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Abstract

Coccolithophores are fascinating organisms that play crucial roles in marine
ecosystems. Their interaction with carbonate chemistry has garnered considerable
attention because they act as marine calcifiers and have an impact on primary
production. Changes in carbonate chemistry affect CO, availability for
photosynthesis and influence coccolithophore physiology and biochemistry
through pH. Moreover, alterations in carbonate chemistry impact calcium
carbonate saturation states, thus affecting calcification. This thesis aims to
understand species-specific responses through the multifaceted effects of
carbonate chemistry. It explores how pH influences molecular processes and how
these translate into global impacts through biogeochemical changes. Dilute batch
cultures are used to demonstrate how shifts in carbonate chemistry affect the
carbon and oxygen isotopic composition of coccolith calcite and organic matter.
Additionally, isotopic fractionation is used to understand carbon residence times
in the internal carbon pools of coccolithophore species. Proteomic analyses shed
light on the cellular mechanisms driving physiological changes in
coccolithophores, revealing variations among species from different ecological
and geological backgrounds. Moreover, coccolithophore physiology under
changing carbonate chemistry is compared to investigate potential impacts on
major nutrient cycles. Among all scenarios, Chrysotila carterae shows the more
unique responses, perhaps due to its characteristic cell biology and habitat.
Coccolithus braarudii emerges as the most sensitive species among those studied,
with pH changes drastically affecting cellular processes and inducing carbon
limitation under low CO, conditions. Stable isotopes of Gephyrocapsa huxleyi
indicate significant isotopic disequilibrium due to large carbon fluxes in and out
of the cell, driven by its high surface area to volume ratio. However, the high
adaptability of cellular processes in G. huxleyi enables it to acclimate to pH
changes, reflected in minor variations in its elemental stoichiometry. This
research highlights species-specific responses to changing seawater pH and sets

an example for increasing diversity in future coccolithophore research.



Contents

a0 00 10Tt o) s IO 0
The Marine Carbon CYCle ...t sa e 0
L@ Tal a0 V18 610 ] 2 10 XSS 2

Cytological characteristics of the Coccolithophore cell..........ccooeevevieicevicnenene 5
Calcification in COCCOLITNOPRNOTES .......coceeeececeeeee e 8
The benefit of calcification in coccolithophores .........ccooeeoeierceveccececeeeceeee 14
Photosynthesis and Carbon fixation in Coccolithophores ........cccocveerierierennns 16
The role of carbonate chemistry in Coccolithophore Ecology and

23 T0 Yo cToTad 0 Lk 01 53 oy RPN 21

Thesis AIMS and ODJECTIVES .....cceieiiereerieriereriereere e sneenes 23

Chapter 1: Size-Dependent Dynamics of the Internal Carbon Pool Drive Isotopic

Vital Effects in Calcifying Phytoplankton ........ccccccecrverienienienceneniesiesese e sseenes 26
L0 0 o 26
AN 0 1] 0 ¢ U O 26
B 10 4076 LD [ o) o 1SS 27
1Y £ o a LoTe (0] o] o 20O 33

CoccolithOphOre CULTUTING ...cceeeveeeeeiereeeree e 33
\Y CF R0 0 ) 00 Lol o L0 € 0 )74 1 o 1 34
Calculation of Carbonate Chemistry Parameters.........ccccceveeeeeeereeererreeereenens 35
| 7010 0) (all\Y [t TS0 0 s 4TS L 6 S 36
RS S] U1 37
[@F: 14 00) o F: UL O 6 531101 £S3 0 oy /0 37
Effect of [CO,] and pH 0N growth rates......cccocvcerrerierierieriesieseresesesesesessesseesens 38
Y =1 0] (S0 T 10 ) 01U 40
Species-specific coccolith vital effects ......cuveeeeierericiececece e 42
|1 S a8 E13 (0 o DS STRRT 44
Growth rate: effect of species-specific [CO,] and/or pH optima........ccccceeuen.e. 44

The relationship between vital effects and carbon demand to supply ratio. 47

Long carbon residence times in C. braarudii and C. leptoporus allow isotopic
equilibration of their internal pool: vital effects emerge during lowest carbon
supply and high carbon demand...........cccceeeeieeieceececece e 49

Vital effects for G. huxleyi and G. oceanica show greatest change during low
carbon demand and high carbon supply due to the short carbon residence
times in their internal cCarbon POOIS. ......ccviceeceececeeceecee e 53

Carbon vital effects in C. carterae are sensitive to changing carbon supply
but long carbon residence times alleviate oxygen vital effects........cccccceuun.... 58



Trends in carbon and oxygen isotopes as a measure of species-specific

intracellular carbon residence times. .......cccucevcrrercnnensnne s 61
N U181 80 = 1 SRS SR 68
Supplementary Material......c.ccccccerceriirirsierirse e e 69
Preliminary Investigations into the Intracellular Carbonate Chemistry of
Coccolithophores: A step in the right direCtion? .......cccocevevererresiensessessessesesesesennes 70
a1 0o 10Tt (o) s K 70
Previously reported methods of measuring an internal carbon pool................. 73
1Y (<3 1 0 0T £ 76
Methodology for measuring the Internal C-pool ......cccccevrvverenercernseriereesereene 77
Methodology for measuring intracellular pH .......cococvevriennicrennccsenesereeeseene 78
Results and DiSCUSSION......cccuiieecirieesiereeeesessse s s see s e s ssesesssesesssesssesaesssesaeessessesssesneanns 79
Internal Carbon POOL........cccii ettt e 79
INTracellular PH...ooieeeiece et n 82
FUTUT@ POISPERCTIVES ...ueieiiiieee st st st s e n e s e e s ne e s e e ns 86
Chapter 2: Contrasting Stress Response to Environmental pH Determines the
Fate of Coccolithophores in FUture OCeans........cccuoeverrerveresesessessessesesessesesessessesses 88
200 4/ 0) o 88
AN 0 13 = (SR 88
10 06 L0 L o) o 89
Materials and MethOdS......ccceeeeiereeciercree et sa e sn e e 94
PAN o | B QR D T L1001 o TR 94
e O Y00 0L (a1 b= 4 £SO 95
STAtiSTICAl ANALYSIS . ciuiiirerircrerer e sae e aeeaeene s 96
Results and DiSCUSSIOMN .. ..cuiirereeriesiesiessessessessessessessessessessessessessesssssessessesssssessessessessenns 97
Changes in ambient pH cause species-specific alterations in coccolithophore
58 (0} 1 o o 98
Proteomic changes provide evidence towards the interplay between pH-
induced stress and CO, availability during photosynthesis..........cccccecveuenncnne 103
Cellular requirement for metabolites and energy under stress dictate
changes in energy metaboliSIM. .....cccccccvirireienere e 108
Changes in Net Photosynthesis and Respiration determine the fate of
cellular carbon fixation in acidic and alkaline oceans..........cccceeeeeererrereruennene. 113
Oxidative stress triggers the cellular Stress reSpPONSe........ccccceeeveeereerceereerenne 115
How does carbonate chemistry dictate coccolithophore ecology?................ 120
NY000) oTodwutaTegl s Nio) o0 ¥ Y (o) o W 124
Statement of Authorship for joint/multi-authored papers for PGR thesis......... 125

Chapter 3: Species-specific Variability in Coccolithophore Physiology under
Changing Seawater pH and Its Impact on Marine Biogeochemical Cycles. .......... 126



| RL0) S0 4o TR 126

AN 0 1] 0 ¢ U 126

a1 00 10Tt (o) s IR 126

1Y 1S 1 Y S 131

Culturing and Media Preparation .........ccocccceeeeesesesesessesesessesse e ssessessessesseens 131

L€ ) A E o 2= 1 SR 132

PhotosynthetiC PArameters .....cocuceeirreeesinsesseesesseesesssesesssesssssessssssesssessessssssssnns 133

L@\ S 1 o o o (0 L SR 133

Morphological MeaSUTEINENTS .......cocceeeereecrerere e 134

(QF: 14 00) o F: LTS @ 6 1531101 £S3 0 oy /R 135

LITETATUTC TRVICW...eieeieieeeeeseesseesseesssesseesseessse s s e e s nessnessnnessnessse s s e e s nesenesennesnsesnneasans 135

RS 01 O 136

Growth Rate and Cell SiZe......couvivieerireresrsere e 137

o 0 L0 (0753 % 0 1 Lt S 141

(@F: 14 00) o WAV U [oTaZ: 1 (o) s IR 143

AT 00 L o L1 BN (o) el 01 10 4 0 L= 0 o) V2SS 145

ProducCtion RATES .....ccceceeieeeieseeecr et e e e ss e n e e e aeea e s neen e e e s 148

L) ST a8 £ (0 o SR 150
Variability in coccolithophore responses due to strain specific

(a0 F2 ) = Tl 1S3 1 1] 0 (O 159

A note on coccolith Malformations .......coceceeererererreresere e 161

Implications for marine biogeoChemiStIY ....c.ccccevverrererrerierrererere e 164

Supplementary INfOrmMation .......ccccceeererererese e 168

(0 o [ad 11 1S3 10) o 1O 169

| S0 L D0 b T 0] 1S 169

Supplementary Information: Chapter L. reircececcececece e 182

Supplementary Information: Chapter 2. eeieveeecereceee e 193

Supplementary Information: Chapter 3.......cccoirrierienecererecere e 204

ROTOTOIICES ettt e et et e et e e eeeeeeeeeaaeeseaasneeeesaasaesaaasneesasaannessaaanenessaennnesseaaneeessaannns 212






Introduction

The Marine Carbon Cycle

The marine carbon cycle plays a crucial role in the ocean's ecosystem and has
significant implications for Earth's climate through its interaction with
atmospheric carbon dioxide (CO,; Falkowski et al., 2000). Excluding the relatively
stable lithospheric carbon reserves, the ocean stands as the largest carbon
reservoir within the atmosphere-terrestrial biosphere-ocean system, holding more
than 60 times the amount of carbon compared to the atmosphere before
industrialisation (Tanhua et al., 2013). This vast reservoir, with its intricate internal
processes, largely influences the concentration of atmospheric CO, over extended
periods (Crowley, 2000; Pagani, 2002). In the last million years, the concentration
of carbon in the form of carbon dioxide in the atmosphere has influenced positive
feedback mechanisms that have manifested as large-scale climatic changes in the
form of glacial-interglacial cycles (Petit et al., 1999). The ocean is a major reservoir
of carbon, containing dissolved inorganic carbon (DIC), which includes carbon
dioxide (CO,), bicarbonate (HCO;), and carbonate (CO,*) ions (Zeebe & Wolf-
Gladrow, 2001). The distribution of these carbonate species is influenced by factors
such as temperature, pressure, and pH. On the contrary, the carbonate system in

seawater is a buffer that regulates ocean pH (Dickson et al., 2007).

Even minor alterations in natural components of the marine carbon cycle, such as
those induced by human activities like ocean warming, eutrophication,
acidification, and deoxygenation, can potentially impact Earth's climate system
significantly (Doney et al., 2009). Conversely, the ocean's ability to absorb additional
CO, due to its buffering capacity presents an opportunity to mitigate
anthropogenic CO, emissions (Bach et al, 2019). The absorption of CO, by seawater

initiates a complex chemical system known as the seawater CO,-carbonate system,



Introduction

responsible for maintaining oceanic pH levels and influencing various chemical,

biological, and geological processes (Zeebe & Wolf-Gladrow, 2001).

Processes such as photosynthesis, respiration, and the formation/dissolution of
calcium carbonate minerals further influence the marine carbon cycle (Falkowski
et al., 2000). For instance, photosynthesis in surface waters leads to CO, uptake,
while remineralisation in deeper layers releases CO, back into the water (Falkowski
et al., 1998). Additionally, the formation and sinking of calcium carbonate shells
contribute to the transport of carbon from surface to deep ocean layers (Kwon et
al, 2024). The seawater CO,-carbonate system undergoes complex interactions
driven by physical, biological, and chemical processes, varying across both spatial
and temporal scales (Ridgwell & Zeebe, 2005). These interactions are crucial for
understanding the marine carbon cycle's dynamics and its impact on

anthropogenic CO, uptake.

Atmospheric

CO:

Organic Matter
re-mineralisation

Figure 1: The organic carbon pump and the carbonate counter pump, both
contributing to the short-term and long-term marine carbon cycle.




The surface ocean is where most of the biological activity occurs, and it interacts
directly with the atmosphere, exchanging CO, (Field et al.,, 1998). The deep ocean
contains the largest pool of DIC, which is transported from the surface via the
biological pump and physical processes like thermohaline circulation (Falkowski et
al., 2000). The biological pump is a process where carbon is transferred from the
surface ocean to the deep sea, primarily through the actions of marine organisms.
Photosynthetic organisms, such as phytoplankton, fix carbon from CO, into
organic matter during photosynthesis (Nowicki et al, 2022). When these organisms
die, their remains can sink to the ocean floor, effectively sequestering carbon in
the deep ocean for extended periods (Tanhua et al., 2013). This process is crucial
for regulating atmospheric CO, levels. Calcifying organisms, such as
coccolithophores, play a significant role in the marine carbon cycle (Sheward,
2022). They produce calcium carbonate (CaCO;) structures, which contribute to
the ocean's alkalinity and can affect CO, sequestration. The production, export,
and sedimentation of these structures influence the exchange of carbon between

the ocean and other reservoirs over various timescales (Rost & Riebesell, 2004a).
Coccolithophores

Coccolithophores are single-celled algae belonging to the Haptophyte division of
the chromalveolate eukaryotes (Tyrrell & Young, 2009). They secrete calcified scales
called “coccoliths” to form their exoskeleton (called a coccosphere) and are one of
the most abundant marine phytoplankton groups (Brownlee et al, 2015).
Coccolithophores have around 200 extant species in today’s oceans and are
known to have occurred since the Triassic period (Bown et al., 2004; Tyrrell & Young,
2009). These small-sized (3 - 40 um) organisms live in open ocean environments;
they play a key role in the carbonate pump and the ocean carbon cycle (Rost &

Riebesell, 2004a).




