O

AS

LIMNOLOGY y

and Y o\

O C E AN O G RAPHY Limnol. Oceanogr. 61, 2016, 2045-2057

© 2016 The Authors Limnology and Oceanography published by Wiley Periodicals, Inc.
on behalf of Association for the Sciences of Limnology and Oceanography
doi: 10.1002/In0.10352

H™-driven increase in CO, uptake and decrease in HCO; uptake
explain coccolithophores’ acclimation responses to ocean acidification

Dorothee M. Kottmeier,* Sebastian D. Rokitta, Bjorn Rost
Department of Marine Biogeosciences, Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research,
Bremerhaven, Germany

Abstract

Recent ocean acidification (OA) studies revealed that seawater [H'] rather than [CO,] or [HCOj3] regulate
short-term responses in carbon fluxes of Emiliania huxleyi. Here, we investigated whether acclimation to altered
carbonate chemistry modulates this regulation pattern and how the carbon supply for calcification is affected
by carbonate chemistry. We acclimated E. huxleyi to present-day (ambient [CO;], [HCOj3], and pH) and OA
conditions (high [CO,], ambient [HCOj3], low pH). To differentiate between the CO, and pH/H™ effects, we
also acclimated cells to carbonation (high [CO;] and [HCO5], ambient pH) and acidification (ambient [CO,],
low [HCO;], and pH). Under these conditions, growth, production of particulate inorganic and organic car-
bon, as well as carbon and oxygen fluxes were measured. Under carbonation, photosynthesis and calcification
were stimulated due to additional HCO; uptake, whereas growth was unaffected. Such stimulatory effects are
not apparent after short-term carbonation, indicating that cells adjusted their carbon acquisition during accli-
mation. Being driven by [HCOj ], these regulations can, however, not explain typical OA effects. Under acidi-
fication and OA, photosynthesis stayed constant, whereas calcification and growth decreased. Similar to the
short-term responses toward high [H"], CO, uptake significantly increased, but HCO; uptake decreased. This
antagonistic regulation in CO, and HCO; uptake can explain why photosynthesis, being able to use CO,
and HCOj, often benefits from OA, whereas calcification, being mostly dependent on HCO;, often
decreases. We identified H" as prime driver of coccolithophores’ acclimation responses toward OA. Acidified
conditions seem to put metabolic burdens on the cells that result in decreased growth.

Emiliania huxleyi is the Earth’s most dominant pelagic cal-
cifier and known to be well adapted to shallow mixed-layer
depths with high irradiances (Nanninga and Tyrrell 1996;
Raitsos et al. 2006). Under these conditions, the species is
able to form large monospecific blooms with cell concentra-
tions of up to 10 X 107 cells L™ ! (Holligan et al. 1993; Tyrrell
and Merico 2004). In the process of calcification, CO3~ pre-
cipitates intracellularly with Ca** to form CaCOj3, leading to
reduced seawater CO3~ levels and alkalinity. This production
of particulate inorganic carbon (PIC) furthermore increases
the partial pressure of carbon dioxide (pCO,) of seawater and
thereby counteracts the effect of photosynthetic production
of particulate organic carbon (POC). The relative strength of
calcification vs. photosynthesis therefore influences the bio-
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geochemical CO, fluxes on regional and global scales
(Broecker and Peng 1987; Rost and Riebesell 2004).

In the last decades, E. huxleyi has become an important
model organism, especially because of its high sensitivity
toward ocean acidification (OA; Raven and Crawfurd 2012;
Read et al. 2013; Meyer and Riebesell 2015). This term
describes the strong increase in CO, and the slight increase
in HCOj3 levels (their sum is referred to as carbonation) as
well as the decrease in CO3~ levels and pH (the latter corre-
sponds to an increase in [H*] and is referred to as acidifica-
tion), which result from the oceanic uptake of
anthropogenic CO, (Wolf-Gladrow et al. 1999; Caldeira and
Wickett 2003). A large number of laboratory and field studies
on E. huxleyi and other coccolithophores found that OA
leads to wunaffected or stimulated photosynthesis, with
impaired or unaffected calcification and growth, typically
leading to decreased PIC: POC ratios (Raven and Crawfurd
2012; Kroeker et al. 2013; Meyer and Riebesell 2015). These
responses can yet vary in magnitude, depending on genetic
predisposition and other environmental boundary condi-
tions such as light, temperature, or nutrient status (Zondervan
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Fig. 1. Decoupled carbonate chemistry during acclimation of Emiliania
huxleyi and during cellular flux measurements. Applied conditions were
present-day (P; light grey), carbonation (C; dark grey, dashed), acidifica-
tion (A; white) and ocean acidification (OA; light grey, dashed). Numbers
inside the fields denote concentrations of HCO; . Concentrations of CO,
and HCOj are given in yumol kg~".

2007; Langer et al. 2009; Lefebvre et al. 2012; Rokitta and
Rost 2012; Sett et al. 2014; Xu and Gao 2015).

