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Abstract

The Southern Ocean, a globally important CO, sink, is one of the most susceptible regions in the world to
climate change. Phytoplankton of the coastal shelf waters around the Western Antarctic Peninsula have been
experiencing rapid warming over the past decades and current ongoing climatic changes will expose them to
ocean acidification and high light intensities due to increasing stratification. We conducted a multiple-stressor
experiment to evaluate the response of the still poorly studied key Antarctic cryptophyte species Geminigera
cryophila to warming in combination with ocean acidification and high irradiance. Based on the thermal growth
response of G. cryophila, we grew the cryptophyte at suboptimal (2°C) and optimal (4°C) temperatures in combi-
nation with two light intensities (medium light: 100 yumol photons m ?s™' and high light [HL]: 500 gmol
photons m~2 s7!) under ambient (400 patm pCO,) and high pCO, (1000 patm pCO,) conditions. Our results
reveal that G. cryophila was not susceptible to high pCO,, but was strongly affected by HL at 2°C, as both
growth and carbon fixation were significantly reduced. In comparison, warming up to 4°C stimulated the
growth of the cryptophyte and even alleviated the previously observed negative effects of HL at 2°C. When
grown, however, at temperatures above 4°C, the cryptophyte already reached its maximal thermal limit at 8°C,
pointing out its vulnerability toward even higher temperatures. Hence, our results clearly indicate that warming
and high light and not pCO, control the growth of G. cryophila.

The Southern Ocean is reported to have stored not only
large quantities of atmospheric carbon dioxide (CO) but also
a significant amount of heat associated with climate change
(Frolicher et al. 2015). The coastal waters of the Western Ant-
arctic Peninsula (WAP), for example, has been experiencing
rapid warming for the past several decades (Jones et al. 2019).
Climate model projections show that the Southern Ocean
would experience between a ~ 2°C up to ~ 6°C increase in
temperature by 2100 and 2300, respectively (Boyd et al. 2015;
Moore et al. 2018; IPCC 2019). In fact, an unprecedented
mean temperature anomaly of +4.5°C has just been reported
in the WAP coastal waters in February 2020 (Gonzélez-Herrero
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et al. 2022). In this region, previous warming events have
been associated with the increasing dominance of
cryptophytes over diatoms under conditions of lowered salin-
ity due to the increased sea ice retreat and glacial melting as a
result of warming (Mendes et al. 2013; Schofield et al. 2017).
As cryptophytes are not the preferred food of krill, the increas-
ing dominance of cryptophytes over diatoms would
potentially also alter the Antarctic marine food web (Meyer and
El-Sayed 1983). The shift from diatoms to cryptophytes could
also result in a reduced drawdown of atmospheric CO, in the
WAP (Brown et al. 2019). Coastal shelf phytoplankton commu-
nities along the WAP are also projected to be more prone to
high light exposure due to warming and the subsequently
increased freshwater input from the sea-ice melt. The latter
potentially enhances vertical stratification and thus results in
shoaling of the mixed layer depth and thus more illuminated
surface waters (Boyd et al. 2015). At present, studies looking at
the effects of high irradiances on Antarctic phytoplankton are
still scarce. In addition, due to anthropogenic emissions, the
present-day CO, level of 413 ppm is going to increase at an
unprecedented rate (Hoegh-Guldberg and Bruno 2010) and is
projected to reach 936 ppm by 2100 (IPCC 2014). The implica-
tions of increased pCO, levels in particular on Antarctic
cryptophytes is only poorly understood, with the few studies
available pointing toward a high pCO, tolerance of this group
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(Schulz et al. 2017; Donahue et al. 2019). Overall, studies
looking at the effects of future climate change scenarios such as
warming, ocean acidification, and high light on Antarctic
cryptophytes are at present still lacking.

Along the WAP, the cryptophyte Geminigera is the most
abundant genus observed in coastal shelf waters (Brown
et al. 2021). In response to warming, laboratory experiments
have shown that the Antarctic Geminigera cryophila exhibited
enhanced growth up to the highest temperature treatment of
4°C (Wang and Smith 2021). Whether the cryptophyte would
be able to outcompete other phytoplankton groups at much
higher temperatures still yet remains unknown. In response to
high irradiances (500 ymol photons m~? s '), G. cryophila was
strongly negatively impacted (Trimborn et al. 2019). The rea-
sons for this are not yet clear. On the other hand, it was
reported that G. cryophila was not negatively affected by high
pCO; (Trimborn et al. 2019; Camoying et al. 2022), similar to
what has been observed for cryptophytes in general when nat-
ural phytoplankton were grown under elevated pCO, levels
(Sommer et al. 2015; Schulz et al. 2017; Donahue et al. 2019).
This is in line with the findings that cryptophytes are able to
grow within a broad pH range (i.e., at both lower and upper
extreme of the pH spectrum, Weisse and Stadler 2006; Gaillard
et al. 2020).

As G. cryophila represents an important and abundant spe-
cies in coastal shelf waters along the WAP (Brown et al. 2021),
we investigated the combined effects of warming, ocean acidi-
fication (high pCO,) and high light on its physiology. It still
remains unexplored how all three environmental factors will
influence the ecophysiology of the cryptophyte. Hence, it was
the objective of our study to (1) characterize its thermal per-
formance and to (2) identify its physiological strategies to
cope with future climate change conditions such as warming
in conjunction with high pCO, and increasing light.

Methods

Experimental design and culture conditions

We examined the interactive effects of increasing pCOs,,
temperature and light on growth, carbon fixation, and photo-
physiology of the Antarctic cryptophyte G. cryophila (CCMP
2564, isolated from McMurdo Sound, Ross Sea, Antarctica). All
G. cryophila cells grew at 2°C and 100 ymol photons m s~
under a 16 : 8 h light-dark cycle. The species was grown in
sterile-filtered (0.2 ym) unbuffered natural Antarctic seawater,
which was enriched with macronutrients (100 gmol L~ ! NO3~
and 6.25umolL™! PO, %), vitamins (30nmolL~! By,
23nmolL™! B,, and 0.228 nmol L™! B;,) and trace metals
according to F/2z medium (Guillard and Ryther 1962). Nitrate
and phosphate were added following the Redfield N : P ratio
of 16 : 1 (Redfield 1958).