Figure 2: Different species of coccolithophores in their diploid stage. The
coccoliths that cover the cell in the diploid stage are called heterococcoliths, which
show distinct shapes and designs in different species. A prime example is
Scyphosphaera apsteinii (top right) that produces two types of coccoliths in its
diploid life-cycle stage.

Coccolithophores have two life cycle stages, the diploid (2N) stage, and the haploid
(1N) stage, where the N determines the number of chromosome sets (or “ploidy”)
present inside the cell (De Vries et al., 2021). Cells can divide asexually (mitosis),
where one parent cell gives rise to two daughter cells. Additionally, sexual
reproduction requires the fusion of two gametes or division of a cell into gametes
(via meiosis). Not only can coccolithophores reproduce both sexually and a

sexually, but they can also divide asexually in both haploid, and diploid life-cycle




stages. This is called a haplo-diplontic life cycle, which is unique to
coccolithophores, and is not reported for diatoms or dinoflagellates (Von Dassow

& Montresor, 2011).

(a) Haplontic life cycle (b) Diplontic life cycle
(Dinoflagellates) (Diatoms)

Meiosis Meiosis

Haploid Diploid
Vegetative Growth Vegetative Growth

(¢) Haplo-diplontic life cycle
(Coccolithophores)

Meiosis

Haploid Diploid
Vegetative Growth Vegetative Growth

Figure 3: The haploid - diploid life-cycle stage in coccolithophores and the
interactions between these life-cycle stages. Taken from De Vries et al. (2021).

In some species, even the haploid life-cycle stage bears coccoliths, which are
generally simpler in morphology and crystallography. The coccoliths of a haploid
life-cycle stage are called holococcolithophores, while those of a diploid life-cycle
stage are called heterococcolithophores. Most of the research has focused on the
heterococcolith-producing diploid life-cycle stage of coccolithophores (Langer et
al., 2006; Rickaby et al., 2016). This may be due to several reasons (Geisen et al.,
2002; Billard & Inouye, 2004; Houdan et al., 2006; Cros & Estrada, 2013; De Vries
et al., 2021; Ben-Joseph et al., 2023): (1) Heterococcoliths are generally more
complex in design and shape than holococcoliths. Therefore, studying the process
of biomineralisation in this stage is scientifically more interesting. (2) Most of

coccolithophore taxonomy is focused on heterococcolith-bearing cells, which are




used as biomarkers and palaeoceanography. (3) Heterococcoliths are easier to
identify during optical measurements (4) Not all species in diploid life-cycle stage

have been correlated with their haploid life-cycle stages.
Cytological characteristics of the Coccolithophore cell

The cellular structure of a diploid life-cycle stage coccolithophore consists of
typical cellular organelles, such as the nucleus, the endoplasmic reticulum, two
chloroplasts, mitochondria, a golgi body, and vacuoles. The chloroplasts contain
pyrenoids that is a ubiquitous organelle and is used as a carbon concentrating
mechanism for RuBisCO in eukaryotes (He et al., 2023). However, there are several
unique components in a coccolithophore. For instance, the calcification
mechanism, which is completely intracellular in most coccolithophores, uses an
organelle called a coccolith vesicle, which is derived from a golgi body.
Calcification, therefore, occurs within the trans-golgi network (Young et al., 1999).
Several coccolithophore species possess flagella, mostly in their haploid life-cycle

stage.




Nucleus
Nucleus

Figure 4: Schematic of a coccolithophore cell showing various cellular
components in the cell. Most organelles such as the chloroplast, mitochondrion,
nucleus, endoplasmic reticulum, and vacuoles are conserved within eukaryotes,
and are seen in coccolithophores as well. However, there are several features that
are unique to coccolithophores (e.g., coccoliths) and some features that are
characteristic of certain species, e.g., flagella. On the left-hand side is a
characteristic cell of G. huxleyi, where coccolith calcification takes place right next
to the nucleus, where the gap between the CV and the nucleus is called the nuclear
envelope. The reticular body is thought to be involved in the transfer of calcium
and other ions to the CV, however, the specific role of this organelle is not known.
The Ca-P body can be situated adjacent to the CV and is thought to supply Ca to
the CV for calcification. On the right is a typical C. carterae cell, where two flagella
protrude out of the cell, which can be seen via optical microscopy. This species
contains 3 CAPs that are thought to be involved in calcification at various stages
of coccolith formation. Moreover, the CV is not situated next to the nucleus in this
species and is present within the trans-golgi network as a cisterna.

Coccolithophores typically possess two chloroplasts containing chlorophylls a
and c. Presence of a single chloroplast has been observed only in certain
holococcolithophores (Billard & Inouye, 2004). The chloroplast typically features
thylakoids arranged in stacks of three and often lacks a girdle lamella. It is
enveloped by four membranes, with two representing the chloroplast

endoplasmic reticulum (Lenning et al., 2004). These additional membranes likely




signify the secondary origin of haptophyte plastids in the endosymbiotic
hypothesis of plastid evolution (Whatley & Whatley, 1981). The outer membrane
of the nuclear envelope seamlessly connects with the chloroplast endoplasmic
reticulum. In coccolithophores, including other haptophytes, chloroplast DNA is
dispersed within the stroma (RIS & PLAUT, 1962). Previous investigations into
Ochrosphaera neapolitana have revealed a significantly larger plastid genome size

compared to other chlorophyll a and c-containing algae (Saez et al., 2001).

Each chloroplast consistently contains a pyrenoid, with distinct characteristics
within families (van der Wal et al, 1985). While most coccolithophores are
photosynthetic, weakly calcified coccolithophores from the Papposphaeraceae
family that dwell in the polar region are heterotrophic organisms featuring long,
apparently coiling haptonema (Thomasen et al, 2015). These organisms lack
chloroplasts and have been verified as such using epifluorescence microscopy.
Phagotrophy has been frequently documented in non-mineralized haptophytes
with plastids, such as Chrysochromulina and Prymnesium (Tillmann, 1998;
Koppelle et al., 2022). However, information on phagotrophy in coccolithophores
is limited, with some studies reporting evidence for phagotrophy or mixotrophy
(Kawachi et al, 1991; Houdan et al., 2006; Godrijan et al., 2020). Further
investigation into active phagotrophy (or mixotrophy) in coccolithophores is

needed due to its potential ecological significance in the microbial food web.

The flagellar apparatus serves as a complex structure crucial for multiple cellular
functions, including mitosis and cytoskeleton formation, and its morphological
characteristics are considered evolutionarily conserved (Billard & Inouye, 2004).
Two flagellar basal bodies and the haptonematal base are arranged in an absolute
configuration, which appears to be universal across Haptophyta. In

coccolithophores, detailed studies of the flagellar apparatus have primarily




focused on members of the Pleurochrysidaceae and Hymenomonadaceae families
(Green & Hori, 1986; Kawachi & Inouye, 1994). The haptonema, a unique organelle
found solely in haptophytes, serves various functions, including substrate
adherence, coiling, and uncoiling, and prey capture, notably observed in certain
Chrysochromulina species (Kawachi et al., 1991). In coccolithophores, the
haptonema's structure has been studied in limited genera. Unlike in
Chrysochromulina, the haptonema's role in substrate adherence is less
pronounced in coccolithophores, primarily functioning as an obstacle-sensing
device (Billard & Inouye, 2004; Houdan et al, 2006). Reduced or vestigial
haptonemas are common in many coccolithophore groups, indicating their lesser

importance compared to other prymnesiophytes (Manton & Peterfi, 1969).

Calcification in Coccolithophores

The cellular structure relating to calcification has been extensively studied in
various species of coccolithophores, notably G. huxleyi, Coccolithus pelagicus, and
C. carterae (Manton & Peterfi, 1969; van der Wal et al., 1985; Marsh, 1994). G.
huxleyi is representative of species producing intricate heterococcolith crystals
within intracellular compartments (Young et al., 1999), often dominating modern
coccolith populations globally (Tyrrell & Merico, 2004). The process of
intracellular coccolith production necessitates significant and sustained influxes
of calcium ions (Ca*) and inorganic carbon (DIC) from the external environment
into the Golgi-derived calcifying compartment enclosed by membranes, known as
the coccolith vesicle (CV). Some species, such as Coccolithus pelagicus, produce
either heterococcoliths or simpler holococcolith calcite crystals at distinct stages
of their life cycle (Ben-Joseph et al., 2023). Although there was speculation that
holococcolith production took place on the cell's external surface, more recent

studies have now confirmed their calcification in the intracellular space, similar




to heterococcolithophores (Ben-Joseph et al., 2023). The ensuing discussions

primarily address the internal production of heterococcoliths.

Golgi Apparatus

The Golgi apparatus forms and secretes the membrane components of a cell. The
Golgi-apparatus and trans-Golgi network (TGN) in coccolithophores has some
characteristics similar to those of animal cells (Hawkins & Lee, 2001). The stacked
membranes (or cisternae) of the TGN are called dictyosome. However, the Golgi
body of Prymnesiophytes have a unique feature that the central region of the
dictyosome is larger and a dense material is present within these larger regions
(Brown et al., 1970). The heterococcoliths and body scales are formed in Golgi-
derived vesicles and Golgi apparatus, respectively. The Golgi apparatus is oriented
within the cells in a way that the distal (or basal) cisterna faces the cell wall,
whereas the proximal cisterna faces the nucleus. (Brown, 1969) discussed the wall-
forming functionality of the Golgi apparatus in Pleurochrysis scherffelii, which also
produces body scales during the haploid phase. They suggested a cisternal
progression model for base plate formation (Brown, 1969; Brown et al., 1970). The
dilated central region of cisterna function as the “polymerization centre” for
cellulosic radial microfibrils (Brown et al., 1973). However, (Hawkins & Lee, 2001)
suggested that the cisternal progression model is not valid in the case of body
scale formation in Pleurochrysis, and the entire basal cisterna does not separate
from the Golgi during exocytosis. They argued that fragments of the basal cisterna
of the trans-Golgi network gets abstracted into a prosecretory vesicle containing
the body scale, which mature into secretory vesicles and fuse to the plasma
membrane during exocytosis of scales. They also suggested the involvement of a
“Bottlebrush-shaped” macromolecule in scale formation. The hypothesised

process of forming body scales is as follows (Hawkins & Lee, 2001): “Bottlebrush-




shaped” macromolecules are first formed in the inner side of (electron-dense)
dilations of the cisternae. When the bottlebrush-shaped molecules are fully
formed, they get disconnected from the cisternal membrane and polymerise into
electron-dense core with branching fibrils. These branching fibrils then nucleate
into a fibrillar dilation, which detach from the cisternal inner membrane and form

a scale. The cisterna now transforms into a prosecretory vesicle.

Figure 5: A schematic (left) and TEM sections of a coccolithophore cell showing
the formation of organic scales and/or base plates within the golgi network. Taken
from (Hawkins & Lee, 2001)

Organic Base Plates

Physical Structure

Calcite nucleates at the rim of organic base plates with the help of organic
molecules (polysaccharides and proteins), and the calcite crystals grow in specific
directions giving rise to a complex, biologically precipitated coccolith. The base

plates are made of pectic polysaccharides and have distinct surficial patterns with
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a radial ornamentation on the proximal (bottom) side and discontinuous
concentrically-curved ornamentations on the distal (top) side (Pienaar, 1971). This
fibrillar material is made of cellulose and form inside the Golgi apparatus (Brown,
1969). (Marzec et al., 2019) used cryoTEM and cryoET microscopy on C. carterae
base plates to show that they are composed of three layers. The bottom-most
layer, which is visible at the “bottom” side is made up of radial fibres, extending
to the margin. (Brown et al., 1970) suggested that the organic scales might be
interconnected to each other through these outward-extending radial fibrils. The
second layer is made of concentric fibres, however, does not extend to the margin.
This layer is placed on top of the radial fibres of the bottom layer. The third layer,
or that on “top” is composed of disordered, fine fibres in the centre and a 100nm-
wide rim made up of globular material. The calcite crystals have been previously

shown to nucleate on the base plate rim (Walker et al., 2020).

View on the top side

Figure 6: A schematic showing the morphology and physical characteristics of an
organic base plate from a coccolithophore species. This organic base plate forms
a template for calcification within the CV, and calcite is precipitated, initially as a
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protococcolith ring on the periphery of the base plate with the help of CAPs. Taken
from Marzec et al. (2019).

Chemical Nature

The rim of the base plate has been shown to have positive charges, due to the
presence of primary amines (Marzec et al, 2019). These potentially attract the
negatively charged Ca*-bound polysaccharides during the nucleation (Marzec et
al., 2019). In vitro crystal nucleation experiments involving C. carterae base plates
showed that Ca rich aggregates (organic molecules) precipitate on the top side of
the base plate rims only in the presence of both polysaccharides (soluble and
insoluble) and Ca?* ions (Gal et al, 2016). (Sakurada et al, 2018) reported
comparable results for studies done on Pleurochrysis haptonemofera base plates.
Experiments involving other ions such as Mg, Sr and Na showed abnormal
precipitation (Gal et al., 2016). This suggests a high selectivity for Ca ions by the
polysaccharides, and their selectivity towards the base plate rim. Effect of protein-
extracted P. haptonemofera base plates in the presence of polysaccharides, Ca*
and CO,* ions showed no precipitation suggesting a significant role played by

unidentified proteins (Sakurada et al., 2018).

