, with increasing tempera-
tures, light becomes ‘more limiting’, likely because high tempera-
tures allow faster electron transfer reactions and diffusion of
respective carrier molecules through membranes. Consequently,
also processes downstream of the light reactions, that is the
Calvin cycle and nitrate reduction, are accelerated and drain
more electrons, which necessitates an increase of the light harvest-
ing capacity (Raven & Geider, 1988; Thompson ez al, 1992).
Thus, cells upregulate the abundance of light harvesting pigments
in order to prevent a temperature-induced ‘imbalance’ in photo-
synthesis.
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Abrupt over- and undershoots in physiological rates are
synchronous and transient

In response to the abrupt temperature changes, rates of PSp,,
PSco,, and Ro, were strongly stimulated or inhibited, respec-
tively (Fig. 2a,b). This indicates that, as hypothesized, these pro-
cesses are in the first instance controlled by the thermodynamics
of the underlying physical and chemical phenomena, rather than
by the enzymatic inventory, which does not change on these
timescales. The stimulations of these processes were surprisingly
similar (Qqq of 1.6, i.e. 50%; Table 1), resulting in a physiologi-
cal balance. This was also reflected by the stable PQs of 1.4
(Table 1), which are in line with previously reported PQs of new
production in microalgae (Eppley & Peterson, 1979;
Laws, 1991). Interestingly, the abrupt temperature stimulation in
PSo, and PSco, was stronger under light saturation (i.e. Viag
Fig. 2¢,d) than under in-sizu irradiance (Fig. 2a,b). Apparently,
enhanced membrane fluidity and electron transport after abrupt
temperature rises enabled cells to exploit comparably high-light
intensities and transiently maximize photosynthetic electron
throughput. This benefit, however, was neither apparent under
high-light exposure at acclimation temperatures nor was the
adverse effect of abrupt cooling compensated by high light.
Hence, P. tricornutum shifts from light saturation at low tempera-
ture to light limitation at high temperature. In line with this, J
was increased in response to the abrupt temperature rise, but
returned to its initial values over the course of acclimation
(Table S2). In other words, I is temperature-dependent (Behren-
feld ez al., 2004) only on short timescales.

The inhibition after the abrupt temperature drop was of equal
magnitude in PSp, and Ro, (1/Q;q of 2.0; Table 1), but it was
less pronounced in PSco, (1/Qqq of 1.6; Table 1). This resulted
in a transient imbalance between PSp, and PSco, as evidenced
by the PQ decreasing to 1.0 (Table 1). This less pronounced
inhibition of PSco, might originate from the fact that it is purely
dependent on enzymatic reactions (Taiz & Zeiger, 2006). By
contrast, PSp, and Ro, rely to a large extent on the biochemical
rate of involved electron transport chains, which are strongly con-
trolled by membrane fluidity (Maksimov et al., 2017), and are
therefore highly temperature-dependent, more strongly than
enzymatic processes (Los et al., 2013). Also, the less pronounced
inhibition of PS¢, may be explained by the increased carboxyla-
tion affinity of RubisCO with declining temperatures (Hall &
Keys, 1983; Rokitta er al, 2022), and the concomitantly
increased CO,:0, ratio in colder seawater (Jordan &
Ogren, 1981; Zeebe & Wolf-Gladrow, 2001), which may further
compensate the thermodynamic decrease of enzyme-catalyzed
reaction rates.

Acclimation readjusts metabolism to a homeostatic ‘sweet
spot’

Even though cells experienced transient over- or undershoots
when confronted with a substantially higher or lower tempera-
ture, the physiological machinery was adjusted over the course of
acclimation, yielding notably different ‘phenotypes’, as evidenced
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by the measured acclimation parameters p, POC, PON, and
Chla (Fig. 1). Interestingly, however, the Chla-normalized rates
of PSo,, PSco, and Rp, reverted to the very same, seemingly
‘fixed’ levels, that is ¢. 200 pmol O, (mg Chlg) ™' h™", ¢ 125
mol C (mg Chla)"'h™' and ¢. 50 pmol O, (mg Chla)~'h™",
respectively (Fig. 2a,b). Specifically, the tendency of cells to
downscale their photosynthetic machinery under high tempera-
ture was surprising, as it causes a reversion to lower physiological
rates than are obviously possible. It suggests that achieving
highest-possible rates in single physiological processes is by no
means an optimal strategy. Instead, cellular metabolism involves
a compromise between biomass production, pigment use effi-
ciency and the ability to respond flexibly to environmental
changes, while minimizing ‘material efforts’ and stress due to
unbalanced physiological processes (Behrenfeld er a/., 2008; Hal-
sey & Jones, 2015).

As a consequence of the phenotypic changes, for example
increased Chla quota, the cell-normalized rates showed
temperature-related changes that persisted even after acclimation
(Table S3). Based on this comparison of Chla- vs cell-normalized
rates (Fig. 3), it becomes clear that the unaltered guality of the
physiological apparatus, that is the sweet spot adjustment ‘per-
Chla, ensures metabolic balance along the temperature gradient,
whereas the quantitative changes along the temperature gradient
alter the overall physiological output ‘per-cell’. In other words,
measuring physiological rates per Chla in different temperature
regimes does not give an idea of the potential of phytoplankton
biomass growth and CO, removal. These ecological and also bio-
geochemical consequences of temperature changes can only be
judged when normalizing rates to the standing stock biomass.