In first attempts to identify the chemical drivers of typical
OA responses, E. huxleyi was acclimated to decoupled car-
bonate chemistry, under which carbonation and acidifica-
tion effects could be distinguished (Bach et al. 2011, 2013).
These acclimation studies revealed that POC and PIC produc-
tion are both stimulated by carbonation, but are reduced
when cells are acclimated to acidification. The antagonistic
regulation of PIC production by carbonation and acidification
was also indicated by a study of Fukuda et al. (2014), who
showed that calcification is reduced under high [H], but that
this reduction can be overcome by additional HCO; availabil-
ity. A recent study investigated the mechanisms underlying
short-term carbonation and acidification responses of present-
day acclimated E. huxleyi by means of membrane-inlet mass
spectrometry (Kottmeier et al. 2016). In this study, photosyn-
thetic fluxes of E. huxleyi were shown to be relatively insensi-
tive toward abrupt increases in CO, and HCO; levels, i.e.,
when being exposed to carbonation for time scales of seconds
to minutes. The fluxes were, however, very sensitive toward
abrupt increases in H* levels, i.e., to acidification. Under the
latter conditions, photosynthetic HCO; uptake was strongly
inhibited. Low-light acclimated cells were able to overcom-
pensate this inhibition in HCO; uptake with additional CO,
uptake. High-light acclimated cells were unable to increase
CO, uptake and photosynthesis therefore experienced a short-
age in the supply inorganic carbon (C;). These regulations
could be different after an acclimation phase, during which

Fluxes under carbonation and acidification

cells adjust their metabolism to the altered conditions, e.g.,
by changing gene expression. Also, we are currently lacking
information about C; fluxes into calcification and their
dependence on carbonation and acidification.

In order to understand the differences between short-term
and acclimation responses toward carbonation and acidification,
we here acclimated E. huxleyi to present-day (ambient [CO,],
[HCO;], and pH) and OA conditions (high [CO,], ambient
[HCO3], low pH). To differentiate between the CO, and pH/H*
effects, we also acclimated cells to carbonation (high [CO,] and
[HCO;], ambient pH) and acidification (ambient [CO,], low
[HCO;3], and pH; Fig. 1; Table 1). We assessed integrated
responses in growth, elemental composition and POC and PIC
production rates, and measured in vivo fluxes of O,, CO,, and
HCOj associated with photosynthesis and calcification under
acclimation conditions. By comparing these responses with
short-term responses (Kottmeier et al. 2016), we aimed to iden-
tify processes that were manifested or adjusted over the course
of the acclimation.

Methods

Acclimations

Emiliania huxleyi strain RCC1216 was acclimated to four
different carbonate chemistry conditions (“present-day”,
“carbonation”, “acidification” and “OA”; Fig. 1; Table 1) under
saturating irradiance (400 =30 umol photons m % s~ ') for
7-14 d, i.e., 10-20 generations. Cells were grown as semicon-
tinuous, dilute batch cultures in a 16 : 8 h light: dark cycle at
15+ 1°C in sterile-filtered North Sea seawater (0.2 um, Sarto-
bran 300, Sartorius, Gottingen, Germany) with initial cell con-
centrations of 1000-3000 cells mL~' and final concentrations
of 40,000-60,000 cells mL . Phosphate and nitrate were
added to yield concentrations of ~7 and ~100 umol kg *,
respectively. Vitamins and trace metals were adjusted accord-
ing to F/2 (Guillard and Ryther 1962). Cells were cultured on
roller tables in sterilized, gas-tight 2 L borosilicate bottles
(Duran Group, Mainz, Germany). Cultures were irradiated by
daylight lamps (FQ 54W/965HO, Osram, Munich, Germany).

Irradiance was adjusted inside seawater-filled culturing bot-
tles and measured with a Universal Light Meter (ULM 500,
Walz, Effeltrich, Germany) using a 4zn-sensor (US-SQS/L). Car-
bonate chemistry was adjusted by aerating the media with
humidified, 0.2 um-filtered air (Midisart 2000, Sartorius) con-
taining a pCO, of 380 patm in the present-day and acidification
treatments, and a pCO, of 1000 patm in the carbonation and OA
treatments (Table 1). In the acidification and carbonation treat-
ments, total alkalinity (TA) was adjusted by acid- or base addi-
tion (Table 1). Gas mixtures were produced with a gas flow
controller (CGM 2000, MCZ Umwelttechnik, Bad Nauheim,
Germany), mixing defined portions of pure CO, (Air Liquide,
Duesseldorf, Germany) and CO,-free air (Air purification sys-
tem, Parker Zander, Kaarst, Germany). Carbonate chemistry of
the media was controlled at the beginning as well as at the end
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Table 1. Carbonate chemistry in the present-day (P), carbonation (C), acidification (A) and the ocean acidification (OA) treatments in
cell-free media (Control), at the time of harvesting (Acc), and during cellular flux measurements with membrane-inlet mass spectrom-
etry (MIMS). For acclimation conditions, attained pCO, (uatm), [H*] (nmol kg~ "), DIC (umol kg~ "), [CO,] (umol kg~ "), [HCO;]
(umol kg™"), [CO37] (umol kg™"), and Qcaiire Were calculated based on measured pHygs and TA (umol kg™') using CO2sys (Pierrot
et al. 2006). Results are reported for 15°C (n>3; = SD). Input parameters for CO2sys calculations were salinity (31), pressure (0.1
dbar), as well as phosphate (7 umol kg~') and silicate (7 umol kg™ '). Equilibrium constants by Mehrbach et al. (1973), refit by Dick-
son and Millero (1987) and dissociation constants for sulfuric acid by Dickson (1990) were applied. For MIMS conditions, carbonate
chemistry was measured mass-spectrometrically (Badger et al. 1994; Schulz et al. 2007). The pCO, was calculated based on pH and

[CO,] after Zeebe and Wolf-Gladrow (2001).