Coccolith Vesicle

Coccolithophores mineralise their coccoliths intracellularly, within a Golgi-derived
body (fig. 1), called the coccolith vesicle (CV). Calcification of a coccolith in the
CV is controlled by multiple mechanisms, such as the carbonate chemistry in the
CV microenvironment (Brownlee et al., 2015; Lee et al., 2016; Taylor et al., 2017),
transport of Ca ions by a membranous organelle called the reticular body (Marsh,
2003) or by Ca-polysaccharide complexes (van der Wal et al., 1983), or calcium
channels (Gussone et al., 2006; Mackinder et al., 2010), the spatial constraints from
the CV wall (Avrahami et al, 2022, 2023), actin and microtubules in the

cytoskeleton (Durak et al., 2017; Langer et al., 2023b), and coccolith associated




Introduction

polysaccharides (CAPs; (Marsh, 1994; Henriksen & Stipp, 2009; Gal et al., 2016; Lee
et al., 2016)). Dense, spherical organic structures, called coccolithosomes have also
been reported in C. carterae and are thought to carry Ca ions to the CV (van der
Wal et al., 1983). The transport of calcium into the CV has also been hypothesized
to occur through the calcium-phosphate rich body (Sviben et al., 2016). In this
mode of calcium transport, the Ca-P rich body, which is inside a vacuole, is
situated directly next to the CV, and transport channels between the Ca-P body
and CV move calcium from the Ca-P body to the CV. Although pulse chase
experiments have provided evidence towards the movement of calcium from the
Ca-P body to the CV (Gal et al., 2017), more recent studies have shown that these

vacuoles are present in non-calcifying cells as well, and the size of the Ca-P body

does not change during or after calcification (Peled-Zehavi & Gal, 2021).

Figure 7: A confocal image showing a CA-P rich body stained with DAPI (left; blue)
and SNARF (right; green). The association with the coccolith vesicle (white arrows)
is clearly observed in both images, providing evidence towards their function in
coccolith calcification. Images were obtained during preliminary studies
conducted by the author.

The formation of coccolith occurs in the trans-Golgi cisternae, where multiple
coccoliths at various stages of formation have been seen within a single cell (van
der Wal et al., 1983; Young et al., 1999). Small crystals nucleate at the edge of an

organic base plate, forming the protococcolith ring (Young et al., 1999) nucleation
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and growth of CaCO,, where the CaCO, crystals attach to the organic base plate
(Gal et al., 2016; Marzec et al., 2019; Walker et al., 2020). CAPs are responsible for
regulating the crystal morphology of the coccoliths. They favourably attach to
specific surfaces of the calcite crystal and block further growth of that specific
crystal face (Henriksen et al, 2004). CAPs are made up of neutral
monosaccharides with acidic moieties, sulphate esters and uronic acids
(Fichtinger-Schepman et al., 1980). However, they differ in structure as well as
chemistry within species thereby affecting the morphology of the coccosphere (Lee
et al.,, 2016). The calcification process within the CV is also governed by the
carbonate chemistry conditions within the CV (Giuffre et al., 2013). The uronic acid
moieties in CAPs govern the calcification rate within the CV (Fichtinger-Schepman
et al., 1981). High uronic acid content in CAPs leads to a high calcite nucleation
rate when the saturation state for calcite inside the CV is high. On the other hand,
when the calcite saturation state is low, CAPs with a lower uronic acid content
encourage faster nucleation rates (Giuffre et al., 2013; Lee et al., 2016). For a more
detailed understanding of coccolith biomineralisation, see reviews (Marsh et al.,

1992; Marsh, 1996; Young et al., 1999; Brownlee et al., 2021).

The benefit of calcification in coccolithophores

Numerous arguments have been made in the past regarding the benefit of having
a calcite shell, and most of the arguments are discussed in (Monteiro et al., 2016).
Briefly, the most plausible arguments include, (1) enhancing the rate of
photosynthesis by supplying the cell with CO, either directly through carbon
uptake, or indirectly via H* expulsion from the cell. (2) Photosynthetic rate can
also be accelerated by concentrating the light falling on to the coccosphere towards
the chloroplasts. This could be done by either taking advantage of the optical

properties of calcite, or using the complex design of coccolith, or both. (3) The




coccosphere provides protection from high light intensity, which can cause
photoinhibition and photodamage. Thus, coccoliths can be used to provide cover
from light, or the calcification rate can be increased as a means of energy
dissipation. The coccosphere can also protect the cells from UV light. (4) The

coccosphere can also be used as protection against viruses and predators.

Another popular hypothesis is that the benefit of calcification in coccolithophores
relates to its origin and that coccolithophores started calcifying in order to expel
calcium from the cell as high concentration can be toxic (Miiller, 2019).
Accordingly, coccolithophores could be producing coccoliths as a means of getting
rid of extra Ca inside the cell and they have found ways to make use of the
coccoliths for more than expelling Ca. Although all of the above arguments have
strong points and substantial evidence to support each hypothesis, there have
been multiple studies that suggest otherwise. For instance, non-calcifying strains
of G. huxleyi are able to grow in normal seawater and do not show any signs of
calcium toxicity (Paasche, 2001). Furthermore, strains of C. carterae and G. huxleyi
were able to grow in seawater with 0.1 mM Ca without calcification, albeit, at a
slightly reduced growth rate. This suggests that photosynthesis is not dependant
on carbon provided by calcification, although might still benefit from it, if available

(Trimborn et al., 2007; Leonardos et al., 2009; Sviben et al., 2016).

On the other hand, (Trimborn et al, 2007; Sviben et al, 2016) showed that
coccolithophores grown in low Ca concentrations (0.1 mM) calcify abnormally, or
not at all; and the growth rate is also affected. Even though Ca is thought to be
toxic to eukaryotic phytoplankton, at low Ca concentrations, where it is adequate
for cellular biochemical purposes, but not enough for calcification to take place,
the growth rate is affected. This means that calcification must have a part to play

in cell growth. However, as discussed above, this in direct contradiction to studies




that reported no correlation between calcification and photosynthesis.

The argument that suggests that the coccosphere can protect the cell from
photodamage contradicts the hypothesis that coccoliths concentrate the light
towards the chloroplasts. Moreover, G. huxleyi is a dominant calcifying species in
the modern ocean, but is not photo-inhibited when calcifying, even at 1600 yumols
m's?, however, the non-calcifying haploid G. huxleyi did suffer from photoinhibition
at 400-500 umols m* s*(Balch et al., 1992; Nanninga & Tyrrell, 1996). Although these
results might suggest that calcification indeed plays a role in protecting the cell
from photoinhibition, it is to be noted that this study was performed on a haploid
versus a diploid strain. According to (Nanninga & Tyrrell, 1996), calcifying,
decalcified, as well as naked G. huxleyi cells were resistant to photoinhibition up
to at least 1000 ymols m' s'. The hypothesis that a calcite shell provides
protection against grazers is a plausible one, there has been no conclusive
evidence to confirm this (see (Monteiro et al., 2016). This hypothesis also does not
justify the complex design of individual coccoliths. Although it is essential to
scrutinise each hypothesis individually, it is highly plausible that coccoliths

provide multiple benefits to the cell.

Photosynthesis and Carbon fixation in Coccolithophores

Coccolithophores are major drivers in the global biogeochemical carbon cycle
since they photosynthesise as well as form scales made of calcite. The main CO,-
fixing enzyme of the Calvin-Benson-Bassham (C;) cycle is RuBisCO (ribulose 1,5-
bisphosphate carboxylase/oxygenase), which functions as a carboxylase to
produce 3-phosphoglycerate that gets converted into stable organic compounds.
Or as an oxygenase to catalyse oxygenic reactions to give 2-phosphoglycolate. The
ratio of carboxylation/oxygenation depends on the respective concentrations of

CO, and O,, and the specificity factor (t; Berry et al., 2002). This is defined as:




T = (Ko/Ke)(Ve/Vo)

Where K, and K, are concentrations of O, and CO,, respectively, at half-saturated
rates of carboxylase activity (V.), and oxygenase activity (V,). The low affinity
towards CO, (K,, of 20-70 pmol L*; Badger et al., 1998), and the low catalytic
turnover per active site are the two main catalytic imperfections of RuBisCO. Since
the enzyme evolved early in a high CO, environment, the efficiency of the enzyme
has been shown to have gone down considerably due to a global increase in
atmospheric O, levels and a significant decrease in the CO, levels up to the

Holocene.

Organisms have applied various strategies to overcome the catalytic inefficiency
of RuBisCO (Badger et al., 1998). Some organisms have improved catalytic activity
through evolution. The specificity factor, t, has evolved to a higher affinity
towards CO, over geological time, as a response to decreasing CO, concentrations
(Tortell, 2000). Therefore, RuBisCO varies phylogenetically in structure and
efficiency and therefore, has been divided into subfamilies. RuBisCO in
coccolithophores classifies under the subform ID (Lenning et al, 2004). t for
coccolithophores falls somewhere between the more recent diatoms and the more
ancient green algae. Moreover, an inverse relation between t and the measured

ratio of internal to external C,has been found (Tortell, 2000).

The other tactic has been to supply RuBisCO with considerable amounts of CO,
substrate by adapting carbon concentrating mechanisms (CCMs). The dominating
carbonate species among CO,, HCO;, and CO,> depends on the seawater pH and
concentration of DIC. It also depends on the temperature and salinity of the
seawater but to a lesser extent. In the modern ocean, the dominant carbonate
species is HCO; while the primary substrate for RuBisCO is CO, (Badger et al.,

1998; Zeebe & Wolf-Gladrow, 2001). The diffusive supply of CO, is insufficient to




meet the demands required by photosynthesis. Therefore, the cell also utilizes
HCO; as a carbon source for photosynthesis and calcification (Paasche, 1964; Sikes
et al., 1980; Nimer & Merrett, 1992; Buitenhuis et al., 1999). The algae use internal
(pyrenoid) and/or external carbonic anhydrase (CA) to increase the amount of CO,
substrate available to the cell. CA is an enzyme that catalyses the conversion of
HCOyinto CO, (Nimer et al., 1994b). An internal CA, or pyrenoid, will catalyse the
conversion of HCO; taken up by the algae into CO, which gets concentrated

around the fixation site.

An external CA would convert the HCO; in the surrounding medium into CO, to
be taken up through the plasmalemma (Elzenga et al., 2000). However, there are
other lines of evidence-based studies done on diatoms that showed that external
CA and HCO; uptake are positively correlated (Rost et al., 2003; Chrachri et al,
2018). Such results have encouraged new thoughts about external CA. A higher
CO, concentration inside the cell can result in higher diffusive CO, leakage. An
external CA could thus reduce the CO, leakage by converting the CO, efflux into
HCO; which the cell can take up again (Martin & Tortell, 2008; Trimborn et al.,
2009; Chrachri et al., 2018). However, compelling evidence is lacking to support
this hypothesis, specifically for G. huxleyi, which has been reported to have a high
CO, leakage (Rost et al., 2006). Moreover, (Chrachri et al., 2018) reported opposing
results and reports that external CA in their studies was not being used for

refixing the CO, efflux.
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Figure 8: Two models for eCA activity based on the carbonate species being taken
up by the cell. Taken from Chrachri et al. (2018).

The utilisation of external CA has been shown to vary among species; for instance,
many studies suggest that G. huxleyi does not show any external EA activity (Sikes
& Wheeler, 1982; Sekino & Shiraiwa, 1994; Elzenga et al., 2000; Rost et al., 2003,
2006), while a more recent study by (Stojkovic et al., 2013) suggested that external
CA activity in G. huxleyi is present and depends on the calcification rate. Lack of
external CA would mean that HCO; is the carbon source for calcification rather
than CA-catalysed conversion of HCO; into CO, and its uptake (Sekino & Shiraiwa,
1994; Nimer et al., 1997). The absence of external CA, and therefore, lack of CO,
scavenging could explain the high diffusive CO, leakage in G. huxleyi compared to
diatoms, which increases with decreasing ambient CO, concentration (Rost et al,

2000).

However, some studies show that G. huxleyi shows biphasic kinetics with varying
DIC concentrations indicating that G. huxleyi acquires DIC by at least two
mechanisms (Paasche, 1964; Herfort et al., 2002). This would mean that G. huxleyi
(and potentially other coccolithophore species) can switch from diffusive CO,
uptake to active bicarbonate uptake (or a combination of both) depending on the

ambient DIC concentration.

Calcification in coccolithophores is also considered an energy-efficient CCM, apart
from other suggested benefits (Monteiro et al, 2016; Miller, 2019), since
calcification of coccoliths generates protons, which are suggested to act as a
substrate in the conversion of HCO; to CO,to be used by RuBisCOby the following

reaction (Anning et al., 1996; Buitenhuis et al., 1999):

2HCO; + Ca* — CaCoO; + CO, + H,0O




Alternatively, the H* produced can be used to balance any cytoplasmic
alkalinisation resulting from the use of HCO; for carbon fixation with the help of
an internal CA (Nimer et al., 1994b; Berry et al., 2002). Numerous studies have
supported the inverse relationship between CCMs and calcification rate in
coccolithophores (Nimer et al., 1994a; Herfort et al., 2002; Stojkovic et al., 2013).
For calcification to be beneficial for photosynthesis through the uptake of HCOy,
coccolithophores must (1) use HCO; as their primary carbon species, rather than
CO, or CO,*, (2) grow better in comparison to non-calcifying cells when CO, is
limiting, (3) show variability in calcification rates with varying CO, concentrations

(Berry et al., 2002).

There have been some studies that support the hypothesis that calcification
benefits photosynthesis (Sikes et al., 1980; Anning et al., 1996; Hoppe et al., 2011).
(Nimer & Merrett, 1992) reported that calcifying cells grow better than non-
calcifying cells at high pH or low CO, concentrations. (Walker et al., 2018) showed
that although there is no evidence of calcification supporting photosynthesis, but
disruption in calcification did lead to cell cycle arrest in C. braarudii. However,
the evidence suggesting that calcification aids photosynthesis is not clear (Herfort
et al., 2004; Trimborn et al., 2007; Leonardos et al., 2009; Bach et al.,, 2013). For
instance, species like G. huxleyi and Chrysotila carterae are able to grow without
calcifying coccoliths (Paasche, 2001; Marsh, 2003). Contradictory evidence
includes the fact that calcification in most species stops after one layer of
coccoliths, or a complete coccosphere is produced to cover the cell surface
entirely (Billard & Inouye, 2004). G. huxleyi has been reported to stop calcifying
but continue photosynthetic carbon fixation under DIC limiting conditions
(Mackinder et al., 2010; Bach et al., 2013). This could indicate that photosynthesis
and calcification compete for carbon from the C, pool under DIC-limiting

conditions (Bach et al., 2013; Bolton & Stoll, 2013). Alternatively, it could also be




argued that calcification is switched off to preserve the energetic costs involved

with calcification and allocate the energy and substrate to photosynthesis.