To determine the thermal functional response curve of
G. cryophila, experiments were done at 100 umol
photons m~2 s~! under a 16 : 8 light-dark cycle and 400 patm
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pCO, (bubbled). All G. cryophila cultures were grown in tripli-
cate 1 L custom-made cylindrical glass bottles under a range of
temperatures, starting at 2°C and then gradually transferred to
4°C, 6°C, 7°C, and 8°C (Fig. 1). More specifically, we followed
the methods of Zhu et al. (2017) and did a series of step-wise
transfers, making sure that G. cryophila cultures were well-
acclimated to the lower temperature before exposing them to
a higher temperature (Fig. 1). Please note that at 8°C
G. cryophila died.

For the main temperature-CO,-light experiment, we chose
the temperature treatments based on the outcome of the
experiment on the thermal functional response curve of
G. cryophila (Fig. 2). As 4°C was identified to be the optimal
growth of this species based on Fig. 2, we wanted to investi-
gate the response of G. cryophila under suboptimal (2°C), opti-
mal (4°C), and supraoptimal (6°C) temperatures (Fig. 1).

Next to the different temperature conditions, G. cryophila
cells were further grown under two light intensities (medium
light treatment: 100 yumol photons m~2 s~ '; high light treatment:
500 ymol photons m ?s~!) in combination with two pCO,
levels (400 treatment. 400 yatm pCO,; 1000 treatment:
1000 patm pCO,). The light intensities of the medium light
treatment chosen mimic realistic average daily irradiances of
surface coastal waters of the WAP (~ 100 up to 570 ymol
photons m 25!, Young et al. 20154; Heiden et al. 2019)
while the elevated mean irradiance of the high light treatment
simulates future light conditions. Moreover, G. cryophila was
also grown under pCO, levels representing values of present-
day (~ 410 ppm), and those projected for the year 2100
(~ 1000 patm, RCP8.5 scenario; IPCC 2014). The two different
pCO, levels were achieved by gentle bubbling of each culture
bottle with humidified air of the respective pCO, level. To this
end, a mixture of CO,-free air (<1 ppmv CO,; Dominic
Hunter) and pure CO, (Air Liquide Deutschland Ltd.) was used
and controlled through a gas flow controller (CGM 2000;
MCZ Umwelttechnik) to generate the two target pCO, treat-
ments. A non-dispersive infrared analyzer system (L16252; Li-
Cor Biosciences), which was calibrated with CO,-free air and
purchased gas mixtures of 150 + 10 and 1000 + 20 ppmv CO,
(Air Liquide, Deutschland), was utilized regularly to monitor
the different CO, gas mixtures. Light-emitting diodes (LED)
lamps (SolarStinger LED SunStrip Marine Daylight, Econlux)
were used as light source and light intensities were set and
monitored using an LI-1400 data logger (Li-Cor) with a 4=-
sensor (Walz). Water temperature of the aquaria was also regu-
larly checked to make sure that the cultures were grown under
stable temperature.

Prior to the start of the main experiment, cultures were pre-
acclimated to each temperature-light-pCO, treatment for at
least 15 d. During both the preacclimation period and the
main experiment, cultures were diluted semi-continuously
(before cell density reached 15,000 cellsmL™') with
preconditioned media to keep cells in exponential growth,
thus ensuring that cells were in the same physiological state
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Fig. 1. Overview of the experimental setup (illustration created with BioRender.com). To determine the thermal response curve of Geminigera cryophila,

cultures were grown at the medium light (ML) intensity of 100 umol photons m

~257! and at the ambient pCO, of 400 yatm in triplicate 1 L custom-

made cylindrical glass bottles under a range of temperatures, starting at 2°C and then gradually transferred to 4°C, 6°C, 7°C, and 8°C. At 8°C
G. cryophila died. Based on the thermal response, for the main experiment G. cryophila was grown at 2°C, 4°C, and 6°C. Each temperature treatment
was then combined with two pCO, levels (white color: ambient pCO, of 400 patm; yellow: high pCO, of 1000 patm) and two light intensities (medium
light and high light). Except for the 6°C-1000-ML treatment, all other 6°C treatments died. To test whether the 6°C-1000-ML treatment could recover

from warming stress, it was transferred back to 4°C.
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Fig. 2. Thermal functional response curve showing the specific growth
rates (u) of Geminigera cryophila at 400 yatm pCO, and 100 ymol

photons m~2 s~ across a range of temperatures from 2°C to 8°C. Values

represent the mean and standard deviation (n = 3).

during sampling. The starting cell density of cultures in the
main experiment was ca. 1000 cells mL™' and final sampling
was conducted when densities reached ca. 15,000-
20,000 cells mL~!, this ensured a stable carbonate chemistry
over the whole experimental time (Table 1).

Due to the small volume of the incubation bottles (ca. 1 L),
dilutions were done and final sampling were conducted in
batches. This was to make sure that we have enough biomass
for each parameter and cell densities are not too high, thus

avoiding a shift in the carbonate chemistry as well as potential
cell self-shading. In total, the main experiment lasted ca. 10-
20 d depending on the treatments. Please note that apart from
the medium light-high pCO, treatment, in all other 6°C treat-
ments G. cryophila was not able to maintain exponential
growth and stopped growing after ca. 4 weeks (Fig. 3). To test
whether the 6°C-1000-medium light treatment of G. cryophila
would be able to recover from warming, after 11 weeks of
incubation we transferred the 6°C-1000-medium light treat-
ment back to 4°C (ca. 2 weeks preacclimation and 1 week in
main experiment) (Fig. 1). From this treatment, we collected
triplicate samples for particulate organic carbon (POC), pig-
ments, and conducted chlorophyll a (Chl a) fluorescence mea-
surements, as will be described later. Hence, the main
experiment includes 2°C and 4°C treatments and findings
from the 6°C-high pCO,-medium light treatment.