Treatment pCO, pHngs [H*] TA DIC [CO,] [HCO;] [cO3] Qarcite

P Control 403 +4 8.13+0.00 9.9+0.1 2341 +4 2129 + 4 150 1961 5 1531 3.7+0.0
Acc 38417 8.14 = 0.01 9.9+0.1 2280+19 2068 = 23 15+1 1903 £ 25 1513 3.7+0.1
MIMS 486 + 17 8.15+0.01 9.3+0.2 - 2323 +180 21+3 2252 + 264 1605 -

C Control 868 =109 8.16 =0.02 9.5+0.1 5317 =560 4899 + 529 33+4 4493 + 489 373 +38 9.1+0.9
Acc 805 + 84 8.18 =0.00 89+0.3 5223 +527 4791 = 491 31+3 4379 + 450 382 + 39 9.3+0.9
MIMS 883+13 8.18 =0.02 85+0.4 - 4648 + 69 360 4263 + 64 333+5 -

A Control 418+ 12 7.83 +£0.00 20.1+0.2 1122 +19 1056 =19 160 1002 +19 38+0 09=+15
Acc 410 =51 7.83+0.04 19.0x1.1 1119 = 31 1052 37 16 +2 997 =37 39+2 1.0+0.1
MIMS 405+12 7.88 +£0.02 17.3+0.8 - 1037 = 31 17+1 980 = 30 38+1

OA Control 998 =15 7.78 £0.01 22.5+0.2 2312+2 2238 +2 38+1 2127 =2 73+1 1.8+0.0
Acc 964 +8 7.79 =0.00 22.1+0.2 2287 =4 22114 37+0 2100+ 4 731 1.8+0.0
MIMS 942 + 28 7.87 £0.02 17.8 0.7 - 2357 +70 38+1 2230+ 67 85+3

of the acclimation period, and was calculated based on pHygs
and TA measurements using CO2sys (Table 1; Pierrot et al.
2006). Shifts in carbonate chemistry over the course of the
experiment were small, i.e., drifts in pH were <0.02 units and
TA as well as DIC drifted by < 3%.

Measurements of pH were performed with a Metrohm pH
meter (826 pH mobile, Metrohm, Filderstadt, Germany) using
an Aquatrode Plus electrode with integrated temperature sensor
(measurement reproducibility + 0.01 pH units). TA was deter-
mined with potentiometric titration (TitroLine alpha plus, mea-
surement reproducibility =7 umol kg~ !, Schott Instruments,
Mainz, Germany) of sterile-filtered samples (0.2 ym, cellulose
acetate syringe filters, Thermo Fisher Scientific, Waltham, Mas-
sachusetts, U.S.A.) and was corrected with certified reference
materials (CRM; provided by A. Dickson; Scripps Institution of
Oceanography, U.S.A.). Dissolved inorganic carbon (DIC) was
controlled with colorimetric measurements of sterile-filtered
samples with a QuAAtro autoanalyser (measurement
reproducibility + 5 yumol kg~ !, Seal Analytical, Norderstedt, Ger-
many) following the method of (Stoll et al. 2001).

Growth and production rates

Cellular quotas of POC, PIC, and particulate organic nitrogen
(PON; pg cell ') were measured with an Automated Nitrogen
Carbon Analyser mass spectrometer (ANCA-SL 20-20, Sercon
Ltd., Crewe, UK). Known volumes of cell suspension were
vacuum-filtered (—200 mbar relative to atmosphere) onto pre-
combusted (12 h, 500°C) GF/F filters (1.2 um; Whatman, Maid-
stone, UK) 6-8 h after the beginning of the light phase. POC
filters were wetted with HCI (200 uL, 0.2 M) to remove calcite

and subsequently dried overnight at 65°C prior to measure-
ments. Cellular quotas of PIC were assessed as the difference in
carbon quotas between acidified and non-acidified filters. Quo-
tas of chlorophyll a (Chl a; pg cell ') were assessed by filtering
defined volumes of cell suspension onto cellulose nitrate filters
(0.45 pm, Sartorius, Gottingen, Germany), which were subse-
quently frozen in liquid nitrogen and stored at —80°C until
analysis. Chl a was extracted in 90% acetone (v/v, Sigma,
Munich, Germany) and determined fluorometrically (TD-700
fluorometer, Turner Designs, Sunnyvale, California, U.S.A.)
according to Knap et al. (1996). The fluorometer was calibrated
with an Anacystis nidulans Chl a standard (Sigma). Cell growth
was determined by daily cell counting 6-8 h after the beginning
of the light phase with a Coulter Counter (Beckman-Coulter,
Fullerton, California, U.S.A.), and the growth constant u (d™h
was determined as:

Inc,—1Incy
= — 1
I p— (1)

with ¢, and ¢; being the cell concentrations (cells mL 1) at

the two sampling time points f; and f, (d). Production rates
of POC and PIC (pg cell ' d™') were approximated as

POC production=POC quota - u 2)
PIC production=PIC quota - u 3)

Cellular oxygen and carbon fluxes
Photosynthetic real time fluxes of oxygen (O,) and C; were
measured by means of membrane-inlet mass spectrometry
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(MIMS; Isoprime, GV Instruments, Manchester, UK) at con-
ditions resembling the in situ carbonate chemistry (Table 1)
and irradiance. Fluxes were estimated following the disequili-
brium method by Badger et al. (1994). In this technique, cal-
culations of photosynthetic CO, and HCO; fluxes across the
plasmalemma are based on the chemical disequilibrium
between the two C; species during their light-dependent
uptake. To account for calcification, we followed the modifi-
cations introduced by Schulz et al. (2007) and Kottmeier
et al. (2016) and applied measured PIC: POC ratios of the
cells that were acclimated to the respective carbonate chem-
istry conditions. Prior to measurements, acclimated E. huxleyi
cells were concentrated by gentle vacuum filtration (—200
mbar relative to atmosphere) over a polycarbonate filter (Iso-
pore TSTP, 3 um, Merck, Darmstadt, Germany). Culture
medium was exchanged with 50 mM N,N-bis(2-hydroxye-
thyl)glycine (BICINE)-buffered DIC-free seawater medium of
the appropriate pH, and 8 mL of the concentrated and buf-
fered cell suspension (5-10 X 10° cells mL~') were trans-
ferred into the MIMS cuvette. Carbonate chemistry was
adjusted by adding the corresponding concentrations of
NaHCOg3 (Table 1). During a first dark phase prior to the
actual measurement intervals, membrane-impermeable dex-
tran-bound sulphonamide (25 pM, DBS; Synthelec, Lund,
Sweden) was added to inhibit any potential activity of exter-
nal carbonic anhydrase (CA; please note that this strain
expresses hardly any external CA; S. D. Rokitta, unpubl.
data). Chl a samples of the concentrated cell suspensions
were taken to quantify the assayed biomass.