There have been some reports on the ability of coccolithophores to obtain carbon
(and other nutrients) via mixotrophy. Early reports from Houdan et al. (2006)
showed that some coccolithophore species could switch to phagotrophy in their
haploid life-cycle stage. More recent study from Godrijan et al. (2020) showed
evidence of uptake of organic carbon compounds. However, the concentration of
organic carbon uptake in their study was significantly lower than standard
dissolved organic carbon uptake. While more research is clearly needed to
understand mixotrophy in coccolithophores, there is insufficient evidence to

consider organic carbon sources as significant.

The role of carbonate chemistry in Coccolithophore Ecology and

Biogeochemistry

Carbonate chemistry plays a key role in the physiology and calcification of
coccolithophores in the modern ocean (Riebesell et al., 2000; Bach et al., 2015). Studies
in the past have reported contradictory results on the effect of ocean acidification
on calcification and growth (Riebesell et al., 2000; Iglesias-Rodriguez et al., 2008b;
Beaufort et al., 2011; Hoppe et al., 2011). Species such as G. huxleyi and G. oceanica
showed a reduction in calcification rate with increasing CO, concentration in some
studies (Riebesell et al, 2000; Zondervan et al., 2002; Sciandra et al., 2003; Barcelos E
Ramos et al, 2010), while in other studies, they showed an increase in
photosynthetic carbon fixation rate and calcification rate (Iglesias-Rodriguez et
al.,, 2008b). A study was done on Chrysotila carterae (earlier known as
Pleurochrysis carterae) reported an increase in net photosynthetic carbon uptake
and calcification rates with increasing CO, concentrations over long incubations

compared to short incubations (Casareto et al, 2009). A study using Calcidiscus




leptoporus showed an optimum growth response of calcification to increasing CO,
concentration, while photosynthetic carbon uptake did not change. On the other
hand, Coccolithus pelagicus did not show any response to changing CO,

concentrations (Langer et al., 2006).

Contradictory results are reported by (Krug et al, 2011) who reported that
Coccolithus braarudii showed a decrease in calcification and growth rate with
increasing CO, concentration. Moreover, there are variations within strains of a
single species, as reported by (Langer et al., 2009) in G. huxleyi, where four different
strains responded differently to changing CO, concentration in their POC and PIC
production rates. Such varied responses to different carbonate chemistries have
been hypothesised to be a result of adaptation to different carbonate chemistry
conditions of different strains in their local environment (at the point of isolation,
Rickaby et al., 2016). Moreover, H*-removing capabilities of distinct species from
their calcifying vesicle and maintaining a suitable calcium carbonate saturation
state may play a role in species-specific sensitivities to changes in pH (Q; Allison &

Finch, 2010; Trotter et al., 2011; Ries, 2011).

According to the substrate-inhibitor concept, calcification is positively correlated
with CO,, and HCOy, but negatively correlated with H*(Bach et al., 2011b, 2015).
This is important because several experimental studies have reported HCO; as the
primary substrate for calcification (Sekino & Shiraiwa, 1994; Nimer et al, 1997;
Buitenhuis et al., 1999; Rickaby et al., 2010; Bach et al., 2013), and CO, as the primary
substrate for photosynthesis (Paasche, 1964; Rost et al., 2003; Bach et al., 2011b).
However, contradicting evidence arises from isotopic data, where CO, has been
suggested to be the key carbonate species involved in calcification (Hermoso,

2015).




Thesis Aims and Objectives

Coccolithophores are one of the key phytoplankton groups that contribute
significantly to the global carbon cycle (Rost & Riebesell, 2004a). Consequently,
tremendous research has focused on understanding the genesis, and function of
calcification in coccolithophores (Monteiro et al., 2016; Miiller, 2019). Due to their
key role in marine biogeochemical cycles, coccolithophore ecology and physiology
has received significant attention in the past century (Hay, 2004). However, most
of the work has focused on the ubiquitous species G. huxleyi, where this species
is regarded as a model coccolithophore species (Wheeler et al., 2023). G. huxleyi is
the only coccolithophore species at this point, which has a complete reference
genome (Skeffington et al., 2023). Previous studies have emphasised on the
importance of other coccolithophore species, such as C. braarudii (Daniels et al.,
2016; Kottmeier et al., 2022), however, this has not translated into improved
representation of coccolithophore species other than G. huxleyi in the research

literature.

The discussion in the previous section has shown that our fundamental
knowledge about coccolithophore biogeochemistry is incomplete, with limited
knowledge of the presence of an internal carbon pool in coccolithophores
(Hermoso, 2015), or the mode of carbon uptake in coccolithophores (Herfort et al.,
2002). Although calcification has been considered as a key characteristic in
determining the importance of Coccolithophores in global biogeochemical cycles,
the cellular processes related to calcification are not clear. Recent studies have
highlighted the importance of cellular proteins in calcification (Skeffington et al.,
2023), the biological importance of calcification in coccolithophores is yet

unknown.

Due to the diverse range of culturing conditions that are applied to study the




response of coccolithophore species to changing environmental conditions, it is
difficult to compare between studies, as temperature, light and nutrients may
dictate the sensitivity of a species to pH and CO, related changes (Bach et al, 2015).
Therefore, a comparative study of coccolithophore species under similar culturing
conditions is needed to properly quantify species-specific effects. Although the
real-world ecological conditions for different coccolithophore species may differ,
due to for example, either a coastal or oligotrophic habitat, establishing
physiological responses under constant condition allows for quantitative
comparison between species. It has been shown many times that PIC:POC ratios
change with changing pH and CO,, but little is known about the cellular processes
that are activated/upregulated during stressed conditions in coccolithophores
that give rise to these changes. This knowledge is even more depleted in species

other than G. huxleyi.

Stable isotopes in the coccolith calcite have been shown to change with changing
CO, levels, but there have been discrepancies between studies. The method of
carbonate chemistry manipulation, for instance, has been proposed as a reason
for the observed differences in responses. Moreover, isotopic studies have
primarily focused on the paleoclimatic implications of changing CO,. Whereas
isotopes are able to provide an insight into the chemical behaviour of carbon in a
given coccolithophore cell. Stable isotopes of both calcite and organic matter have
never been utilised together to understand the dynamics of carbon regulation in
coccolithophores. Lastly, we lack a holistic understanding of the biological and
chemical processes that dictate isotopic, and physiological changes in
coccolithophores. With the recent technological advancement in omics, an
increasing number of studies are employing this methodology to gain further
insights into the molecular mechanisms responsible for the physiological and

biogeochemical responses observed on a macro scale. Proteomics enables the




investigation of changes in abundance of specific proteins and can be utilised to
study the effects of environmental changes on organismal biology (Tomanek,
2010). Therefore, the key aim of this thesis is to advance our understanding of the
chemistry, biology, and physiology of coccolithophores through a comprehensive

set of experiments that test a wide range of parameters.
More specifically, this thesis aims to:

. Understand the dynamics of the internal carbon pool in coccolithophores, and
how this translates into coccolith “vital effects” in different coccolithophore
species. To understand the dynamics of carbon regulation, this thesis used stable
isotopes of carbon and oxygen in the coccolith calcite, along with carbon isotopes
in the organic matter.

. Improve our knowledge of the cellular mechanisms that drive physiological and
chemical changes in coccolithophores under environmental change. Investigate
the difference in sensitivity to pH stress in different species and to put these
findings in an ecological context.

. Bring together our understanding of chemical and molecular changes to
investigate coccolithophore physiology and species-specific behaviour. To utilise
changes in cellular elemental composition to understand potential changes in
global biogeochemical cycles. An attempt to compare the physiological findings

from this study with previous literature has also been made.




Chapter 1: Size-Dependent Dynamics of the Internal Carbon

Pool Drive Isotopic Vital Effects in Calcifying Phytoplankton

Foreword

This chapter has been published in Geochimica et Cosmochimica Acta (Volume
373, 15 May 2024, Pages 35-51) by the same title. To maintain consistency, no
changes have been made to the chapter and the supplementary information of the

article has been presented as supplementary information to the chapter.
Abstract

Isotopic offsets in biogenic calcite from equilibrium values can provide unique
insights into the physiology and mechanisms of carbon regulation in calcifying
phytoplankton. This study examines the impact of varying CO, (controlled via pH)
on five coccolithophore species chosen for varied cell sizes, physiology, and
calcification. The study investigates isotopic offsets in coccolith calcite and
organic matter, in relation to carbon demand and supply (1/CO.). Species-specific
CO, and/or pH optima for growth (u,,) were derived from variations in growth
rates with varying CO, concentrations. Growth rates for all species declined with
rising CO, (decreasing pH) due to H*-driven inhibition. C. braarudii and C.
leptoporus exhibited pu,, at high CO, concentrations (suggesting high carbon-
demand) and limited growth under low CO, (high pH) suggesting carbon
limitation. Under low CO, supply, when growth rates were CO,-limited, both
species exhibited coincident isotopic depletion in calcite and organic matter as a
consequence of CO, diffusion into the cell that experienced no equilibration as a
result of a highly depleted internal carbon pool. In these two species, isotopic

values in calcite remained unaffected by growth rates and CO, concentration




(u/CO,) when CO,was sufficient for optimal growth. G. huxleyi and G. oceanica
displayed optima for growth (u,,) at low CO, concentrations and showed no
growth limitation under low CO, (indicating low carbon-demand). Both species
experienced depleted (negative) vital effects caused by an excess of CO,
diffusion into the small internal carbon pool of the cell when diffusive carbon
supply outpaced low demand (low u/CO,). Enriched (positive) vital effects were
observed under low carbon supply and high demand, likely due to increased HCO;
uptake and diffusive CO,loss from the intracellular carbon pool due to a lower
intracellular pH than the seawater pH. C. carterae exhibited a u,, at intermediate
CO, concentrations and isotopically equilibrated intracellular carbon pool such
that §'3C values in calcite and organic matter suggested a shared carbon pool. This
study illustrates that pH and CO, driven vital effects and fractionation into organic
matter indicate the residence time for carbon in the intracellular carbon pool,
where the size of the pool is proportional to cell size. Due to the increased
buffering afforded by a larger pool, C. leptoporus and C. carterae may have
elevated intracellular pH which minimises CO, leakage, whereas vital effects in G.
huxleyi and G. oceanica are caused by CO, diffusion in or out of their small internal

carbon pool with limited buffering capacity owing to its small size.
Introduction

Stable isotopes in biogenic calcite offer insights into paleoclimate
reconstructions spanning a sizeable portion of Earth's geological history and
enhance our understanding of Biosphere-Geosphere interactions. However, "vital
effects", the isotopic offset from calcite precipitated in equilibrium, due to factors
within the biomineralizing organism, often complicate the interpretation of
climate signals in biologically mediated carbonate precipitation. These “vital

effects” are caused by a multitude of chemical, physical, and biological processes,




which introduce deviations in the biogenic calcite from equilibrium and calculated

inorganic compositions.

Purely inorganic calcite precipitation causes equilibrium fractionation effects,
inducing isotopic fractionation between the solution and calcite due to differences
in the strength of molecular bonding (Zeebe & Wolf-Gladrow, 2001). Additionally,
thermodynamic factors stemming from environmental variables such as
temperature can also contribute to the differences in molecular energies and
impact equilibrium fractionation. Urey (1947) first demonstrated the utility of
temperature-related fractionation in foraminiferal calcite for paleotemperature

reconstruction.

McCrea (1950) established the relationship between solution pH and the
isotopic composition of precipitating calcite. The study revealed the dependence
of the calcite oxygen isotopic composition (referred to as &§%0) on the
concentration of CO,* ions, which is proportional to pH. They showed that with
increasing pH, as the abundance of CO,* ion increases, the §'*0 of the precipitating
calcite becomes more depleted. This is because the §'0 of CO,* is isotopically
depleted compared to the other carbonate species and the proportion of CO,*ion

within the DIC increases with rising pH (Zeebe, 1999).

The 80 - pH relationship has since gained significance as the isotopic
composition of temperature-corrected calcite could function as a proxy for
seawater pH or carbonate ion (Spero et al., 1997). Conversely, pH-mediated effects
on the isotopic composition of calcite could interfere with the temperature signal.
Subsequent advancements unveiled the mechanism of isotopic equilibration in the
H,O-DIC-CaCO, system for the carbon and oxygen isotopes which have been
explained here briefly (referred to as §*C and §'*0O respectively; Zeebe and Wolf-

Gladrow 2001).




Isotopic equilibration in §“C is controlled by interconversion reactions
between CO,, HCO;, and CO,* driven by the different binding strengths of the
carbon in each molecule. Among these reactions is the hydration/hydroxylation
of CO, to HCO; and its reverse, which is the rate limiting step in carbon isotopic
equilibration. The hydration reaction can cause the HCO, to be (-)13 %, more
depleted in §C than CO,, whereas the dehydration reaction can cause the CO, to
be about (-)22 %o more depleted in §°C than HCO; (O’Leary et al., 1992; Zeebe &
Wolf-Gladrow, 2001). The slow carbon isotopic equilibration rate between CO, and
HCO, can cause a significant depletion in the isotopic composition of the
precipitating calcite. A depletion of (-)10 - 15 %o in the §“C and (-)4 %o in §'*0 of
corals was reported to be caused by such a mechanism (McConnaughey, 1989a).

Carbonic anhydrase (CA) is suggested to significantly influence the rate of
hydration/hydroxylation between CO, and HCO; (the rate limiting step) by
catalysing this reaction, therefore, allowing faster equilibration in both §“C and
80 and alleviating  Kkinetic fractionation  effects caused by
hydration/hydroxylation of CO, to HCO, (Chen et al., 2018; Thaler et al., 2017,
Uchikawa and Zeebe, 2012).