Plastidary reductant export throttles the TCA cycle under
high temperature

In contrast to photosynthetic processes and the respiratory chain,
the tricarboxylic acid cycle responded remarkably differently to
the applied temperature changes: Rco, was significantly decreased
at higher temperature and, in turn, remarkably increased under
lower temperature, and no ‘sweet spot behavior’ was apparent
(Fig. 2b). The opposing temperature response of the mitochon-
drial R, and Rco, consequently resulted in a major physiologi-
cal imbalance, also evidenced by high RQs at low temperature
(i.e. >2, Table 1) and low RQs at high temperature (<1,
Table 1). This indicates a persistent over- or under provision of
the reductant carrier NADH under low or high temperatures,
respectively. Nevertheless, Ro, was maintained on a comparably
high level even under acclimation. Also, growth rates and cellular
quota of POC and PON indicated generally higher metabolic
rates at 15°C. Consequently, under high temperature, there need
to be sources of reductant to fuel the respiratory chain other than
the TCA cycle.

Ro, being prominently stimulated by high temperature has
been observed before in P. #ricornutum and other phytoplankton
(Padfield ez al, 2016; Barton et al, 2020). However, these
authors assume that this stimulation likewise occurs in Reo,,
which contradicts our observations. Our findings of increased
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(a)

»

Overshoot

Physiological activity (Chl a-1)

Undershoot

Physiological activity (cell-)

Fig. 3 Schematic temperature (T) responses of photosynthetic O, release, photosynthetic C uptake and respiratory O, uptake, (a) normalized to
Chlorophyll a (Chla) and (b) to cells in Phaeodactylum tricornutum at 6°C (light grey) and 15°C (dark grey). Large ovals indicate physiological activity at
acclimation temperature, small circles indicate physiological activity after abruptly shifted temperatures.

Ro, and decreased Rco, under 15°C, based on gas flux measure-
ments of the involved processes, are in line with the previously
reported plastidial-mitochondrial reductant exchange in P. #ricor-
nutum (Bailleul ez al, 2015). This reductant exchange likely
functions as alternative electron sink, since P. tricornutum lacks
cyclic electron flow to increase the otherwise insufficient plasti-
dial ATP : NADPH ratio (Curien ez al., 2016). This is especially
necessary under elevated temperatures, since CO,-concentrating
mechanisms (CCM), which exploits the thylakoidal proton
motive force (PMF) to import HCO;™ from the alkaline stroma
into the acidic lumen, are more active than at lower temperatures
(Li & Young, 2023). As a consequence of the H-dependent
conversion of HCO;™ into CO; in the lumen, the PMF is par-
tially consumed, thereby decreasing the plastidial ATP : NADPH
ratio, or rather PMF : electron-transport ratio. In response to this
apparent relative ‘overreduction’, reduction equivalents are
exported and directed toward alternative sinks, in this case the
mitochondrial oxidative phosphorylation, likely via malate shut-
tles (Kinoshita e al, 2011; Prihoda ez al,, 2012). Hence, Ro, is
partly fueled by the imported reduction equivalents from the
chloroplast, thus the mitochondrial redox state shifts and R¢o, is
downregulated. At low temperature, the CCM is less active, con-
suming less PMF, and thereby lowering the need to export
reduction equivalents. Consequently, at low temperature, mito-
chondrial oxidative phosphorylation is primarily fueled by the
TCA cycle, evidenced by high Rco,. This phenomenon of alter-
native reductant sinks to avoid plastidial redox stress is also com-
monly known in other photosynthetic organisms. Land plants,
for example, are assumed to reroute ¢. 10% of their total PSI dri-
ven electron flow into mitochondria (Noguchi & Yoshida, 2008).
Typically, alternative electron flow is known to protect cells from
photodamage under low temperature while cells are exposed to
high-light intensities. However, such mechanisms as protection
against high temperature induced redox stress are known in cow
peas (Vigna wunguiculate), which use cyclic electron flow to

© 2023 The Authors
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compensate for a higher temperature stimulation in photosyn-
thetic light reaction than in C-fixation (Osei-Bonsu et al., 2021).
In our study, the plastidial-mitochondrial reductant exchange
not only explains the opposing temperature response of Rco,
and the persistently high Ro, at 15°C, but also the much higher
biomass retention and thus, the phenotypic change in POC quo-
tas under higher temperature.

Conclusion

This study resolves the mechanistical effects of temperature on
physiological sub-processes in P. tricornutum under suboptimal
and close-to-optimal temperatures. Cells experienced a clear sti-
mulation in growth, biomass production and pigmentation
under higher temperature, mainly driven by the downregulation
of the respiratory CO, loss. This downregulation is caused by a
plastid-to-mitochondrial reductant export that in a wider sense
serves to also increase the photosynthetic ATP : NADPH ratio.
Interestingly, the other investigated physiological sub-processes
experienced transient and synchronous over- or undershoots in
response to abrupt warming or cooling, and were re-adjusted to
homeostatic ‘sweet-spot’ levels in the course of acclimation. Our
data further show that abrupt temperature increases enable cells
to transiently exploit very high-light intensities, suggesting that
processes involving electron transfer chains (photosynthetic light
reactions, respiratory O, consumption) are more prone to tem-
perature effects than, for example, enzymatic processes. Future
studies should expand this experimental approach in order to elu-
cidate the physiological bottlenecks and organelle crosstalk when
temperatures become supra-optimal, that is, detrimental.
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