Carbonate chemistry

To ensure that there would be no pH drift (< 0.06 pH units)
in cultures, the pH (NBS) was measured regularly in all incuba-
tion and culture medium bottles over the duration of the whole
experiment (Table 1). Measurements were done with a pH
meter (826 pH mobile; Metrohm), which was calibrated
(3-point calibration) prior to usage with the National Institute
of Standards and Technology-certified buffer systems. At the
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Table 1. The CO2Sys program (Pierrot et al. 2006) was used to calculate the dissolved inorganic carbon (DIC) concentrations and the
partial pressure of CO, (pCO,) from the measured total alkalinity (TA), pH, silicate, phosphate, salinity, and temperature sampled at the
end of the experiment. Values represent mean and SD of each pCO;, level for both light (medium light and high light) and temperature
(2°C and 4°C) treatments (incubation, n = 12; medium, n = 8). Significant differences between the two pCO, treatments (post hoc

tests) are indicated by varying lower case letters in superscript (p < 0.05).

Target Calculated Measured Measured TA Calculated DIC
pCO, (uatm) pCO, (uatm) pH (NBS) (umol kg™ ") (umol kg™ ")
Geminigera incubations 400 430 + 60% 8.09 + 0.05% 2314 + 272 2192 + 28°
Medium (no cells) 400 429 + 687 8.08 + 0.05° 2294 + 51% 2173 £+ 56°
Geminigera incubations 1000 1035 + 99° 7.73 £ 0.04° 2319 +22° 2307 + 27°
Medium (no cells) 1000 1060 + 66° 7.72 +0.03° 2282 + 8° 2275 + 14°

0.30 - —A— high pCO, - ML
—@— ambient pCO, - ML
—/\— high pCO, - HL
0.25 4 —O~ ambient pCO, - HL
e
= 0.20 1
[
®
< 0154
E
<
© 0.10 A
0.05 4
0.00

Incubation period (no. of weeks)

Fig. 3. Growth rates (4) of Geminigera cryophila at 6°C under ambient
pCO, (400 patm, filled symbols) and high pCO, (1000 pxatm, open sym-
bols) in combination with different light intensity (medium light, ML:

100 umol photons m~2s™'; high light, HL: 500 gmol photons m~2s~")

treatments. All high light treatments and the ambient pCO,-medium light
cultures died after 4 weeks of incubation. Main experiment for the high
pCO,-medium light treatment was aborted as growth stopped.

end of the experiment, samples for total alkalinity (TA) analysis
were collected from all incubation and medium bottles by filter-
ing a sample through a glass fiber filter (GF/F; Whatman) and
placing the filtrate into 200 mL borosilicate flasks. TA samples
were measured in duplicates by potentiometric titrations via a
TW alpha plus (SI Analytics). Systematic errors were corrected
with certified reference material (from Prof. A Dickson, Scripps,
USA; batch no. 161). TA, pH, silicate, phosphate, temperature,
and salinity measurements were used to determine the seawater
carbonate chemistry using the CO2Sys program (Pierrot
et al. 2006), wherein the equilibrium constant of Mehrbach
et al. (1973) refitted by Dickson and Millero (1987) was utilized.

Cell density and thermal functional response curve

Cell densities were regularly monitored and samples were
taken at the same time of the day at the start, during, and the
end of both the thermal functional response experiment and

the main experiment. To this end, a Beckman Multisizer
3 Coulter Counter with a 100 ym aperture was used to deter-
mine cell density immediately after sampling. Growth rates (y;
d™') of G. cryophila under all experimental treatments were
determined and were calculated using the formula:

In (N

u :—<tN°>, (1)
where N, refers to the cell density during the final harvest and
No to the one at the start of the experiment. The duration
between both sampling points is represented by t. To describe
the thermal growth response curve of G. cryophila, a modified
Ratkowsky equation (Ratkowsky et al. 1983; Zwietering

et al. 1991) was used:
Hmax = [b(T — T min )]2 X {1 - e[c(T—me)] } (2’)

where ppmax is the maximum specific growth rate, T, and
Tmax are the minimum and maximum temperatures, respec-
tively, at which the growth rate is zero, while b and c are
Ratkowsky parameters that possess no specific biological
meaning. The optimum temperature for growth (Top) was
derived from the fitted curve as the temperature at which the
growth rate was the highest.

Pigments

At the end of the experiment, pigment samples were col-
lected by filtering the cultures onto GF/F filters (~ 0.6 um,
25 mm; Whatman) and directly freezing them in liquid nitro-
gen. After storage at —80°C, the extraction and Chl a and chlo-
rophyll ¢, (Chl ¢,) analysis was done as described in Camoying
et al. (2022). To calculate cellular quotas, Chl a and Chl ¢, con-
tents were normalized to filtered volume and cell densities.

POC and particulate organic nitrogen quotas

At the end of the experiment, samples for POC and particu-
late organic nitrogen (PON) were collected by gently filtering
(< 20 mmHg) cultures onto precombusted glass fiber filters
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(15 h, 200°C, GF/F, ~ 0.6 ym, 25 mm; Whatman). Filters were
then stored at —20°C and were oven-dried first overnight
(> 12 h, 60°C) before acidifying them with 200 uL of 0.2 N
HCI. The acidified filters were again oven-dried (> 12 h, 60°C)
and analyzed on an automated carbon nitrogen elemental
analyzer (EURO EA-CN Elemental Analyzer; HEKAtech
GmbH). Samples for blank measurements were also prepared.
In order to determine cellular quotas, the blank-corrected
POC/PON values were normalized with the filtered volume
and cell densities. To calculate cellular daily production rates
of POC and PON, cellular quotas were multiplied by the
corresponding growth rate of the respective treatment. Molar
ratios of carbon to nitrogen (C : N) were also calculated.

Photophysiology

A Fast Repetition Rate fluorometer (FastOcean PTX; Chelsea
Technologies Group Ltd.) coupled with a FastAct Laboratory
system (Chelsea Technologies Group Ltd.) was used to assess
the photophysiological response of G. cryophila under all
pCO,-temperature-light treatments at the end of the experi-
ment. Prior to the Chl a fluorescence measurements, cells were
dark-adapted for 10 min at the respective growth temperature
to ensure open photosystem II (PSII) reaction centers and no
occurrence of non-photochemical quenching. The minimum
Chl a fluorescence (Fy) was recorded immediately after the
dark-acclimation phase. To gradually saturate PSII, a single
turnover flashlet of 1.2 x 10*> photonsm ?s~! and a wave-
length of 450 nm was applied consisting of 100 flashlets on a
2 us pitch. A relaxation phase of 40 flashlets on a 50 us pitch
was subsequently done. This combination of saturation-
relaxation phases was reiterated 6 times for every acquisition.
To determine the maximum (Fy,) Chl a fluorescence, the satu-
ration phase of the single turnover was fitted according to
Kolber et al. (1998). The dark-adapted maximum quantum
yield of photosynthesis of PSII (Fy/Fn) was then calculated
using the equation:

(Fm—Fo).