Isotopic equilibration in §'®0 occurs through the equilibration between CO,
- HCO; - CO,* (DIC) through interconversion reactions described above and
equilibration between H,0O and CO, and occurs more slowly than that for carbon
isotopes. §'*0 isotopic equilibration needs to take place between one oxygen atom
in H,O and three atoms in each carbonate and bicarbonate molecule (HO-COO and
CO0O0?), and two atoms in the CO, molecule. Isotopic equilibration between H,O
and DIC is also influenced by pH, as the proportion of DIC present as CO, becomes
significantly low at high pH. For instance, the time required for 99% isotopic
equilibration in the carbonate system of seawater can take about 12.4 hours at pH

8 at 19°C (Zeebe & Wolf-Gladrow, 2001). Under alkaline conditions (common




during calcite precipitation), isotopic equilibration is even slower, and can cause
significant deviations in the calcite isotopes from equilibrium values, causing

kinetic isotopic effects (McConnaughey, 1989a,b, 2003; Adkins et al., 2003).

Kinetic isotope effects in §"°C and §'*0 caused by disequilibrium in the DIC-
H,O system have also spurred investigations into kinetic fractionation in inorganic
CaCO; due to calcite crystal growth rate, where a high calcite-crystal growth rate
causes isotopic depletion in the §C and §"0O of calcite due to non-equilibrium
fractionation factors (Watkins et al., 2013). Additionally, CO, diffusion to the site
of precipitation in an organism can lead to mass-dependent kinetic isotope effects
(Schauble, 2004; Eiler, 2007). According to the kinetic diffusion model, lighter
isotopes (e.g., *C'*0'°0) diffuse more rapidly than their heavier counterparts (e.g.,
BC100 and *C'*0'*0; Wanner & Hunkeler, 2019). Although a limited number of
studies have attempted to quantify the extent of isotopic depletion caused by
aqueous-phase CO, diffusion, experimental evidence suggests a potential
depletion of (-)0.7 to (-)0.87 %o in §*C (O’Leary, 1984; Jahne et al., 1987) and (-)1.6

%o in 6'*0 (Thiagarajan et al., 2011).

Furthermore, biogenic calcite can also be influenced by metabolic
processes such as respiration and photosynthesis. Isotopic changes due to the
preferential uptake of depleted CO, by RuBisCO, the key enzyme in
photosynthesis have been highlighted in §*C (McConnaughey, 1989a; McClelland
et al, 2017). However, it is worth noting that fractionation by RuBisCO is

recognised in both §*C and §*O (Guy et al., 1993; Tcherkez et al., 2006).

Understanding the variability of vital effects with environmental factors
can provide significant additional information about the physiology of
biomineralizing  organisms.  Noteworthy  candidate  organisms  are

coccolithophores, offering a promising avenue for paleoenvironmental




reconstruction owing to their geological history spanning over 200 Ma (Bown et
al., 2004). Much like foraminifera, stable isotopes in different species of coccolith
calcite are known to display distinct offsets from equilibrium which have been
used for the reconstruction of past environments (Dudley et al., 1986; Bolton &

Stoll, 2013; Hermoso et al., 2020; Claxton et al., 2022).

Prior studies have suggested that vital effects in coccolithophores diminish
as carbon supply increases, but species-specific deviations from abiogenic calcite
occur at low DIC/CO, concentrations (Rickaby et al., 2010; Hermoso et al., 2016a;
McClelland et al., 2017). These studies simulated an increase in CO, by increasing
DIC concentrations at a constant pH. Moreover, they suggested a mechanistic link
between the magnitude of coccolith vital effects and the species-specific ratio of
particulate inorganic carbon (PIC) to particulate organic carbon (POC) and carbon
demand vs supply (analogous to u/CQO,).

It remains unclear whether the physiological and isotopic effects observed
stem from an increase in CO,, from changes in DIC concentration, or from an
interplay of both factors. This is because vital effects in coccolithophore calcite
were reported to become increasingly depleted with increasing CO, (Hermoso,
2015), where CO, was modified through pH manipulation at constant DIC
concentration. This discrepancy indicates that the isotopic response of
coccolithophores may vary depending on the specific parameters of the
manipulated carbonate chemistry and on the effect of those chemical
manipulations on their physiology.

In the diffusive model for organic isotopic fractionation, isotopic
fractionation in organic matter increases with CO, concentration but can be
affected by growth rate (Laws et al., 1995; Rau et al., 1996). Accordingly, carbon
demand to supply (denoted by wu/CO,) has been correlated with isotopic

fractionation in the organic matter and attributed to Rayleigh fractionation of an




internal pool of carbon and used as a proxy for past pCO, (Pagani, 2002; Henderiks
& Pagani, 2008). This correlation comes with limitations due to factors that impact
the relationship between isotopic fractionation and u/CO,, such as active carbon
uptake (Keller & Morel, 1999; Tchernov et al., 2014; Stoll et al., 2019).

There have been few studies reporting isotopic fractionation in both calcite
and organic matter, and in §°C and §'*0 simultaneously. The carbon demand to
supply models in coccolith calcite (McClelland et al.,, 2017) and organic matter
(Rau et al., 1996) suggest that this parameter, possibly with active bicarbonate
uptake, plays a crucial role in understanding vital effects and their relationship
with species-specific coccolithophore physiology. Further investigation is needed
to understand the relationship between isotopic fractionation in the calcite and

organic matter of coccolithophores and seawater carbonate chemistry.

This study delves into the effects of pH and CO, variations on isotopic
signatures within coccoliths and organic matter. Through dilute batch cultures,
stable isotopes in calcite and organic matter of five coccolithophore species of
varying cell sizes, carbon demands, and PIC:POC ratios were investigated to
understand the mechanisms of carbon regulation and isotopic fractionation in
calcifying phytoplankton. The results obtained from this study will provide a
context within which size-separated coccolith fractions can be interpreted during
paleoclimate reconstructions that use coccolithophore calcite and organic matter
isotopes specifically pointing to periods when carbon limitation of different size
fractions emerged (e.g., Gonzalez-Lanchas et al., 2021; Bolton et al.,, 2016).
Moreover, the broader application of the findings of this study will be useful in
constructing numerical cell models to quantify the fluxes of carbon and calcium,
and intracellular reservoirs, involved in coccolithophore calcification (Holtz et al.,

2015, 2017).




Methodology

Coccolithophore Culturing

Live coccolithophore monocultures were sourced from the Roscoff Culture
Collection (www.roscoff-culturecollection.org) and the Marine Biological
Association (MBA, www.mba.ac.uk). Strains RCC 1198 (Coccolithus braarudii), RCC
1130 (Calcidiscus leptoporus), RCC 1314 (Gephyrocapsa oceanica), PLY 837
(Gephyrocapsa huxleyi, morphotype A; Bendif et al., 2019), and PLY 406
(Chrysotila carterae) were grown in filter-sterilised artificial seawater prepared
using the Synthetic Ocean Water (SOW) recipe from Aquil* synthetic medium (Price
et al, 1989), modified from Morel et al. (1979) with a starting constant DIC
concentration of ~2100 pmol KgSW. These species were selected based on their
unique physiological characteristics. For instance, C. carterae is a coastal species
with a large cell size and small PIC:POC ratio (Houdan et al., 2004). PIC:POC ratios
were taken from previously published data (Table S1, Supplementary Information;
Gafar et al.,, 2019; McClelland et al., 2017). G. huxleyi and G. oceanica are
ubiquitous bloom forming species that are widely studied in the paleoclimatic
records and the modern ocean (Paasche, 1964; Gonzalez-Lanchas et al., 2021;
Wheeler et al., 2023). These species have small cell sizes and intermediate PIC:POC
ratios. C. leptoporus and C. braarudii have long ancestral lineages and are key
calcifiers in the modern ocean (Backman, 1980; Young, 1998; Ridgwell, 2005;
Agnini et al., 2014). These species have large cell sizes, and relatively higher
PIC:POC ratios (Table S1). The SOW was enriched with 100 ymol kg*! nitrate, 6.25
umol kg' phosphate, and 27 umol kg silicate, supplemented with vitamins based
on the f/2 protocol (Guillard & Ryther, 1962) and trace metals according to the
K/2 protocol (Keller & Guillard, 1985; Keller et al., 1987), with modifications

according to (Rickaby et al. 2010, Supplementary Material). pH was adjusted using




1N NaCl and 1IN HCI and measured with a 3-point calibrated benchtop pH meter
(Mettler Toledo SevenEasy). The seawater was filtered through a sterile 0.22 ym
Merck Steritop® bottle top filter, UV sterilized, and filled into acid-clean, sterile

2.3L polycarbonate bottles with no headspace.

Dilute batch cultures were employed, with a maximum 5 % change in [DIC]
as recommended by (Langer et al. 2006; LaRoche et al. 2010; Rickaby et al. 2010;
Hermoso 2015; Supplementary Material). Cultures were grown in triplicate within
a PHCbi MLR-352 Climate Chamber at 17 + 0.1°C. A 14-hour light:10-hour dark
cycle was maintained, with the photon flux density ranging between 55 and 80
umol m? s* during the light phase, depending on the position relative to the light
source, which was randomised during the acclimatisation and experiment
incubation phase. The strains were acclimated in the experimental media for a
minimum of 14 generations (2 subsequent batch cultures of ~7 generations each,
transferred at mid-exponential growth) prior to their use as initial inoculates for
the main experiment. Culture bottles were gently shaken daily and opened for less
than a minute each to measure growth. Only 600 pL of culture was extracted at

once yielding a negligible effect on gas exchange and headspace.

Cell counts were measured using a Beckman Coulter Counter Z2 analyser.
Isotopic measurements were conducted on the day of optimal cell density. All
measurements were taken at the same time of day, starting 6 hours after the
beginning of the light phase, and lasting approximately 2 hours. Coccosphere

sizes were measured using SEM images obtained on a Zeiss Sigma 300 FEG-SEM.

Measurement of Growth

Specific growth rates were calculated based on in vivo log change in

chlorophyll fluorescence per day using a TECAN Spark® Multimode Microplate




Reader (excitation = 485 + 20 nm, emission = 680 + 30 nm; Andersen, 2005). The

specific growth rate (u) was determined using the following equation:

In Chl floy — In Chl flo;
At

M:

Here, Chl flo; represents the blank-corrected chlorophyll fluorescence of
the cell culture on the harvest day, Chl flo; represents the blank-corrected
chlorophyll fluorescence one or two days before cell harvest, and At is the
difference in days between the two measurements. Sterile culturing media was
used as blanks. See Methods (Supplementary Material) for an overview of the
challenges faced in this study with traditional cell counting methods at such dilute
concentrations to justify in vivo log change in chlorophyll fluorescence per unit

time being used for measuring specific growth rates.

Calculation of Carbonate Chemistry Parameters

To determine pH, alkalinity, and DIC drift, approximately 12 mL of
seawater sample was collected on the day of inoculation and at harvest after
filtering through a 0.22 um syringe filter unit and stored in Labco Exetainer® vials
with no headspace. The seawater samples were titrated in technical duplicates
with a 0.01N HCI standardized solution on a Metrohm 916 Ti-Touch titrator to
determine Total Alkalinity (TA) and pH. The pH probe was calibrated daily using
NIST standard reference material (Thermo Scientific), and the precision and
accuracy of the machine were assessed using Dickson CO, in seawater reference
material (Batch 126, 197) provided by A. Dickson, Scripps Institution of
Oceanography, La Jolla, CA. See Methods (Supplementary Material) for an overview
of the precision and accuracy of the Dickson standards. Carbonate chemistry
parameters were calculated using CO2Sys v2.1 (Pierrot et al., 2006) with the

measured pH, TA, temperature, and calculated initial phosphate and silicate




concentrations. The K, and K, constants were obtained from Mehrbach et al. (1973)

and refit by Dickson & Millero (1987).
Isotopic Measurements

For the analysis of §“C of organic matter (§"Cog), 200 mL (per technical
replicate) of culture was filtered through pre-combusted (450°C, overnight) GF/F
filters, washed with sterile seawater, acidified using 230 pL of 0.1N HCI and oven-
dried overnight at 40°C. Samples were analysed on an Elementar Vario Isotope
Select Elemental Analyser linked to an Isoprime 100 continuous flow IRMS at the
Stable Isotope Ratio Mass Spectrometry Laboratory, School of Ocean and Earth
Science, University of Southampton, National Oceanography Centre in

Southampton, UK.

To measure §°C and 6%0 of coccolith calcite (6"Cecoccotiins 0 *Ococcolitn)s
approximately 600 mL of culture was filtered on a polycarbonate filter with a 0.8
um pore size. The collected material was cleaned according to (Lee et al., 2016,
Supplementary Material). Internal standards were treated in the same manner as

samples to evaluate the isotopic offset from absolute values due to cleaning.

For 6C and 60 of DIC (6Cp and 6'*Oy,), culturing media was collected
on the harvest day in the same way as the alkalinity samples. All calcite and DIC
samples were analysed on a Thermo Delta V Advantage at the Stable Isotope

Laboratory, Department of Earth Sciences, University of Oxford.

6C of CO, was calculated from 6“Cp and the absolute temperature (Ty)
according to (Mook et al., 1974) and the following equation taken from Rau et al.

(1996)

6136‘602 = 613CD1C + 2364‘4‘ - (97015/TK)




6"C of inorganic calcite (6*Cyore) Was calculated as 6°Cp +1 (Romanek et
al., 1992) and 6'*Onore Was calculated to be -0.72 %0 V-PDB, based on the equation
from Kim & O’Neil (1997) and Watkins et al. (2013) for a temperature of 17°C and
the 6*0 of the seawater of 0 %, V-SMOW (Table S2, Supplementary Material). The
effect of pH was considered from Zeebe (1999), where the §'*0O of the precipitating
calcite becomes lighter (depleted) with increasing pH as a consequence of the

increasing proportion of the isotopically depleted CO,*.