Fluxes of O, and C; were measured in consecutive, 6-min
light and dark phases in a temperature-controlled cuvette.
Steady-state photosynthetic net O, evolution (Phot; umol
kg ' min~') was measured in the light, whereas respiratory
O, uptake (Resp; umol kg ' min~!) was measured in the sub-
sequent dark phase. Photosynthetic and respiratory O, fluxes
were converted to C; fluxes by applying a photosynthetic
quotient (PQ) of 1.1 and a respiratory quotient of 1.0, respec-
tively (Burkhardt et al. 2001; Kottmeier et al. 2016). C; fluxes
into calcification (Calypys; pmol kg™' min~!) were derived
by multiplying photosynthetic net C; fixation with light-
phase normalized PIC: POC ratios (PIC: POCjg,) in order to
account for continuous respiration of POC during the 8-h
dark phase (Schulz et al. 2007):

) _ PIC quota 16 Phot—8 Resp
PIC: POCiignt = 566 quota 16 Phot @
Phot
CalMIMSZ ﬁ X PIC : POCIight (5)

Cellular CO, uptake (COzupny; pmol kg~ ' min~') was
deduced from steady-state CO, drawdown in the light, and
corrected for the simultaneous inter-conversion between
CO, and HCO; according to Badger et al. (1994). Because
calcification is predominantly supplied by external HCO;

Fluxes under carbonation and acidification

(Sikes et al. 1980; Rost et al. 2002), we assumed that the CO,
uptake for calcification (COupcacos; nmol kg™! min~') was
20% of overall Calyps (Kottmeier et al. 2016). Accordingly,
HCOj; uptake for calcification (HCO;3upcscos nmol kg_1
min~!) was assumed to be 0.8 X Calyys. In order to test
how strongly the assumption of 20% CO, usage for calcifica-
tion affects the estimated photosynthetic CO, and HCO;3;
fluxes, we performed a sensitivity study, which revealed that
errors in this assumption would cause small offsets, but do
not change the overall observed regulation patterns (data
not shown). Photosynthetic CO, uptake (COzupps; pmol kg*1
min ') was calculated by subtracting COzupcaco3 from over-
all cellular CO, uptake. The fraction of overall photosyn-
thetic C; uptake that is covered by CO, (fCO,) was obtained
according to Kottmeier et al. (2016). Photosynthetic HCO3
uptake (HCO; upps; pmol kg~ ' min~') was calculated as the
difference between overall photosynthetic C; uptake and
photosynthetic CO, uptake. Total HCO; uptake (HCO; upo;
umol kg~ ! min~') was calculated as the sum of HCO;
uptake for calcification and HCO; uptake for photosynthe-
sis. All rates were normalized to Chl a. For further details on
the calculations of the photosynthetic fluxes, we refer to
Kottmeier et al. (2016).

Statistics

All experiments were carried out in biological triplicates.
Differences between the present-day, carbonation, acidification,
and OA treatments were tested pairwise for significance by
applying two-sided t-tests. Effects were considered statisti-
cally significant when p-values were <0.05. In the Figures
and Table 2, significant differences were indicated by differ-
ent lower-case characters (e.g., a and b). Values denoted by
two letters (e.g., ab) represent data that are not significantly
different from a and b.

Results

Integrated responses

Cellular growth was unaltered after acclimation to carbo-
nation, but decreased from ~1.1 at present-day to ~1.0 d*
after acclimation to acidification or OA (Fig. 2A; Table 2). Cel-
lular POC production was increased under -carbonation
(~15%), but constant under acidification and slightly
decreased (~10%) under OA (Fig. 2B; Table 2). Also PIC pro-
duction was strongly stimulated under carbonation (~45%),
but decreased under acidification and OA (~15%; Fig. 2C;
Table 2). The ratio of PIC: POC increased by ~20% under
carbonation, but decreased slightly under acidification and OA
(Fig. 2D; ~10%). Cellular Chl a quotas and Chl a: POC
ratios, as well as the ratio of POC: PON were not affected by
carbonate chemistry (Table 2). Scanning electron microscopy
did not reveal malformations of coccoliths under any of the
acclimation conditions (data not shown).
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Fig. 2. Integrated responses to present-day (P; light grey), carbonation (G, dark grey, dashed), acidification (A; white) and ocean acidification (OA; light
grey, dashed): (A) Cellular growth constants (), (B) production rates of particulate organic carbon (POC) (C) production rates of particulate inorganic
carbon (PIC) and (D) PIC: POC ratios. Error bars indicate SD (n= 3). The different lower-case characters indicate significant differences between the
data obtained at different carbonate chemistry conditions, e.g., data labeled “a” are statistically different from bars labeled “b” or “c.”