Fy/Fn= 7
m

3)

The energy transfer between PSII units (i.e., connectivity,
P), the functional absorption of PSII photochemistry (opsi)
and the concentration of functional PSII reaction centers
([RCII]) were also determined from the single turnover mea-
surement of the dark-adapted cells.

Fluorescence light curves were also done, which lasted in
total for ca. 1h. During the fluorescence light curves, cells
were exposed to increasing light intensities (30-900 pmol
photons m~%s~!) for 5min per light step. After each light
intensity, six Chl a fluorescence measurements were carried
out. The light-adapted minimum (F') and maximum (F,,’) Chl
a fluorescence of the single turnover acquisition were esti-
mated from these measurements. The effective PSII quantum
yield under ambient light (Fy'/Fy) was calculated according to

Cryptophyte responses to warming, CO, and light

the equation (F,/ — F)/Fy’ (Genty et al. 1989). The absolute
electron transport rates (ETR) were calculated following
Suggett et al. (2004, 2009):

_ Fq /Fuy
ETR—O’pSH X (FV/Fm) ><E, (4)

where opgyr is the functional absorption cross-section of PSII’s
photochemistry (nm? and E the instantaneous irradiance
(photons m ?s™'). Irradiance-dependent ETRs were curve-
fitted according to Ralph and Gademann (2005) to determine
maximum ETR (ETRp,x), minimum saturating irradiance (Ix)
and maximum light utilization efficiency (a).

Statistical analyses

A three-way ANOVA with Tukey’s multiple comparison
post hoc tests was done using Graphpad Prism 9 Statistical
Software. The independent variables consisted of two tempera-
tures (2°C and 4°C), two light intensities (100 and 500 gmol
photons m~%s7!) and two pCO, levels (400 and 1000 uatm).
The interactive effects of the three factors temperature, light,
and pCO, were examined on all parameters. Graphs were cre-
ated using SigmaPlot 12.0 (Systat Software, Inc.). All statistical
tests were done at the 95% confidence interval. Python 3.8
was used to generate the corresponding thermal response
curve by performing curve fitting on the measured growth
rates with the modified Ratkowsky equation (using scipy curve
fit function).

Results

Seawater carbonate chemistry

A stable carbonate chemistry was maintained throughout
the course of the experiment (Table 1). For both G. cryophila
incubations (containing cells) and culture medium (without
cells) bottles, pCO,, pH, and DIC values were significantly dif-
ferent between all ambient pCO, and OA treatments
(p <0.0001). Among the incubation bottles, TA remained the
same irrespective of the applied pCO, level (Table 1).

Thermal functional response curve

Growth of G. cryophila was strongly influenced by increas-
ing temperature (Fig. 2). Measured growth rate increased from
2°C to 4°C and started to decline at 6°C until growth stopped
at 8°C. Based on the thermal response curve of G. cryophila,
the optimum temperature (T,p) for maximum growth
(#max = 0.25) of the cryptophyte was at 3.80°C. The maximum
(Tmax) temperature, wherein positive growth could still be
maintained, was 8.02°C.

Growth, carbon production, and pigment cellular
concentration

High pCO, did not affect the growth of G. cryophila in all
treatments (Fig. 4A). In response to increasing temperature up
to 4°C, growth was generally significantly enhanced
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irrespective of the applied light intensity and pCO, level
(p <0.0001). Only under medium light and high pCO, condi-
tions, increasing temperature did not alter growth. A signifi-
cant medium light effect (p < 0.01) on growth was evident, as
growth rates were significantly reduced in the 2°C treatment
under each pCO, level. At 4°C, growth remained unchanged
with increasing irradiance. A significant interactive effect was
observed only between temperature and light (p < 0.05;
Table 2).

For the 6°C-medium light-400 treatment, growth was

Cryptophyte responses to warming, CO, and light

4 weeks of incubation, the 6°C-400-medium light -cells
stopped growing. Only under high pCO,, the medium light
treatment grew very slowly at 6°C, and finally stopped grow-
ing after 11 weeks (Fig. 3; Table 3). Moreover, the latter
exhibited morphological changes typical for unhealthy cells
such as compromised cell membrane (i.e., bubble-like forma-
tion) and the appearance of hair-like projections (Supporting
Information Fig. S1). When the 6°C-medium light-1000 treat-
ment was transferred back to 4°C, it recovered and exhibited
growth rates (u = 0.27 + 0.01 d~!; Table 3) comparable to the

reduced by 73% after 2 weeks of incubation (Fig. 3; Table 3) 4°C-medium  light-400 treatment (u=0.26 +0.01d};
relative to the 4°C-medium light-400 treatment (Fig. 4A). After Fig. 4A).
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tion (n = 3). Significant differences between the two pCO, treatments (post hoc tests) are indicated by varying lower case letters (p < 0.05).
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Camoying and Trimborn Cryptophyte responses to warming, CO, and light

Table 2. Significance of interactive effects of pCO,, light and temperature (p < 0.05) on the growth rate (u), particulate organic car-
bon (POC) quota and production, C: N ratio, cellular chlorophyll a (Chl a) and chlorophyll ¢, (Chl ¢;) concentrations, as well as the
dark-adapted maximum photosystem Il quantum yield (photosynthetic yield, F/Fy), yield recovery (f,/Fy recovery), energy transfer
between photosystem Il units (connectivity, P), functional absorption cross-section of PSIl (ops)), reoxidation times of the primary elec-
tron acceptor Q, (zqa), cellular concentration of functional PSII reaction centers ([RCII]), maximum electron transport rates (ETRy.y),
minimum saturating irradiance (l), and the maximum light utilization efficiency (a) of Geminigera cryophila. Statistically insignificant
effects (p > 0.05) are denoted by n.s.