Reproducibility of replicated standards (NBS 18 and NBS 19) was always
better than 0.07 % VPDB for 6“Cc,.. and better than 0.11 %o VPDB for §*Oce.. InN
addressing the impact of the cleaning process on isotopic values, an internal
calcite standard was employed to account for offsets. The cleaning process
resulted in a depletion of (-)0.13 %o in §“C..q Values relative to the expected
absolute values, while §*Oc,.. values exhibited a corresponding enrichment of
(+)0.04 %o. The standard error associated with isotopic analysis using external
standards found from the influence of the cleaning process on the absolute
isotopic values of the internal standard was non-significant. The influence of
sample treatment with similar magnitudes has been documented in prior studies
(McConnaughey, 1989a). A comprehensive examination using Scanning Electron
Microscopy did not reveal any indications of inorganic CaCO, overgrowth or
coccolith dissolution after cleaning. For §“C values of cellular organic matter
(6"Coro), reproducibility on replicated standards (USGS 40 and 41a) was 0.00 - 0.04

%o VPDB for USGS 40 and 0.05 - 0.43 %. VPDB for USGS 41a.

Results

Carbonate Chemistry

During the dilute batch culture experiments, the average change in

dissolved inorganic carbon concentration, [DIC], was approximately 4.7%, with an




average pH drift of 0.04 units. We used the initial alkalinity and pH values to
compute and visualise other carbonate chemistry parameters, such as CO,
concentration (hereafter [CO,]). It is noted that the method of altering carbonate
chemistry (through acid/base addition, CO, bubbling, or changing DIC
concentration) can impact species-specific responses to varying carbonate
conditions (Iglesias-Rodriguez et al., 2008b; Hoppe et al., 2011; Bach et al., 2013;
Kottmeier et al., 2016a). The observed responses in this study are a consequence

of modifications in both [CO,] and [H"].
Effect of [CO,] and pH on growth rates

All species consistently exhibited a decrease in growth rate (minimum of
~0.2 day’) when exposed to high [CO,] and low pH ( CO,> 40 ymol kg*, pH < 7.75),
while species-specific effects were observed at low [CO,] (high pH; Fig. 1). These
observed changes in growth rates are in line with previous research findings, as
all species exhibited an optimum growth curve in response to variable [CO,]

and/or pH (Gafar et al., 2019a; Kottmeier et al., 2022).

The estimates for growth rate optimum (u,,) for CO, and/or pH differed
among species: C. leptoporus exhibited a modelled u,, at 16.3 pmol kg' (pH 8.1),
C. braarudii at 21.05 pmol kg* (pH 8.02), C. carterae at 13.5 pmol kg* (pH 8.22),
and G. oceanica at 3.5 pmol kg (pH 8.7). G. huxleyi did not reach a CO, optimum

for growth (< 5 umol kg*, pH >8.8).
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Figure 1: Growth rates (day?) for C. braarudii (=), C. leptoporus (e), C. carterae (4),
G. huxleyi (Vv), and G. oceanica (). Each point is an average of 3 biological
replicates. The curved lines represent 2™-degree polynomial fits. Vertical bars
indicate maximum growth rates (u,,), defined as the maximum of the polynomial
fit curve. A plot of growth rates of all biological replicates can be found in the
Supplementary Material (Fig. S3).

G. huxleyi exhibited the highest growth rate of 0.91 d'at [CO,] of 5.1 umol
kg! (pH 8.6) and continually declined with increasing [CO,] (Fig. 1). Similarly,
maximum u for G. oceanica was 0.94 d' at [CO,] 11 umol kg' (pH 8.3) and growth
rates declined with increasing CO, (decreasing pH). Growth rates for C. carterae
plateaued for [CO,] below 22 umol kg (pH 8.05). C. braarudii showed maximum
u between [CO,] 10-30 umol kg (pH 7.9 - 8.3) of ~ 0.58 d*! and showed declining
u at higher and lower [CO,]. Overall, C. leptoporus showed the lowest u in

comparison to other species at all [CO,] conditions and we observed significant




cell clumping at [CO,] ~ 40 pmol kg (pH 7.7). Similar observations have previously

been reported for C. leptoporus (Langer & Bode, 2011).

Declining growth rates with increasing [CO,| (decreasing pH) align with
some studies (e.g., Gafar et al., 2019; Kottmeier et al., 2022; Krug et al., 2011), but
differ from others (e.g., Langer et al. 2009; Rickaby et al. 2010; Hermoso et al.
2016) where growth rates did not change significantly with increasing [CO,]. This
may be owing to carbonate chemistry parameters in these studies being
manipulated through either CO, bubbling or DIC addition, instead of pH
manipulation as in this study. Culture conditions, such as temperature, light
intensity, nutrient concentration, seawater composition and irradiance cycles can
also affect coccolithophore sensitivity to changing carbonate chemistry
(Zondervan et al., 2002; Rokitta & Rost, 2012a; Sett et al,, 2014; Bach et al., 2015;
Zhang & Gao, 2021). Growth rates can be compared between experiments within
this study to understand species-specific and interspecific responses. Significant
changes in coccosphere size were only observed in C. carterae, where coccosphere
diameter increased from ~12 ym to ~19 um with increasing [CO,] (Fig. S6,

Supplementary Material)."

Stable isotopes

The carbon and oxygen isotopic composition of the coccolith calcite,
denoted as A"Cocconen ANA A®Ococconn WeTe plotted in the form of 6"*Cocconin — 6 Ceo. and
6 O¢occonn —0°Opc Values, respectively (Fig. 2a,b). carbon isotopes of the organic
matter are represented as ABCoe = 6%Core - 6Ceop, %0 VPDB. This allowed the
quantification of the true isotopic fractionation relative to DIC, e.g., A®Ccocconn =
8Ccoccoitn = 6°Ceozy %0 VPDB (Zeebe & Wolf-Gladrow, 2001; Hermoso et al., 2016a;
McClelland et al., 2017). We assume that the DIC species and their respective

isotopic compositions (6°C and §**0) were in isotopic equilibrium with H,O and




other ions in the seawater when the experiment commenced. The magnitude of
isotopic offset from calculated inorganic calcite values (Table S2, Supplementary
Material), deemed the vital effect, were derived as 6"*Ccoccoitn = 6**Cunorganic caicire @A 8
B0 coccotin = 0" Omnorganic catcite (F1g. 3). The A¥Ceecnn @A A¥Oc,ein Values aligned with

previous studies (see Results: Supplementary Material).
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Figure 2: (a) A”Ceocconmn (8 Ceocconin = 6°Ceo2)y (B) A®Ococconitn (8 Ococcotin = 8% O0pic), (€) APCope
values (§"Cope- 8*Ce,) for C. braarudii (=), C. leptoporus (e), C. carterae (4), G.
huxleyi (v ), and G. oceanica (¢). Note the change in y-axes. Each data point
signifies an average of 3 biological replicates, each with 3 replicate measurements.




Measurements for each biological replicate can be found in the Supplementary
Material (Fig. S4). Error bars represent one standard deviation. The grey line in (a)
and (b) represents isotope values for inorganic calcite derived from (Romanek et al.,
1992; Kim & O’Neil, 1997; Watkins et al., 2013). 8" Oporganic caie Values are adjusted for pH
according to (Zeebe, 1999). 50 values for Inorganic Calcite from Watkins et al.
(2013) represent closest 80 values to thermodynamic equilibrium, while §'%0
values for Inorganic Calcite from Kim and O’Neil (1997) represent inorganic §'*O
values influenced by kinetic isotope effects. Note that although the relationship
between 6*0 and pH is linear, between §'*0 and CO,, it is logarithmic.

Species-specific coccolith vital effects

A crucial reference point to infer species-specific offsets is the isotopic
composition of inorganic calcite, which is affected by both equilibrium and
thermodynamic fractionation effects due to pH. At a given temperature, the §C
and §'*0 values of inorganic calcite are determined by the speciation of carbon
species in the DIC according to the pH (Zeebe, 1999). With increasing pH, the §*0O
value of the inorganic calcite will become more depleted due to the increasing
proportion of isotopically depleted CO,* ions, referred to as the “carbonate ion

effect” (Zeebe, 1999; Ziveri et al., 2012).

Although the §°C of carbonate species varies within the carbonate system,
with the §“C of CO, being (-)9 %, more depleted, and §“C of CO;* (-)2 %o more
depleted compared to that of HCO; (Zeebe & Wolf-Gladrow, 2001), the §°C of the
calculated inorganic calcite should exhibit no change at equilibrium. This is
because if the inorganic calcite is precipitated with all DIC species, the §*C of the
inorganic calcite should only show a consistent 1% enrichment in the solid

irrespective of the pH (Romanek et al., 1992).

G. huxleyi displays slightly positive A®Cgoonn Values (up to (+)2 %o
enrichment than 6"C,,oganic cace) When CO, levels are below ~17 pymol kg (below pH
8.1; Fig. 3a). However, when CO, levels go above this threshold, G. huxleyi exhibits
negative vital effects in A®Cc,coin (Fig. 3a). A similar shift in vital effects is observed

in G. oceanica at 17 pmol kg' CO,. However, G. oceanica shows near-inorganic




APCocconn Values (< (-)2 %o depletion than §"C,eganic caare) 2t CO, levels below 17 pmol
kg! in ABCcocconn- MOreover, A®Ce,.qin Values for G. oceanica above 17 ymol kg* CO,
are more negative compared to G. huxleyi. These observations suggest that both
G. huxleyi and G. oceanica exhibit near-inorganic vital effects below ~17 pmol kg
' CO, (corresponding to a pH of 8.1), while above this CO, concentration, G. huxleyi
and G. oceanica display negative vital effects in A®C oo A®¥Ococconn Values exhibit
similar trends to A®Ccycconn (Fig. 3b). When compared to the inorganic calcite by Kim
and O’Neil (1997), G. huxleyi and G. oceanica display positive vital effects in
A®Ococconn Values below ~17 pmol kg! CO,. While above this threshold, G. huxleyi
exhibits near-inorganic A%Oc..in Values, and G. oceanica exhibits negative
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Figure 3: (a) Vital effects in A®Ccocconn (8" Ceoccoritn = 8"*Cunorganic cacire)- 0 %0 (grey line)
signifies 8"Corganic cacie Pased on Romanek et al. (1992). (b) Vital effects in A®Ocqccoimn
(8" Ococcotitn = 8" Omnorganic carcire) USING 80 of pH-corrected inorganic calcite. The A®Ocqccoin
values for C. carterae and C. leptoporus can be compared to the dashed line due
to their elevated intracellular pH causing depleted A'®Ococoin Values. The grey line
at 0 %o signifies 8O yporganic caie Pased on Kim and O’Neil (1997), and at 1.79 %o based
on (Watkins et al., 2013) The thickness of grey lines accounts for the standard
deviation in the isotopic composition of the inorganic calcite. Each data point
signifies an average of >3 biological replicates, each with >3 replicate
measurements.




Vital effects in A®Cccoun Of C. braarudii and C. leptoporus show a consistent
depletion of ~4 %o compared to the inorganic value, except when CO, falls below
10 umol kg, at which point these species display large negative vital effects (Fig.
3a). Regarding A®Ocycomn, C. braarudii only exhibits minor deviations from the
inorganic values, while C. leptoporus consistently departs from the inorganic value
by a constant offset (Fig. 3b). Finally, C. carterae demonstrates that A®C oo
values become progressively depleted as CO, concentrations rise (due to lowering
pH), while A*¥O....;, Values consistently exhibit negative vital effects under all CO,

and/or pH conditions, similar to C. leptoporus.
Discussion
Growth rate: effect of species-specific [CO,] and/or pH optima.

We found distinct growth rate optima (u,,) for CO, and/or pH among various
coccolithophore species. Notably, C. braarudii and C. leptoporus exhibited pu,,
values at 21.05 (pH 8.02) and 16.3 umol kg' CO, (pH 8.1) respectively (Fig. 1). C.
carterae demonstrated a u,, value at 13.5 pmol kg' CO,(pH 8.22), while G. oceanica
displayed a u,, value at 3.5 pmol kg' CO, (pH 8.7). G. huxleyi did not exhibit an
upper U, limit (< 5 umol kg', pH >8.8). A growth optimum likely sits at the
intersection of H*-induced growth inhibition and CO, fertilisation at low pH, and
alleviation of H*related inhibition, high pH-related cellular stress, and CO,
limitation at high pH. Moreover, species-specific optima exist due to the

contrasting physiologies and carbon requirements of the species studied here.

The u,, values at high CO, (and low pH), for larger-sized, heavily calcifying
species such as C. braarudii, and C. leptoporus is due to their high carbon demand
(see Table S1 for species-specific PIC and POC quotas, Supplementary Material).
Moreover, the ancestral lineages to these species existed in more acidic, CO,-rich

waters during the Paleogene (Young, 1998; Ridgwell, 2005; Agnini et al., 2014). A




significant growth rate decline in both C. braarudii and C. leptoporus is observed
below 10 umol kg! [CO,], when approaching the lower limit of their optimum curve
(Fig. 1). The decline suggests a CO, limitation at lower [CO,| (Bach et al., 2011b,
2013). Signs of carbon starvation are also evident in the coccolith malformations
of C. braarudii under low CO, conditions (Fig. S6, Supplementary Material). The
declining growth rates suggests that these species rely predominantly on passive
CO, diffusion as their carbon source and are less able to use HCO;, which is
abundant at the higher pH conditions (Zeebe & Wolf-Gladrow, 2001). At lower CO,
levels, diffusive and active carbon uptake may be insufficient or have too low

affinity to meet the carbon demands of these two species.