Cellular fluxes

We measured cellular O, and C; fluxes of the acclimated
cells under in situ carbonate chemistry and light conditions
in order to identify the alterations in fluxes that caused the
alterations in the integrated responses. Similar to the POC
production, also Chl a-normalized O, evolution (Phot) indi-
cated that photosynthesis was increased under carbonation
(~30%), but unaffected by acidification or OA (Fig. 3A; Table
2). Photosynthetic CO, uptake (CO,upps) was low under pres-
ent-day, became negative under carbonation (i.e., cells exhib-
ited a CO; net efflux), but increased under acidification and
OA (~600%; Fig. 3B; Table 2). Photosynthetic HCO; uptake
(HCO; upps) was generally high and was further stimulated
by carbonation (~45%), but decreased under acidification and
OA (~50%; Fig. 3C; Table 2). As a consequence of these
antagonistic regulations in CO, and HCOj; uptake, the ratio
of photosynthetic CO, uptake to the overall photosynthetic
C; uptake (fCO,) decreased from ~0.1 to ~—0.1 under carbo-
nation, but increased to ~0.4 under acidification and OA (Fig.
3D; Table 2). Respiration (Resp) and the ratio of net photo-
synthesis to respiration (Phot: Resp) were relatively constant
in all applied carbonate chemistry treatments (Table 2).

Calcification as estimated from light-normalized PIC: POC
ratios and MIMS measurements (Calymys) strongly increased
under carbonation (~60%), but apparently stayed constant
under acidification and OA (Fig. 3E; Table 2). Yet, CalMIMS
seemed to be slightly decreased in both low-pH treatments

(Fig. 3E; Table 2). Also CO, and HCO; uptake for calcification
(COzupcacos; HCO3upcacos) increased under carbonation
(~60%), but remained relatively constant under acidification and
OA (Fig. 3F; Table 2). Total cellular CO, uptake (CO.upyy), i.e.,
the sum of CO, uptake for photosynthesis and for calcifica-
tion, was unaffected by carbonation, whereas it strongly
increased under acidification and OA (~150%; Table 2). Total
cellular HCO; uptake (HCO; up,,) was increased under carbo-
nation (~50%), whereas it decreased under acidification and
OA (~25%; Fig. 3G; Table 2). The ratio of HCO; uptake for
calcification to HCO; uptake for photosynthesis (HCO3 cacos:
HCO; ps) was not affected by carbonation, but strongly
increased under acidification and OA (~50%, Fig. 3H; Table 2).

Discussion

In this study, we measured the differential effects of accli-
mation to carbonation and acidification on growth, elemen-
tal composition and production rates in high-light grown
E. huxleyi. In order to explain the observed integrated cellu-
lar responses, we measured the in vivo O, CO,, and HCO3
fluxes of the acclimated cells under in situ conditions by
means of MIMS.

Acclimation to carbonation boosts POC and PIC
production by stimulating the uptake of HCO3

Rates of POC production were strongly increased in the car-
bonation treatment, but were relatively unaffected under
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Table 2. Integrated responses and underlying cellular fluxes of Emiliania huxleyi in the present-day (P), carbonation (C), acidification
(A), and ocean acidification (OA) treatments: Different lower-case characters in superscript indicate statistically significant differences
between the fluxes obtained at the different the carbonate chemistry conditions.

Parameter (unit) P C A OA
w(d™ 1.16 £ 0.012 1.15+0.04% 1.02 +0.03° 1.01 +0.02°
POC quota (pg cell™ ") 8.9+0.67 10.2+0.3° 9.7+0.7% 8.9+0.27
POC production (pg cell™" d™) 10.1+0.7 11.4+0.4° 9.7 +0.7° 8.8+0.2°
PIC quota (pg cell™") 10.0 +0.3? 14.0+1.0° 9.5+0.5 9.5+0.3°
PIC production (pg cell ' d™") 11.3+0.3° 15.7+1.1° 9.5+0.5° 9.2+0.3¢
PIC: POC (molar ratio) 1.12+0.08° 1.37+ 0.08° 0.98 +0.03¢ 1.05*0.03°
PIC: POCiignt (molar ratio) 0.87 +0.02? 1.15+0.03° 0.82 +0.06° 0.88 +0.02?
Chl a quota (pg cell™ ") 0.13+0.012 0.13+0.012 0.12+0.012 0.12+0.012
Chl a: POC (pg pg™") 0.014 +0.001° 0.013 +0.001° 0.013 = 0.004° 0.014 +0.002°
PON quota (pg cell”' d™") 1.5+0.1° 1.7+0.2° 1.8+0.1° 1.6 +0.1°
POC: PON (molar ratio) 6.9 +0.2° 6.8+ 0.4 6.9 +0.3 6.6 + 0.2
Phot (umol (mg Chl @)™' h™") 284 + 41° 371 +11° 268 + 41° 295 + 38°
s (d™1) 1.06 +0.15° 1.22+0.04 0.88 +0.13? 1.07+0.12°
COupps (umol (mg Chl a)™' h™") 15+11° -30x17° 93 +21¢ 105 + 20°
HCO3 upps (umol (mg Chl a)™' h™") 244 + 34° 368 +27° 151 +23¢ 163 =53¢
fCO, 0.06 +0.03? —0.09 + 0.05° 0.38 = 0.05° 0.40 +0.13¢
Calyins 237 + 342 390 +18° 202 + 422 222+32°
COzUpcacos (umol (mg Chl a)™' h™") 47 = 7° 78 + 4P 40+ 8° 50+ 2°
HCO;3 upcacos (umol (mg Chl a)~' h™") 189 + 282 312+ 15° 161 =342 178 =252
CO4Upto; (umol (mg Chl a) ' h™") 57 +15° 48 + 14 134 =292 156 + 20°
HCO3 upior (umol (mg Chl a)™' h™") 448 + 32° 679 = 41° 312 +54° 352 +80°
HCO3 Upcacos: HCO3 uptps 0.77 +0.03? 0.85+0.03? 1.07 £0.15° 1.22+0.28°
Resp (umol (mg Chl a)™' h™") 100 + 272 107 +122 77 +16° 85 + 42
Phot: Resp 3.0+0.8° 3.5+0.4 3.6+1.1° 3.5+0.4