Temperature Temperature Light Temperature, light,

Parameters pCO, Light Temperature and light and pCO, and pCO; and pCO,
Growth n.s. <0.05 <0.0001 <0.05 n.s. n.s. n.s.
POC content n.s. n.s. n.s. n.s. n.s. n.s. n.s.
POC production n.s. 0.0001 <0.0001 <0.05 n.s. n.s. n.s.
C:N n.s. n.s. n.s <0.05 n.s. n.s. n.s.
Chla n.s. <0.0001 n.s. n.s. n.s. n.s. n.s.

Chl ¢, n.s. <0.0001 n.s. n.s. n.s. n.s. n.s.

R/ Fn <0.05 <0.0001 0.0001 <0.05 <0.05 <0.05 n.s.
F./Fy recovery n.s. <0.0001 n.s. <0.05 n.s. n.s. n.s.

P <0.05 <0.0001 <0.05 n.s. <0.05 n.s. n.s.
opsii <0.05 <0.05 <0.05 n.s. n.s. n.s. <0.05
7Qa <0.05 <0.0001 n.s. n.s. n.s. n.s. n.s.
[RCIH] <0.05 <0.0001 <0.05 <0.05 <0.05 <0.05 n.s.
ETRmax n.s. <0.0001 <0.05 <0.05 n.s. n.s. n.s.

Ix n.s. <0.0001 <0.05 <0.05 n.s. n.s. n.s.

a <0.05 <0.05 n.s. n.s. n.s. n.s. n.s.

Table 3. Growth rate (), particulate organic carbon (POC) quota and production, as well as cellular chlorophyll a (Chl a) and chloro-
phyll ¢, (Chl c,) concentrations of Gemingera cryophila were determined after 2, 8, and 11 weeks of incubation at 6°C and medium light
(ML) in conjunction with ambient pCO, (400) and high pCO, (1000). Please note that after 11 weeks, the 6°C-medium light-1000 was
transferred back to 4°C, referred here as the recovered 6°C-ML-1000 treatment. After 4 weeks of incubation at 4°C, the same physiolog-
ical parameters were also determined for the recovered 6°C-ML-1000 cells. Values represent the mean and standard deviation (n = 3).

Incubation POC POC production Chla Chl c;
Treatment period pd™ (pg cell™") (pg cell”'d™") (pg cell™") (pg cell™")
6°C-ML-400 2 weeks 0.19 £ 0.01 121 £1 23£1 1.85+0.04 0.17 +£0.03
6°C-ML-1000 8 weeks 0.03 £ 0.01 231+ 4 7+2 No data No data
6°C-ML-1000 11 weeks 0.00 £+ 0.00 No data No data 1.14 £ 0.04 0.15+0.03
Recovered 6°C-ML-1000 4 weeks 0.27 £ 0.01 121 £16 33+4 1.78 £0.25 0.17 +£0.02

The cellular POC contents and C/N ratios remained incubation (Fig. 4B; Table 3). Although POC quota were
unchanged in all treatments irrespective of the applied envi- highest in the 6°C-medium light-1000 treatment at 8-week
ronmental factor (Fig. 4B,C). While pCO, did not affect the incubation (Table 3), the latter had the lowest POC produc-
POC production of the cryptophyte, temperature (p < 0.0001) tion among all treatments (Fig. 4D; Table 3). However, when
and high light (p <0.0001) alone strongly altered POC pro- transferred back to 4°C after 11 weeks of incubation under
duction (Table 2). There was a significant interaction between 6°C-medium light-400 treatment, cells exhibited similar high
temperature and light on POC production of the cryptophyte POC production rates (Table 3) as cells grown at 4°C-medium
(p <0.05; Fig. 4D; Table 2), with the lowest POC production light-400 (Fig. 4D).
rates observed in the two 2°C-high light treatments, whereas Cellular Chl a and Chl ¢, quotas of G. cryophila were only
values were similar in all other treatments. For the 6°C- influenced by high light alone (p<0.0001; Fig. 4EF). In
medium light-400 treatment, growth continuously decreased response to increasing irradiance (p < 0.0001), cellular pigment
and cellular POC quotas were enhanced compared to the 2°C- concentrations were reduced regardless of the applied tempera-
and 4°C-medium 1light-400 treatments after just 2 weeks of  ture or pCOy; level. As for the 6°C-medium light-400 treatment
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Camoying and Trimborn

after 2-week incubation, pigment concentrations were compara-
ble to that of the 2°C and 4°C at medium light (Fig. 4E,F;
Table 3). The 6°C-medium light-1000 lowered its Chl
a concentration after 11 weeks of incubation
(1.14 + 0.04 pg cell ), but increased its Chl a content again
(1.78 + 0.25 pg cell™?) after transferring it back to 4°C (Table 3).

Photophysiology

The dark-adapted maximum quantum yield of PSII (photo-
synthetic yield, F,/F,,) was similarly influenced by high pCO,
temperature and irradiance (Fig. 5A). A significant pCO,, effect
on photosynthetic yield (p < 0.05) was observed only in the
2°C-medium light treatment, wherein values increased in
response to high pCOs,.

No temperature effect was observed in the yield across all high
light treatments, while at medium light increasing temperature
(4°C) led to a significant increase in photosynthetic yield
(p < 0.0001) only under ambient pCO,, but had no effect under
high pCO,. Hence, there was a significant interaction between
temperature and pCO, on photosynthetic yield (p<0.05;
Fig. SA). Increasing irradiance had a negative effect on the yield
in all treatments (p < 0.0001) except for the 2°C-400 treatment,
wherein values remained unchanged (Fig. SA). Cellular concen-
trations of functional PSII reaction centers ([RCII]) were affected
by each environmental factor alone (light: p <0.0001; pCO,:
p < 0.05; temperature: p <0.05) as well as their combination in
that highest [RCII] was seen in the 2°C-400-medium light treat-
ment (Fig. 5B; Table 2). In response to high pCO,, [RCII] in the
2°C-medium light treatment was reduced by 33% (p <0.05)
while it remained the same in all other treatments. Increasing
temperature (up to 4°C) significantly reduced the concentration
of reaction centers under medium light-400 while a negative
high light effect was observed only in the 2°C-400 treatment
(Fig.5B). Different from increasing temperature, high light
(p <0.0001) alone significantly influenced the reoxidation times
of the primary electron acceptor Qa (rq,), With high irradiance
significantly reducing 7q, in both temperature treatments
irrespective of pCO;, level (p < 0.0001) (Fig. 5C).