The notion of active carbon uptake has been primarily explored in the
context of G. huxleyi (Sikes et al., 1980; Mackinder et al., 2010; Rokitta & Rost,
2012a). Therefore, it is plausible that the active carbon uptake capabilities might
explain the absence of a lower limit for a growth optimum for G. huxleyi, which
also has a comparably low carbon demand due to its small size and low PIC quotas
(Table S1). Similar mechanisms probably exist in the case of the small sized and
lightly calcifying G. oceanica, as it exhibits a similar trend to G. huxleyi in its
growth rates (Fig. 1). G. huxleyi exhibits high affinity for CO, and/or an effective
active carbon uptake mechanism as suggested by thereported half-saturation rate
(K.) for growth at 1.7 pmol kg' CO, (Feng et al., 2017), which aligns with its u,,
value at low CO, concentrations. This is noteworthy, given the high half-saturation
rates for RuBisCO in G. huxleyi, reportedly at 39 - 41 umol kg* CO, (Heureux 2016;
note the difference between half-saturation rates for growth and RuBisCO). These
findings further support the presence of an active carbon concentrating
mechanism (CCM) in G. huxleyi, particularly under low CO, conditions (Reinfelder,
2010; Kottmeier et al., 2014; Zhang et al., 2021a). Given the predominant focus on

the active carbon uptake mechanisms in G. huxleyi, it is important to determine




the extent of this mechanism in other species, particularly those which exhibit p,,
values at high CO, concentrations due to their larger size and/or higher
calcification requirements as highlighted in previous studies (Daniels et al., 2014;

Bach et al., 2015).

The u,, value for C. carterae at a relatively higher CO, concentration is
possibly due to its large cell size, despite being the lowest PIC:POC species (Table
S1, Supplementary Material). u,, values at a higher CO, concentration may be due
to the large internal carbon pool of C. carterae (also C. braarudii and C.
leptoporus), which requires higher carbon fluxes into the cell for its replenishment
or due to their higher internal pH buffering capacities. A decrease in coccosphere
size for C. carterae was observed with decreasing [CO,]/increasing pH, resulting
in a ~60% increase in Surface Area to Volume (SA:V) ratio (Fig. S2, Supplementary
Material). An increase in the SA:V ratio may potentially aid CO, diffusion into the
cell under reduced CO, availability. Alternatively, cell size may increase under low
pH due to elevated [H*]-driven reduced cellular division rates (inferred from
reduced growth rates at low pH in Fig. 1). Nonetheless, the flexibility in cell size
and the plateau in growth rates at a wide pH range (pH 8 - 8.7) can be a trait

related to the dynamic coastal habitat of C. carterae (Houdan et al., 2004).

Increased carbon supply at higher CO, concentrations has been shown to
enhance growth due to its fertilizing effect on phytoplankton, as the enzyme
RuBisCO utilizes CO, for carbon fixation (Iglesias-Rodriguez et al., 2008b; Fiorini
et al,, 2011). This phenomenon has been previously demonstrated in the case of
C. braarudii (Langer et al., 2006; Halloran et al., 2008), which is consistent with

our findings of u,, values at high CO, concentrations for the same species.

Our study reveals a consistent decline in growth rates for all species,

especially at [CO,] greater than 30 pmol kg' (below pH 7.9). This observation




coincides with increased malformation in the coccolith calcite (Fig. S6,
Supplementary Material) suggesting the inhibitory effect of increased [HY]
associated with decreasing pH is experienced universally (Suffrian et al., 2011a;
Taylor et al., 2011; Bach et al., 2015). In terms of pH sensitivity, the inhibitory
effect of pH in G. huxleyi and G. oceanica is observed as a continuous decline in
growth rates starting from pH 8.4 and progressing to lower pH values. However,
the inhibitory effect of low pH on the growth rates of C. braarudii, C. leptoporus
and C. carterae is observed only at pH levels below 7.9. This implies that the larger
species (C. braarudii, C. leptoporus and C. carterae) display a stronger threshold
towards sensitivity to declining pH which may be attributed to their stronger
intracellular pH buffering capacity due to their comparatively large size and small
SA:V ratio (Table S1). H* efflux during calcification through membrane channels
has been previously documented as the mechanism responsible for pH
homeostasis in C. braarudii (Taylor et al., 2011; Kottmeier et al., 2022). It is
plausible that this mechanism is also operative in C. leptoporus and C. carterae,

contributing to their higher tolerance to variable pH.

The relationship between vital effects and carbon demand to supply ratio.

Species-specific growth rates at varying CO, and pH levels allows the
investigation of vital effects to the carbon demand to supply ratio (represented as
u/CQO,) and often used to describe the sensitivity of carbon isotopic fractionation
into organic matter (e.g., Keller and Morel, 1999) While previous research has
examined the relationship between 11/CO, and vital effects in coccolith calcite (e.g.,
Hermoso 2015) and isotopic fractionation in organic matter (e.g., Tchernov et al.
2014), studies rarely address both the organic and inorganic systems

simultaneously.




Although the parameter u/CO,, as a measure of the carbon demand versus
supply, may not incorporate factors such as the additional carbon demand
imposed by a calcifying cell for biomineralisation, or carbon supply through active
HCO; uptake, it does offer a framework for interpretation (Hermoso et al., 2016b).
This significance is magnified as the portion of carbon supply via active HCO;
uptake has only been quantified in one coccolithophore species (Kottmeier et al.,
2014; Kottmeier et al., 2016a). According to Kottmeier et al. (2014), G. huxleyiused
>90 % CO, below pH of 8.1 ([CO,] greater than 17 umol kg for this study) and the
proportion of active HCO, uptake progressively increased above pH 8.1, with ~55
% HCO; at pH 8.7. The current study did not measure calcification rates so these
cannot be factored into the carbon demand calculation. SA:V ratio is included to
get a better estimate of carbon demand through organic carbon fixation and
diffusive supply of CO,, especially with changing cell sizes. In this study, SA:V
calculations were based on coccosphere diameters rather than naked cell sizes, as

measuring the latter resulted in higher inaccuracies.

Vital effects in Figure 3 suggest that large-sized and heavily calcifying species
such as C. braarudii and C. leptoporus that show pu,, values at high CO,
concentrations, show a consistent depletion of ~ (-)4 %o from inorganic calcite
under most scenarios, and only exhibit significant offsets in A"®Cc,in Under the
lowest CO, concentrations. Small-sized and lightly calcifying species such as G.
huxleyi and G. oceanica that show a u,, value at low CO, concentrations, show a
shift towards more depleted values at 17 nmol kg*' CO, but display a constant
offset from each other across the conditions. Finally, C. carterae that exhibit p,,,
values at intermediate CO, concentrations, display progressively depleted
ABC oo Values with increasing CO, while A*O¢,..ois Values show minimal changes.
In the following section, we investigate the relationship between vital effects and

carbon demand to supply ratio in these three groups, and provide insights into




the observed trends in A®C ooy A**Ococconn » aNA ABCope aCToss varying growth rates,

CO, and pH levels.

Long carbon residence times in C. braarudii and C. leptoporus allow isotopic
equilibration of their internal pool: vital effects emerge during lowest carbon

supply and high carbon demand.

Above [CO,] of 10 umol kg!, growth rates decrease at high CO,, and
coccoliths show malformations with increasing CO, (Fig. S6, Supplementary
Material) for C. braarudii and C. leptoporus. Moreover, their A®C .. Values show
a consistent offset from the §"*C of inorganic calcite (grey line, Fig. 4a), with minor
variations in isotopic values with increasing CO, (Fig. 4a), and minimal changes
with u/CO, ([CO,] >10 pmol kg?; Fig. 4c) Similar offsets at high [CO,] have been
reported previously (Hermoso, 2015; Wilkes et al., 2018). At [CO,] above 10 pmol
kg!, ABCy values become more depleted with increasing CO, and decreasing
growth rates (Fig. 2c, 4b). This observation is consistent with previous studies that
report a depletion in A*C, values with increasing diffusive CO, supply due to

increasing ambient CO, concentration (e.g., Burkhardt et al. 1999a).
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Regarding A'"®Ococonn Values, C. braarudii exhibits minor offsets from
inorganic calcite, while A®*Oc,...in Values for C. leptoporus show a consistent offset
towards depleted values from the inorganic value under all CO, conditions (Fig.
2b, 3b). The lack of changes in A®*O¢,coin With 1/CO, suggest that carbon residence
times are long enough to allow isotopic equilibration of the oxygen isotopes with

intracellular H,O (Fig. 4d). The offset in A®Oc¢yconn towards depleted values in C.




leptoporus can be attributed to the pH of the calcifying fluid within the coccolith
vesicle (described hereafter as intracellular pH) being higher than the ambient pH,
as reported previously (Liu et al., 2021). Specifically, under high intracellular pH,
A®Ococconn DPEeCOmes depleted due to the increased proportion of the (isotopically
depleted) CO,* ions. Although intracellular pH may increase proportionally with
ambient pH (Suffrian et al., 2011a), active Ca*/H* exchangers can raise the pH of
the calcifying fluid to increase the calcite saturation state, therefore, affecting the
C0O,*/HCOy ratio (Anning et al., 1996; Mackinder et al., 2010; Chen et al., 2018). It
is worth noting that the §®0 value of CO,* itself becomes more depleted with
rising pH (Fig. 4 in Zeebe 1999). Similar mechanisms of elevating intracellular pH

to promote calcification have been observed in corals (Venn et al., 2011).

Below [CO,] of 10 umol kg*', A®Ccocconmy APCorg, and growth rates for C.
braarudii and C. leptoporus show a consistent decline (Fig. 1, 2a,c, 4a,b). This
observation points to a unifying factor driving the concurrent isotopic depletion
in the calcite and organic matter, which is a consequence of alterations in the
isotopic composition of the shared internal pool (Fig. 2a,c, 4b). Under CO,-limiting
conditions, where growth rates are CO,-limited and imply a diminished internal
carbon pool, a strong CO, gradient is established between the highly utilised (and
therefore low concentration) intracellular carbon pool and the ambient seawater
that facilitates high rates of passive diffusion of isotopically depleted CO, (~9 %o
depleted compared to DIC, for §“C) into the coccolithophore cell. Within the
carbon depleted internal pool, there is very little carbon for isotopic exchange,
such that the carbon isotopes of the internal pool tend towards that of the carbon
supply. The calcite and organic matter then reflect the CO,-induced depletion in
isotopic values of the starved carbon pool, which has allowed no carbon isotopic

equilibration as both calcification and organic matter fixation draw carbon from




the same intracellular carbon pool (Tchernov et al., 2001; Kaplan & Reinhold, 2003;
Holtz et al., 2017). A strong coupling between A®C oo and ABC o SUggest that the
primary substrate for the internal carbon pool is CO, (Hermoso, 2015) and that a
mechanistic relationship exists between the cell cycle and calcification, which has

previously been suggested for C. braarudii (Walker et al., 2018).

The internal carbon pool represents carbon dissolved in a water media such
that there are sufficient oxygen atoms available from H,O to equilibrate the
oxygen isotopes given sufficient residence time, which dilutes the heavy oxygen
isotopic signal of the diffusing CO, (Hermoso et al.,, 2016). An aggravated CO,
gradient stems from the extremely high carbon demands (u,, at high CO,
concentrations, high PIC, large cell size) for these species and severely starved
intracellular carbon concentrations at low [CO,]. Moreover, passive CO, diffusion
can be enhanced under low [CO,] through H* efflux to maintain pH homeostasis
during calcification or during Ca*/H* exchange (Mackinder et al., 2010; Taylor et

al., 2011).

The difference in A®Oc.comn Offsets for C. braarudii and C. leptoporus
suggest contrasting mechanisms for intracellular pool equilibration, where C.
braarudii possesses a large intracellular pool with long carbon residence times,
allowing isotopic equilibration and pu,, values at higher CO, concentrations.
Moreover, A®Oc.oin Values similar to those of inorganic calcite suggest high
intracellular pH buffering capacity in C. braarudii (Fig. 2b, 3b). Whereas C.
leptoporus possesses a smaller intracellular carbon pool (compared to C.
braarudii), which is more susceptible to depletion, but higher intracellular pH and
long residence times for carbon causing an isotopic offset in A®Oc,.qin Values and
U, values at higher CO, concentrations. The size of the internal carbon pool can

be said to be proportional to the size of the cell (Fig. S2). Moreover, the contrasting




size of their intracellular carbon pool is marked by the magnitude of isotopic
change under CO,-limiting conditions where C. braarudii exhibits small offsets in
83C due to a large intracellular carbon pool but C. leptoporus displays large

depletion in 6*C due to a comparatively smaller internal pool.

Observations reported here are unlikely to be caused by
hydroxylation/hydration of CO, to HCO; as changes in A*Ocyconn Values with
changing CO, are negligible (Fig. 2b, 3b, 4d). Moreover, the depletion in A®C; as
observed at CO, below 10 pmol kg' should not occur during
hydration/hydroxylation of CO, into HCO; because CO, serves as the primary
substrate for RuBisCO and therefore should not be affected by
hydration/hydroxylation reactions. Also, the likely presence of carbonic

anhydrase in coccolithophores would catalyse this reaction (Reinfelder, 2010).

Vital effects for G. huxleyi and G. oceanica show greatest change during low
carbon demand and high carbon supply due to the short carbon residence

times in their internal carbon pools.