acidified conditions, i.e., in the acidification and OA treatments
(Fig. 2B). The increase in biomass buildup under carbonation
was also reflected in elevated rates of photosynthetic net O,
evolution (Fig. 3A). Besides POC production, also PIC produc-
tion and the MIMS-based estimates of calcification were signifi-
cantly elevated under carbonation (Figs. 2C, 3E, 4B). The
carbonation-driven increase in PIC production was larger than
the increase in POC production, i.e., PIC: POC ratios increased
(Fig. 2D; Table 2). This suggests that, when photosynthesis is
substrate-saturated, the residual C; is directed towards calcifica-
tion. A redirection of C; from photosynthesis to calcification
was also observed under nutrient limitation, when cells cannot
sustain photosynthetic biomass production and excess C; is
therefore available (Paasche and Brubak 1994; Van Bleijswijk
et al. 1994; Paasche 1998). On the other hand, PIC: POC ratios
were shown to decrease when DIC levels become too low to
sustain both processes (Buitenhuis et al. 1999; Zondervan et al.
2002; Bach et al. 2013). Under these conditions, maintaining
photosynthesis seems to be more important than sustaining
calcification. Apparently, increased calcification acts as a
“sink” for excess C;, while decreased calcification acts as a C;
“source” for photosynthesis when intracellular C; becomes
sparse.

By measuring cellular CO, and HCO; fluxes, the effects
of carbonation on photosynthesis and calcification (Figs.
2B,C, 3A,E) could be attributed to a stimulated HCO; uptake
supplying these processes (Figs. 3C,F, 4B). Cellular and pho-
tosynthetic CO, uptake were meanwhile unaffected by carbo-
nation. Stimulating carbonation effects are in line with the
studies of Bach et al. (2011, 2013) and Buitenhuis et al.
(1999), who found that POC and PIC production are, at con-
stant pH, correlated with external [HCO;]. The flux regula-
tions after acclimation to carbonation, however, differed from
those of present-day acclimated cells exposed to carbonation
over short time scales, where neither CO, uptake nor HCO;
uptake were stimulated (Kottmeier et al. 2016). These differ-
ences indicate that cells, when being exposed to carbonation
over several generations, adjust their metabolism to allow
for higher HCO; uptake, especially when light-energization
is sufficient (Price et al. 2008). Higher HCO; uptake rates
could be achieved by increasing the number of HCO; trans-
porters and/or by shifting from high-affine forms with low
transport capacities to low-affinity forms with high transport
capacities (Eberlein et al. 2014). Genes involved in C; uptake
were indeed shown to be differentially expressed under
changing DIC levels (Bach et al. 2013). Such carbonation
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Fig. 3. Cellular O, and C; fluxes of Emiliania huxleyi in the present-day (P; light grey), carbonation (C; dark grey, dashed), acidification (A; white), and
ocean acidification (OA, light grey, dashed) treatments: (A) photosynthetic net O, evolution (Phot), (B) photosynthetic CO, uptake (CO,upps), (C) pho-
tosynthetic HCO; uptake (HCOj3 upps), (D) ratio of photosynthetic CO, uptake to overall photosynthetic C; uptake (fCO5), (E) calcification rates (Caly,.
ms), (F) HCO3 uptake for calcification (HCOj3 upcacos), (G) Total HCO3 uptake (HCO3 upyo), (H) Ratio of HCO3 uptake for calcification to HCO3
uptake for photosynthesis (HCO3 cqco3: HCO3 ps). All rates were normalized to Chl a. Error bars indicate SD (n= 3). Different lower-case characters
indicate significant differences between the fluxes obtained at different carbonate chemistry conditions.

effects may have been of importance in the Cretaceous
when coccolithophores thrived, because at these times TA,
DIC, and pH were considerably higher than today (Stanley
et al. 2005; Honisch et al. 2012). However, under the OA sce-
narios expected for the future, carbonation mainly involves
increases in [CO,] with relatively small increases in [HCO;].
Consequently, typical OA responses observed in coccolitho-
phores (i.e., increased or unaffected POC production,
decreased or unaffected PIC production and decreased PIC :

POC ratios) cannot be explained by this HCOj; -driven stimu-
lation of POC and PIC production observed here, but must
rather derive from acidification.

Acclimation to acidified conditions causes opposing
regulations of photosynthetic HCO; uptake and CO,
uptake

Photosynthesis in E. huxleyi was relatively unaffected in
both high [H'] treatments: Rates of POC production stayed
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A  Present-day Ocean B Carbonation

H* H*

Fig. 4. Schematic illustration of C; fluxes in Emiliania huxleyi acclimated to different carbonate chemistry settings under high irradiances: (A) Under
present-day conditions, HCO; is the main external substrate for photosynthesis and calcification. Fluxes of HCO; into photosynthesis are slightly
higher than HCO3 fluxes into calcification, leading to a small consumption of H* by photosynthesis. (B) Under carbonation, photosynthesis and calcifi-
cation are both stimulated by increased HCO; uptake. The increase in calcification is stronger than in photosynthesis, indicating that excess C; is
directed into calcification. The uptake of CO; is slightly downscaled, indicating that photosynthesis is largely independent of external [CO]. (C) Under
acidification, cells maintain constant rates of photosynthesis, whereas calcification is slightly reduced. The photosynthetic C; requirements are covered
by increased proportions of CO, uptake, compensating for the reduced uptake of HCO; . The decrease in calcification is likely caused by an inhibited
cellular HCO3 transport. The ratio of HCO3 uptake for calcification vs. HCO3 uptake for photosynthesis increases, implying excess production of H™.
(D) Under OA, fluxes are basically equal to the fluxes in the acidification treatment, indicating that under typical OA scenarios where overall DIC levels
are relatively unaffected, acidification effects are more pronounced than carbonation effects. Please note: Sizes of arrows are proportional with the
measured fluxes under in situ conditions. Dashed arrows represent fluxes that were estimated based on measured PIC : POC ratios at the given
conditions.