The 6°C-medium light-400 (2-week incubation) exhibited
comparable photosynthetic yield, P, [RCII], and zq, values to
that of the 2°C- and 4°C-medium light treatments (Fig. S;
Tables 4). However, the 6°C-medium light-1000 treatment
decreased its photosynthetic yield while increasing the num-
ber of PSII reaction centers after 11 weeks of incubation.
When the latter was transferred back to 4°C, cells fully recov-
ered and shared the same photophysiological characteristics
(photosynthetic yield, P, opsn, Tqa; Table 4) with that of the
4°C-400-medium light treatment (Fig. 5; Supporting Informa-
tion Table S1).

The different treatments distinctively affected the magni-
tude and shape of absolute ETRs (Fig. 6A,B). While light
(p <0.0001) and temperature (p < 0.05) alone and their com-
bination (p < 0.05) had a significant effect, pCO, had no influ-
ence on ETR,.x (Supporting Information Table S1). Increasing

Cryptophyte responses to warming, CO, and light
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Fig. 5. The dark-adapted maximum photosystem Il quantum yield (pho-
tosynthetic yield, F,/Fy) (A), cellular concentration of functional PSII reac-
tion centers ([RCII]) (B), and reoxidation times of the primary electron
acceptor Qa (rq,) of Geminigera cryophila were determined under ambient
pCO; (400 patm, dark bars) and high pCO, (1000 patm, white bars) in
combination with different temperature (2°C and 4°C) and light intensity
(medium light, ML: 100 zmol photons m~2 s~'; high light, HL: 500 zmol
photons m~—2 s~ treatments at the end of the experiments. Values repre-
sent the mean and standard deviation (n = 3). Significant differences
between the two pCO, treatments (post hoc tests) are indicated by vary-
ing lower case letters (p < 0.05).

temperature decreased ETR,,« in the high light-400 treatment
(Table 4). High light resulted in higher ETR,.x values relative
to medium light irrespective of temperature and pCO,. ETRs
of the 6°C treatments (400 and 1000 pCO, at medium light)
were significantly reduced (Fig. 6C).

Discussion

The single effect of high pCO; on G. cryophila
Previous studies have reported no stimulatory effect of high
pCO,-alone on growth of several Antarctic phytoplankton
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Camoying and Trimborn Cryptophyte responses to warming, CO, and light

2R G species, in particular, even negative high pCO, effects were
s E i i fl found for Antarctic diatoms in conjunction with high irradi-
3 N9 g ance (Trimborn et al. 2013, 2017a; Hoppe et al. 2015; Heiden
Sl v N~ et al. 2016, 2018). Different to diatoms, flagellates such as
— Phaeocystis  antarctica (Trimborn et al. 2017a,b; Koch
Tm et al. 2019) and cryptophytes (Domingues et al. 2014; Sommer
s " " S et al. 2015; Schulz et al. 2017) seem to be tolerant to ocean
\E§ E HoH acidification even in combination with other environmental
=5/28¢% factors including high irradiance, iron or warming. Our results
E are in line with this, as we also show here that growth and
o POC production of G. cryophila were not influenced by

increasing pCO, under any of the applied light levels

| ~
LT lo n 8 (Fig. 4A,D). Our observations are consistent with the results
x v
g7 ﬁ 4; 2 from the same G. cryophila strain showing either no (20 and
,“_‘ E NN N 200 pymol photons m2s7 !, respectively; Trimborn et al. 2019)
wl

or a modest stimulatory (100 mol photonsm ?s ;

Camoying et al. 2022) high pCO, effect in conjunction with
low and medium irradiance.

Previous studies have reported the increased susceptibility
of temperate phytoplankton (Chen and Gao 2011; Li and
Campbell 2013) and several Antarctic diatoms (e.g., Trimborn

TQa (ﬂS)
1280 + 156
1049 + 55
1065 + 32

N o o0
e - AR et al. 2017b; Heiden et al. 2018) to photodamage as a result
< = HH A from high pCO,. In fact, diatoms were found to be prone to
g“- S 3 § PSII photoinactivation in particular under high pCO, and
mMm ™M

high irradiance (Chen and Gao 2011; Li and Campbell 2013;
Trimborn et al. 2017a) which may be attributed to the
decreased PSII D2 protein turnover rate caused by high pCO,
(Gao et al. 2018). Indeed, in our study, the number of func-
tional PSII was significantly reduced under high pCO, and
medium light in G. cryophila (Fig. 5B), but this was efficiently
counteracted by an increased connectivity between photosys-
tems (P) (Supporting Information Table S1), thus ensuring a
more efficient distribution of photons among PSII preventing
thereby photodamage (Fig. 5C). As in Trimborn et al. (2019),
our results indicate that G. cryophila was not stressed by high
pCO, at medium light and 2°C as no further photo-
physiological adjustments were required (Fig. 5; Supporting

[RCH]
(dimensionless) (amol cell ™)
6.12 +0.38
8.57 £0.13
3.45+0.20

0.40 + 0.07

cellular concentration of functional PSII reaction centers ([RCII]), the functional absorption cross-section of PSIl (ops)), reoxidation times of the primary electron
0.24 +£0.04
0.44 + 0.01

acceptor Q, (r), maximum electron transport rates (ETR,x), minimum saturating irradiance (l), and the maximum light utilization efficiency (&) of Geminigera
cryophila were determined after 2 and 11 weeks of incubation at 6°C and medium light in conjunction with 400 gatm (400) and 1000 patm (1000) pCO,. Please

note that after 11 weeks, the 6°C-medium light-1000 treatment was transferred back to 4°C, referred here as the recovered 6°C-medium light-1000 treatment.

After 4 weeks of incubation at 4°C, the same photophysiological parameters were also determined for the recovered 6°C-medium light-1000 cells. Values represent

Table 4. The dark-adapted maximum photosystem |l quantum yield (photosynthetic yield, F,/F), energy transfer between photosystem Il units (connectivity, P),

g S35 Information Table S1).
£ Z’ o © oo
al # H +H
) 2 _E 2 239 The single effect of high light on G. cryophila
& ) S oo In our study, under ambient pCO, and 2°C, increasing
l light intensity (between 100 and 500 ymol photons m%s™')
z 5 - led to a significant reduction in growth of the cryptophyte
2 § 2l Lo (Fig. 4A). This is consistent with the previously reported sensi-
8 38 § $ § tivity of the same strain of G. cryophila to high irradiance,
3 £ PO where under ambient pCO,, it was even unable to grow at the
je o e highest irradiance of 500 ymol photons m ?s~' (Trimborn
° 88 s et al. 2019). As a common photoacclimation response of phy-
2 E E E toplankton to increasing irradiance (Kropuenske et al. 2010;
° 22 Trimborn et al. 2019), the cryptophyte reduced the cellular
: E g g _‘g § concentration of the light-harvesting pigments (Fig. 4E,F) and
o e[ 89 &= the number of functional PSII reaction centers (Fig. 5B). POC
E S| EE 3% ducti tes of th tophyt Iso strongl
o Sloo g2 production rates o e cryptophyte were also strongly
E= Fl o % x reduced (Fig. 4D) which could be due to potential oxidative
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Camoying and Trimborn

stress in the cells from high light exposure (Hédder et al. 2015).
Higher ETR,,ax, minimum saturating irradiance (), as well as
lower light utilization efficiency, were found (Supporting
Information Table S1), which suggests a saturation of the Cal-
vin cycle and therewith the need for alternative electron
cycling to dissipate the excessive light energy. There was also
faster reoxidation of the primary electron acceptor Q, (zqa;
Fig. 5C), potentially indicating that the cryptophyte depended
on additional electron acceptors such as the Mehler reaction,
which is a commonly observed photoprotective mechanism
of phytoplankton when exposed to high light intensities
(Kranz et al. 2010; Roberty et al. 2014). Under stressful condi-
tions such as suboptimal temperatures and high irradiances,
phytoplankton were also reported to enhance lipid production
(e.g., Dong et al. 2016; Jaussaud et al. 2020) as lipids are good
energy sinks, in particular under excess light (Klok
et al. 2013). It could be that the excess light energy was used
by the cryptophyte for lipid anabolism, which requires large
quantities of ATP and NADPH (Jénasdéttir 2019). In fact, we
observed the presence of lipid droplets on G. cryophila cells at
2°C (Supporting Information Fig. S2A). Apparently, these pho-
toacclimation characteristics ensured that high light-
acclimated cells were able to cope well with short-term high
light stress as they had higher yield recovery values compared
with the cells grown in medium light under ambient pCO,
and 2°C (Supporting Information Table S1).

Overall, our results are in line with the observation of
Trimborn et al. (2019) that growth and carbon fixation of
G. cryophila are greatly reduced by high light under ambi-
ent pCO..

The single effect of high temperature on G. cryophila
Aside from iron availability, increasing temperature has
been reported to strongly affect phytoplankton productivity

Cryptophyte responses to warming, CO, and light

in the Southern Ocean under ambient pCO, (e.g., Rose
et al. 2009; Boyd et al. 2015; Spackeen et al. 2018) and was
found to stimulate growth of various Antarctic diatoms (Fiala
and Oriol 1990), even under low iron concentrations
(Hutchins and Boyd 2016; Zhu et al. 2016). Indeed, the
increased temperature was beneficial for G. cryophila as its
growth and photochemical efficiency were enhanced under
ambient pCO, and medium light (Figs. 4A, SA), similar to
observations in other Antarctic phytoplankton (e.g., Cheah
et al. 2013; Andrew et al. 2019). The higher temperature
decreased the appearance of lipid droplets on G. cyophila cells
(Supporting Information Fig. S2B). Lipid droplets are com-
monly observed for this cryptophyte species (Deane
et al. 2002), and the decrease in the lipid content of
G. cryophila in response to warming may influence its bio-
chemical composition, which in turn could influence the Ant-
arctic marine food web.

Antarctic phytoplankton usually grows under suboptimal
temperatures (~ 0-2°C) and have their calculated optimal
growth temperature (T,p) at 5.2°C (Coello-Camba and
Agusti 2017). In our study, under ambient pCO, and medium
light, the calculated T, for G. cryophila was 3.8°C (Fig. 2).
This temperature is indeed lower than the calculated value for
Antarctic phytoplankton in general (Coello-Camba and
Agusti 2017) and fits well the observations of Wang and Smith
(2021), which reported a T, of 4°C for another G. cryophila
strain. Different to G. cryophila, the Antarctic haptophyte
P. antarctica (Zhu et al. 2017; Andrew et al. 2019) and the dia-
toms Chaetoceros flexuosus and Thalassiosira antarctica showed
enhanced growth in response to increased temperature up to
5°C (Andrew et al. 2019) while the diatom Pseudo-nitzschia
subcurvata exhibited highest growth at 8°C (Zhu et al. 2017).
Moreover, G. cryophila had the lowest maximal thermal limit
(Tmaxiim) at 8°C compared to P. antarctica and P. subcurvata,

Electron transport rate
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Fig. 6. Absolute electron transport rates were measured in Geminigera cryophila grown under ambient pCO, (400 patm, circle) and high pCO,
(1000 patm, triangle) in combination with different temperature (2°C (A), 4°C (B), and 6°C (€)) and light intensities (filled symbols, ML, 100 umol

photons m~2 s~'; open symbols; HL, 500 umol photons m=2 s~

) at the end of the experiments. Please note that for the 6°C treatment, after 11 weeks

of incubation, the unhealthy 6°C-medium light-1000 cells (filled triangle) were transferred back to 4°C to test whether they would be able to recover
from exposure to temperature above T, Values represent the mean and standard deviation (n = 3).
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Camoying and Trimborn

which had their Tyhaxim at 10°C and 14°C, respectively (Buma
et al. 1991; Zhu et al. 2017). Hence, in comparison to other
species, the cryptophyte G. cryophila had a narrow thermal
limit. This indicates that the cryptophyte G. cryophila may be
less competitive to haptophytes and diatoms under future
increased temperatures in the Southern Ocean.