unaltered after acclimation to acidification and only slightly
decreased after acclimation to OA (Fig. 2B). Also, rates of net
O, evolution were unaltered in these low-pH treatments
(Fig. 3A). The rather small acidification-sensitivity of high-
light grown cells is in line with a previous acclimation study,
which found OA responses to become less pronounced with
increasing light intensities (Rokitta and Rost 2012). The
acclimation responses observed here, however, were different
from short-term responses: When high-light grown E. huxleyi

was exposed to high [H'] over time scales of minutes, net
O, evolution significantly decreased (Kottmeier et al. 2016).
This decrease was shown to be caused by an impairment of
HCO; uptake at concomitantly unaltered CO, uptake, lead-
ing to an overall decrease in cellular C; uptake and thus
insufficient CO, supply at RubisCO. In the current acclima-
tion study, such detrimental H" effects on overall C; uptake
are not apparent. Instead, E. huxleyi was able to reestablish
sufficiently high C; uptake by mitigating the inhibitory H™
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effect on HCO; uptake and slightly increasing CO, uptake
for photosynthesis (Fig. 3B,C; cf. Fig. 3B,D in Kottmeier
et al. 2016). However, the modified CO,-concentrating
mechanism (CCM), or other cellular adjustments under low
pH, seem to impose a metabolic burden that result in low-
ered growth (Fig. 2A).

Despite the apparent insensitivity of photosynthesis to
acidified conditions, the associated CO, and HCO; supply
was strongly affected when cells were acclimated to acidifica-
tion and OA: Photosynthetic and also total cellular CO,
uptake were significantly stimulated in both low-pH treat-
ments, whereas photosynthetic and total cellular HCO;
uptake were significantly decreased (Figs. 3B,C,G, 4C,D). The
shift in the photosynthetic C; source is in line with the
increased CO, usage observed under short-term exposure to
high [H*] (Kottmeier et al. 2014, 2016) and shows that typi-
cal OA responses are driven by acidification rather than by
carbonation, also after acclimation. The stimulatory OA
effects on photosynthesis have often been attributed to the
increased seawater CO, levels that were thought to enhance
diffusive supply for RubisCO. Our results show that this
stimulation in CO, uptake is actually driven by increased
seawater H' levels. The H'-dependent transition from
HCOj; uptake to CO, uptake may decrease the cells’ ener-
getic costs, because HCO; uptake is energy-driven in E. hux-
leyi (Kottmeier et al. 2016), while CO, is thought to enter
phytoplankton cells primarily by diffusion (Giordano et al.
2005; Holtz et al. 2015a; Raven and Beardall 2016). Respira-
tion, being an indicator for cellular energy demand, was
indeed slightly, but insignificantly downscaled under acidi-
fied conditions (Table 2). However, overall growth was con-
comitantly also reduced and no obvious reinvestments into
other processes, e.g., into POC or PIC production, were
observed (Figs. 2A,B,C). Thus, there were no indications for a
more efficient energy budgeting, at least at the high light
levels applied here.

H*-driven shift in C; source can explain the often
observed decrease in PIC : POC ratios under OA

Because calcification depends on the same HCO; uptake
mechanism as photosynthesis (Paasche 1964; Holtz et al.
2015b), it is plausible that calcification is also affected by the
H"-driven impairment of the cellular HCO; uptake (Fig.
4C,D). Our data revealed that PIC production was indeed
slightly decreased under acidification and OA (Fig. 2C). The
relatively small decrease is likely a result of the applied high
light intensities (Rokitta and Rost 2012). The reason why
this decrease could not be fully resolved by the MIMS meas-
urements (CalMIMS; Fig. 3F), is possibly that the uncertain-
ties were larger than the effects. An interaction of a H'-
driven decrease in calcification (as seen under acidification
and OA) and a HCOj; -driven increase in calcification (as seen
under carbonation) explains the often observed pseudo-
correlation with the carbonate saturation state (), which
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has been discussed recently (Bach 2015; Cyronak et al. 2015;
Rickaby et al. 2016).

A decreased HCO; supply for calcification, next to the
increased CO, supply for photosynthesis and the prioritiza-
tion of photosynthesis over calcification under C;-shortage,
may explain the decreases in PIC: POC ratios under OA that
were often observed in E. huxleyi and other coccolithophores
(Raven and Crawfurd 2012; Meyer and Riebesell 2015).
Depending on species- and strain-specific features (e.g., size
and morphotype) and environmental conditions (e.g., irradi-
ance, nutrient status, and temperature), either the positive
H™ effect on CO, uptake for photosynthesis or the negative
H™ effect on cellular HCO3 uptake may overweigh. As a con-
sequence, POC production can be stimulated (e.g., Riebesell
et al. 2000; Zondervan et al. 2002), remain constant (e.g.,
Langer et al. 2009; Muller et al. 2015) or be decreased (e.g.,
Fiorini et al. 2011; Muller et al. 2015). Because PIC produc-
tion is mainly affected by the impairment of the HCO;
uptake, it typically decreases (e.g., Riebesell et al. 2000;
Zondervan et al. 2002; Langer et al. 2009; Mller et al. 2015)
or stays constant under OA (e.g., Zondervan et al. 2002;
Langer et al. 2009; Fiorini et al. 2011). At times, when photo-
synthesis benefits from a H*-driven increase in CO, uptake,
more HCO; could be directed from POC to PIC production,
which could even explain beneficial OA effects on calcifica-
tion (e.g., Iglesias-Rodriguez et al. 2008).