The combined effects of increased temperature, light,
and pCO,

Interestingly, the previously observed negative effects of
high light on growth and POC production at 2°C were allevi-
ated at 4°C, as at T, growth and POC production remained
unchanged between medium light and high light under ambi-
ent pCO; (Fig. 4A,D). This may indicate that at Ty, the gen-
erally faster enzymatic reactions might have enabled the
cryptophyte to keep up with the high excitation pressure from
exposure to high light. Indeed, faster carboxylation rates of
RubisCO were previously observed in Antarctic phytoplankton
under warming (Young et al. 2015b). Increasing temperature
in combination with high pCO, even promoted the growth of
the cryptophyte under high light (Fig. 4A). Under these condi-
tions, to reduce HL stress the cryptophyte rearranged its pho-
tophysiological machinery to capture less light. As a
consequence, it had less pigments and PSII (Figs. 4E,F, 5B),
lowering thereby its light saturation point (Supporting Infor-
mation Table S1). Still, this did not prevent ETR.,x to be
increased (Supporting Information Table S1). Hence, the
excess light energy was potentially drained via additional elec-
tron acceptors such as Mehler, as indicated by the faster zq,
(Fig. 5C). Similar to the temperate cryptophyte Teleaulax
amphioxeia (Gaillard et al. 2020), G. cryophila was mainly
influenced by temperature and irradiance and not by high
pCOs. Based on our results, it becomes evident that the previ-
ously observed negative effects of high light alone on growth
of the cryptophyte were alleviated by warming. This suggests
that under future climatic condition, where both warming as
well as higher light availability are expected, both environ-
mental factors (warming up to 4°C and light intensities up to
500 umol photons m~2s~') together could stimulate growth
of G. cryophila in the future.

Exposure to 6°C impacts the growth of G. cryophila
Temperatures between 6°C and 9°C were reported to be
already lethal to several Antarctic diatoms (i.e., Corethron
criophila, Nitzschia spp., Synedra sp.) (Fiala and Oriol 1990).
Results of our study are in line with this previous finding as
we also observed that growth and POC production of
G. cryophila were severely impacted at 6°C (Fig. 3; Table 3).
Compared to the 2°C- and 4°C-medium light-400 treatments,
POC quotas of the 6°C-medium light-400 (2-week incubation
time; Table 3) were enhanced but this did not lead to
increased POC production due to the lowered growth. In fact,
ETRs were dramatically reduced under this treatment relative
to the 4°C-400-medium light treatment (60 e~ PSII"'s™!
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[2-week incubation time; Table 4] and 130 e~ PSII!s~!
[Supporting Information Table S1], respectively). After 4 weeks
of incubation, the 6°C-medium light-400 already stopped
growing, indicating that G. cryophila was unable to survive at
6°C under ambient pCO,. It was only the 6°C-medium light-
1000 which was able to somehow sustain a very minimal
growth until ca. 10 weeks of incubation (Fig. 3). As for the
photophysiological response, the unhealthy cells of the 6°C-
medium light-1000 treatment (11 weeks incubation) showed
reduced photosynthetic yield, as indicated by the lower F,/Fy,
values (0.30 &= 0.04; Table 4) relative to the ones of the 4°C-
medium light-1000 treatment (0.44 + 0.00) (Fig. 5A). This in
line with the observation that thermal stress can also cause
physical dissociation of the PSII reaction centers and the light-
harvesting complex (Armond et al. 1980). In addition, the
6°C-medium light-1000 (11-week incubation) also had the
highest concentration of PSII reaction centers (Table 4) among
all other experimental treatments (Fig. 5B). As observed in the
cyanobacteria Synechocystis sp. (Ueno et al. 2016), exposure to
temperatures above T, might have led to more efficient PSII
repair in G. cryophila, potentially resulting from supposedly
enhanced production of the D1 protein, which is a key sub-
unit of PSII. Overall, our results suggest that although growth
of the cryptophyte was strongly impacted at 6°C, the high
pCO,-medium light treatment was able to maintain func-
tional reaction centers, enabling it to still fix carbon. But
clearly, these results further show that the cells were unable to
keep this physiological state as after 11 weeks of incubation at
the growth temperature of 6°C, G. cryophila did not survive.

In summary, G. cryophila was drastically impacted by 6°C
warming as growth of this treatment stopped after several
weeks of incubation. This indicates the inability of the
cryptophyte to tolerate supraoptimal temperatures over a lon-
ger period. Interestingly, similar to the observation of
Trimborn et al. (2019), high pCO, somehow had also a benefi-
cial effect on G. cryophila under heat stress exposure as it fully
recovered once it was transferred back to 4°C. This may be an
important finding given that heat waves are becoming more
frequent in the Southern Ocean (Gonzdlez-Herrero
et al. 2022).

Implications

Consistent with the results of previous studies (Trimborn
et al. 2019; Camoying et al. 2022), the Antarctic cryptophyte
G. cryophila was not affected by high pCO,. In line with the
observations of Trimborn et al. (2019) at ambient temperature
(2°C), exposure to high light irrespective of the applied pCO,
impacted growth and POC production of G. cryophila. As in
most Antarctic phytoplankton studied so far (e.g., Rose
et al. 2009; Zhu et al. 2017; Andrew et al. 2019), a projected
2°C increase in the Southern Ocean temperature would be
beneficial for the growth of G. cryophila. In fact, increasing
temperature up to 4°C even alleviated the negative effects of
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high light on the physiology of the cryptophyte. It is interest-
ing to note that under high pCO,, the cryptophyte was able
to fully recover from heat stress (6°C) after transferring it back
to 4°C (Topy). This may indicate that G. cryophila may have a
competitive advantage when exposed to more frequent heat
waves (e.g., Gonzalez-Herrero et al. 2022). However, on a lon-
ger term, in a future warming scenario when grown under
temperatures higher than 4°C, G. cryophila would, however, be
outcompeted by other Antarctic phytoplankton groups such
as diatoms due to its narrower thermal limit. Hence, similar to
the study of Zhu et al. (2017) on Antarctic diatoms and
prymnesiophytes, our results indicate that while pCO, may
not be a major controlling factor for the distribution of
cryptophytes in the Southern Ocean, primarily warming and
increasing irradiance will control the growth of G. cryophila in
the future.

Data availability statement

The data that support the findings of this study will be
available at PANGAEA after publication (https://www.
pangaea.de).
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