The above described processes also explain the pCO, opti-
mum curvature of PIC and POC production that are often
observed in coccolithophores (e.g., Langer et al. 2006; Sett
et al. 2014; Bach et al. 2015; Zhang et al. 2015). At very high
pCO,, the negative H effect on HCO3 uptake overweighs
the stimulatory H* effect on CO, uptake, and consequently,
production rates decrease. The recently observed shift of pro-
duction optima towards lower pCO, with increasing acclima-
tion light (Zhang et al. 2015) could be a consequence of the
fact that the H'-driven stimulation in photosynthetic CO,
uptake becomes less pronounced with increasing light (Kott-
meier et al. 2016). This would also explain why high-light
grown phytoplankton can already experience an energetic
overload at pCO, levels, at which low-light acclimated cells
still function properly (Gao et al. 2012; Hoppe et al. 2015;
Zhang et al. 2015; Kottmeier et al. 2016).

Decreased growth under elevated [H*] and high
irradiance poses a risk for E. huxleyi in the future ocean
In the applied low-pH treatments, E. huxleyi was, despite
the strong flux regulations, able to maintain rather constant
photosynthesis, calcification, respiration, POC : PON ratios
and Chl a quotas (Table 2). This was likely possible due to
the high energization (400 ymol m™? s~ '). However, the
ability to maintain these traits seemed to be accomplished at
the expense of cellular growth (Fig. 2A; cf., Langer et al.
2009; Rokitta and Rost 2012; Kottmeier et al. 2014). Under
acidified conditions, cells may, for example, face increased
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costs for acid-base regulation, because the decreased seawater
pH directly leads to a decreased cytosolic pH (Mackinder
et al. 2010; Suffrian et al. 2011; Taylor et al. 2011; Rokitta
et al. 2012). Our flux measurements revealed higher biologi-
cal “H" generation” in the low-pH treatments, i.e., the ratio
of HCO; flux into calcification (a pathway that generates
H") over the HCO; flux into photosynthesis (a pathway
that consumes H') was significantly increased (Figs. 3H,
4C,D; cf., Holtz et al. 2015b; Kottmeier et al. 2016). Such a
H™ imbalance may become even larger with increasing irra-
diances, because the overall HCO; fluxes are higher under
these conditions, and consequently more H*' are released
intracellularly. We also observed that E. huxleyi’s ability to
redistribute C; between the process of photosynthesis and
calcification becomes smaller under OA, because the overall
HCOj; uptake capacity decreased. This comes into play espe-
cially under high light, when photosynthesis cannot use
CO, as alternative C; source (Kottmeier et al. 2016). Lastly,
the inhibited growth may also derive from an energetic over-
load under these conditions, because the high [H"] impairs
the “costly” part of the CCM, i.e., HCO; uptake, and surplus
energy under high irradiance cannot be dissipated by HCO;
pumping (Tchernov et al. 1997; Hoppe et al. 2015).

The future of coccolithophores is often predicted based on
their sensitivity in POC and PIC production rates. Changes in
growth, even when being seemingly small, can yet have large
consequences that are not necessarily reflected in production
rates: The observed drop in growth under high [H'] from
~1.15d"" to 1.00 d~' would, for example, lead to a 50% dis-
crepancy in the POC buildup of a population over the course
of only 4 d. Even though E. huxleyi is known to exhibit an
exceptional tolerance for high irradiances (Nanninga and Tyr-
rell 1996; Nielsen 1997; Trimborn et al. 2007; Ragni et al.
2008), the decreased growth under high light and low pH,
and the higher susceptibility to photoinhibition (Kottmeier
et al. 2016), suggest that under future OA, E. huxleyi will be
close to the upper limit of its physiological scope. Under the
dynamic light in natural environments, the balancing of vari-
able C; demands with the limited C; uptake capacities under
OA may become even more challenging (Rost et al. 2006; Jin
et al. 2013b; Hoppe et al. 2015; Xing et al. 2015; Xu and Gao
2015). Because E. huxleyi forms blooms in summer, i.e., in
high-light conditions, the species may face difficulties in sus-
taining its growth and partially lose its exceptional blooming
capacities in the future ocean.

Conclusion

In this study, we confirmed the strong acidification-
dependent regulations of C; fluxes in E. huxleyi that were ear-
lier observed after direct exposure to high [H*] (Kottmeier
et al. 2014, 2016). We found that, at typical OA scenarios,
acidification effects dominate over carbonation effects. The
verification of the strong H" dependency in flux regulations,
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also after acclimation for 10-20 generations, now allows
explaining the integrated OA responses of coccolithophores
measured in the last decades: The common pattern of
decreased PIC: POC ratios under OA can be attributed to the
H"-driven decrease in cellular HCO; uptake and the con-
comitant increase in CO, uptake. Because calcification
largely relies on HCO; as external C; source, it is generally
more affected by the decrease in HCO; uptake and therefore
decreases relative to photosynthesis. Overall, the strength of
the antagonistic H" effects on HCO; and CO, uptake can
vary and thereby determine the magnitude and direction of
OA responses. It remains to be tested whether the intrinsic
H"-dependency can be overcome by adaptation (Lohbeck
et al. 2012; Jin et al. 2013a) and whether this could shift the
“physiological limits” of coccolithophores.
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