The isotopic shift in A®Cg ..o Values for G. huxleyi and G. oceanica at ~ 17
umol kg! (pH 8.1) is caused by changes in the mode of carbon uptake (Kottmeier
et al., 2014). CO, diffusion driven carbon uptake is prominent at high [CO,],
causing isotopic depletion in the §°C of the carbon pool, while active uptake of
isotopically heavy (6§*C) HCO; brings the pool closer to inorganic values at low
[CO,] (Fig. 5a). Active carbon uptake is also evident as growth rates are not limited
under low CO, conditions. Indeed, the best growth conditions for these species
appear to be at low CO, (Fig. 1; 5a-inset). Alternatively, heavier A"C ..., Values at
low CO,/high pH can also be attributed to preferential leakage of lighter CO, from
the internal carbon pool. CO, leakage was previously suggested to be prominent

in G. huxleyi at low [CO,] (Rost et al., 2006). Under low CO,, the intracellular carbon




pool has a higher carbon concentration than ambient seawater, causing CO,
leakage, while at high CO, (>17 umol kg', pH < 8.1), diffusion of lighter CO, into
the cell causes isotopic depletion of the intracellular carbon pool, and
consequently, the coccolith calcite. This indicates that the intracellular carbon

concentration in these species is > 17 umol kg (Liu et al., 2021).
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Although shifts in carbon uptake mechanism have been documented
through AC (as &,) at [CO,] of ~13 umol kg! (Laws et al., 1998; Keller & Morel,
1999; Burkhardt et al., 1999a; Tchernov et al., 2014), in this study, G. huxleyi and
G. oceanica exhibited only minor changes in A“C, (Fig. 2c¢, 5b), suggesting
minimal changes in the isotopic fractionation of carbon into the organic matter.
Moreover, the A®C.values for G. huxleyi are significantly more enriched (6 - 9 %o)
than those reported for G. huxleyi RuBisCO previously (11.1 %o, Boller et al. 2011).
These observations can be due to ample carbon supply that is meeting the cell’s
carbon demand owing to their small size (large SA:V ratio), and active carbon
uptake under low CO, concentrations (Table S1). Moreover, no changes in Rayleigh
fractionation are observed (through minimal changes in A®C.) due to carbon

supply being higher than demand under all pH/CO, conditions.

The lack of changes in ACg values for G. huxleyi and G. oceanica in
contrast to the observed changes in A®Cgcconm and A®Ocoeonn Values indicate a short
carbon residence time for these species. A short residence time causes
calcification and photosynthesis to “see” different carbon pools as if the processes
were offset in time and/or space. The small cell size of G. huxleyi and G. oceanica
(compared to other species in this study), corresponds to a small internal carbon
pool in these species, and reduced internal pH buffering capacity. The higher SA:V
ratio and fast calcification rates as reported previously (Balch et al., 1993; Daniels
et al., 2014) lead to high CO, fluxes in and out of the cell, causing short residence
times for carbon in the intracellular carbon pool. Alternatively, the lack of changes
in A“Cye values are possible if resource allocation favoured towards
photosynthesis rather than calcification. This seems plausible since G. huxleyi

exhibits evidence towards a decoupling between calcification photosynthesis as it




can still grow non-calcified in nature or when calcification is disrupted through

calcium limitation in the laboratory (Paasche, 2001; Trimborn et al., 2007).

APC coeconn aNA A¥Ococonin Values for G. huxleyi and G. oceanica exhibit kinetic
isotopic fractionation as both isotopic systems show depleting isotopic values
with increasing diffusive CO, supply (Fig. 5c,d). This observation agrees with
Hermoso (2015), where it was suggested that the source of carbon for the internal
carbon pool in coccolithophores is mainly CO,. Moreover, there is a pronounced
change in the gradient of A“Ccocconn and A®¥Ococonn Values with increasing u/CO,,
illustrated by the line fits in Figure 5c, d. Under conditions of high CO,/low pH
and reduced growth rates, diffusive (isotopically light) CO, appears to imprint a
small internal carbon pool, therefore, A“Cc...in Values become depleted in
proportion to the excess CO, supply (Fig. 5¢). As the u/CO,ratio increases, the
demand for carbon escalates while the diffusive carbon supply diminishes, which
results in enriched isotopic values in these species (Fig. 5¢,d; Fig. 4 in McClelland

et al.,, 2017).

Diffused CO, should experience a more pronounced depletion in §"*O
compared to §“C (Thiagarajan et al., 2011). This is because the mass difference
between *O-'*0 is larger than that of 2C-“C, leading to greater fractionation
between O isotopes (Wanner & Hunkeler, 2019). In contrast, our study exhibits a
larger depletion in the A®Ccycoin (depletion of up to ~ 6 %o from inorganic values
at highest CO,, Fig. 5¢) compared to the A®Ocycon (depletion of ~ 2 %o from
inorganic values at highest CO,, Fig. 5d). The smaller magnitude of change in §*O
compared to §"C could be due to the small size of the internal carbon pool and
rapid turnover time (fluxes in and out of the cell) for carbon which allows for

larger isotopic shifts in §*C due to the addition of CO,, but a greater abundance




of oxygen through H,O allows for partial equilibration of §*O in the intracellular

carbon pool.

A departure from the steep gradient between A®C ..coin and u/CO, emerges
at high u/CO, (Fig. 5c, d), indicating an impact of the active HCO; uptake as is
predicted for photosynthetic fixation (Laws et al., 2002). This observation points
to an active carbon supply mechanism within the cell, which could alleviate carbon
limitation as suggested in previous studies (Kottmeier et al., 2016b; Zhang et al.,
2021a). This is consistent with our growth rate optima for G. huxleyi and G.
oceanica, which is at lower CO, concentrations compared to other species.
Alternatively, a higher intracellular carbon concentration could enhance CO,
leakage, driving the internal pool isotopically heavy. Distinguishing between active
HCO; uptake and CA-facilitated inter-conversion of HCO, and CO,, however,
remains challenging due to the similarity in resultant isotopic compositions
(Zeebe & Wolf-Gladrow, 2001; Uchikawa & Zeebe, 2012), despite evidence for the
presence of external carbonic anhydrase in G. huxleyi (see for example, Rost et al.

2003; Stojkovic et al. 2013).

It is important to note that G. oceanica consistently exhibits more depleted
APBCocconn aNA A¥Oc,oin Values but isotopically enriched A“C, values than G.
huxleyi. Similar offsets between these two species have been previously observed
(Hermoso et al., 2016b). Such an effect could be causal, that is, removal of depleted
carbon from the intracellular carbon pool into calcite leaves the pool isotopically
enriched from which the organic matter draws its carbon. Alternatively, the
smaller carbon isotopic fractionation into A“C; for G. oceanica compared to G.
huxleyi could imply a smaller internal carbon pool in G. oceanica, which is then
more susceptible to overprinting from the high diffusive supply rate of CO, at low

pH and has less CO, to lose diffusively at low CO, (high pH) due to its larger cell




size. However, since the size of internal carbon pools are proportional to cell size,

we suspect a comparatively larger internal pool in G. oceanica.

The A¥Coccoin aNd A¥Ococconn trends observed for G. huxleyi and G. oceanica
in this study could also be a consequence of hydration/hydroxylation related
kinetic isotope effects. However, the known presence of carbonic anhydrase
negates this hypothesis (Rost et al., 2003). Moreover, the trends in A®C g and
A®O¢oeconn ShOW a significant shift in isotopic values at CO, of 17 ymol kg* (pH 8.1),
which cannot be explained by hydration/hydroxylation related kinetic isotope
effects. Such a scenario is only possible if hydration/hydroxylation related kinetic
isotope effects were taking place in addition to CO,leakage / HCO; uptake (as
seen through the horizontal lines and enriched/heavy isotopic values in Fig. 3 and
5¢,d). Moreover, photosynthetic carbon fixation and calcification would need to
have distinct intracellular carbon pools such that carbonic anhydrase and
Rayleigh fractionation due to RuBisCO do not affect the carbon pool allocated to
calcification only. Such a mechanism could resolve the discrepancy between

Al3CC0ccolith and A13C0RG ValueS.

Carbon vital effects in C. carterae are sensitive to changing carbon supply but

long carbon residence times alleviate oxygen vital effects.

ABCeoeenn Values in C. carterae exhibit a linear trend despite varying growth
rates across different CO, concentrations (Fig. 6a). This species lacks a covariation
in ABCeocoin and A¥Ocoonn Unlike any other species studied here (Fig 3, 6c¢,d).
Moreover, depletion in the A“®Cipcnm (R? = 0.86) and A“Cye (R? = 0.88) linearly
correlate with increasing [CO,], suggesting that organic carbon fixation and
calcification in C. carterae source their carbon from a shared intracellular carbon
pool, with the same change in the carbon pool being reflected in both organic and

inorganic carbon reservoirs (Fig. 6b). Such a shared intracellular carbon pool




appears to be integral, a concept previously observed (Liu et al, 2018, 2021).
The linear relationship also suggests high sensitivity to CO, concentrations across
high growth conditions as well as H*-inhibited growth rates, and that the carbon
pool assimilates its carbon mainly from CO, (Hermoso, 2015). It is important to
note, however, that the plateau between A“C ... Values and u/CO, (Fig. 6¢)
highlights either a notable contribution from HCO;, uptake at lower [CO,], or a
diffusive loss of isotopically light CO, from the intracellular pool. A similar change

is also evident in AC (Fig. S5), further suggesting a shared internal carbon pool.
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thickness at 0 %o accounts for the standard deviation in the isotopic composition
of the inorganic calcite. Note that in (a) and (b), the replicates are averaged, while
in (c) and (d), they are not averaged. §°Cggg - 8*Cpic VS nxV/CO,xSA can be found in
the Supplementary Material (Fig. S5). §*Cope - 8*Cpic VS 1xV/CO,xSA can be found
in the Supplementary Material (Fig. S5).

Regarding A'"®Oc...ois Values, our observations align with the isotopic pattern of
pH-corrected inorganic calcite, albeit influenced by a significant vital effect of ~2
%o (Fig. 2b, 3b, 6d). This finding suggests that the calcite precipitation occurs in
oxygen isotopic equilibrium with the DIC, and the intracellular carbon pool
comprises CO, fully isotopically equilibrated with H,O. The observed isotopic
offset towards depleted values is attributed to elevated intracellular pH during
calcification across all treatments, a phenomenon comparable to observations in
C. leptoporus. This highlights the physiological similarity between C. carterae and
C. leptoporus where an offset towards depleted values in A®O¢,oum Values and a
at relatively higher CO, concentrations could be caused by a higher intracellular
pH and long residence times for carbon allowing sufficient time for isotopic

equilibration.

C. carterae stands out from the other species in this study, with a distinctive
cellular composition characterised by a low PIC content and a high POC content
(Gafar et al., 2019; McClelland et al., 2017). In conjunction with the propensity of
this species for rapid calcite production (yielding potentially more than 100
coccoliths per cell), and a large intracellular carbon pool that is likely due to a
large cell size, the relatively modest extraction from this pool (due to the low PIC
content) ensures ample time for intracellular carbon pool replenishment and
equilibration with the DIC-H,O system. Moreover, a small SA:V ratio due to its
large cell size reduces the area available for unequilibrated CO, diffusion/leakage
to take place (Table S1). This can be observed in the unchanging A*Oc,coim Values
suggesting ample equilibration time for the oxygen isotopes across the different

carbon species of the intracellular carbon pool, which is generally the rate limiting




equilibration within the calcification fluid-DIC-H,O system. Additionally, high
carbonic anhydrase activity can cause rapid isotopic equilibration and therefore,

alleviate kinetic isotope effects (Uchikawa and Zeebe, 2012; Thaler et al., 2017).

Trends in carbon and oxygen isotopes as a measure of species-specific

intracellular carbon residence times.

Interrogation of the data indicated a relationship between the species-specific
gradient of the A®C yoin VS. A®¥Ococconn Felationship, and the gradient of the A¥Cyg
VS. ABCoconn Telationship (Fig. 7a). The residence time of carbon in an internal
carbon pool may be the unifying factor driving this correlation. Carbon residence
time is controlled by either the size of the internal pool and/or the rate of
supply/demand (Hermoso et al, 2016b). The steepness of the A“Ccoconn VS.
A®Ococconn gradient is likely driven in part by the time available for equilibration of
oxygen isotopes amongst all the carbon ionic species and water, the longest
equilibration time among the isotope systems (Zeebe & Wolf-Gladrow, 2001).
Further, the degree to which carbon utilisation of an internal carbon pool drives
Rayleigh fractionation within that internal carbon pool, and whether calcification
and photosynthesis draw from an isotopically similar carbon pool also acts as
measures of the residence time of carbon inside the cell (Sekino & Shiraiwa, 1996;
Rickaby et al., 2010; Bolton & Stoll, 2013; Holtz et al., 2015; Hermoso, 2015;

Hermoso et al., 2016b).

The A®C oo and A®Oc,eonn Values of coccolith calcite can be compared against
theoretical maximums of pH-related and CO,-diffusion-related change in A"C,ccoin
and A®Ocqcoimn Values (Fig. 7a; Chen et al., 2018). pH-related depletion in §'*0 values
is a primary process that influences stable isotopes in coccolith calcite and is given
by a horizontal slope (slope = 0; Zeebe, 1999). However, it is important to note

that pH does not influence the §*C values of calcite, despite the distinct isotopic




compositions of various DIC species because, within an isotopically closed system,
any alterations in §"C solely result from shifts in the §C of the overall DIC (e.g.,
by adding or removing carbon of a certain §"*C value; Zeebe and Wolf-Gladrow,

2001).
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Another theoretical maximum can be given by diffusive CO, that influences
stable isotopes in coccolith calcite (Chen et al., 2018). This process primarily
results in a depletion of §"C values, provided that equilibration is established
between diffusive CO, and the DIC-H,O system (Fig.7a-inset). This depletion occurs
because the §"C of CO, is ~9 %o more depleted than HCO,. The introduction of
CO, to an isotopically closed system (e.g., intracellular carbon pool) results in an
overall depletion of the §°C in the system in proportion to the amount of carbon
therein. Furthermore, the equilibration of H,O and CO, causes isotopic
equilibration in §'*O values, but with slow (pH-dependent) kinetics, thus yielding

a vertical slope (slope = infinity, Fig. 7a-inset; Zeebe and Wolf-Gladrow, 2001).




Under non-equilibrium conditions between diffusive CO, and H,O, the §'*0 of CO,

is heavier than that of CO,*, HCO, and H,O (Zeebe & Wolf-Gladrow, 2001).

The emergence of a linear trend with a finite, non-zero slope in this dataset is
a result of kinetic isotope effects impacting both 80 and §“C (McConnaughey,
1989b,a; Adkins et al, 2003; Chen et al, 2018). Two primary processes
contributing to these kinetic isotope effects have been identified in this study:
(unequilibrated) CO, diffusion, and CO, leakage related fractionation (Fig. 7a-
inset). The unequilibrated diffusion of CO, across the cell membrane is driven by
concentration gradients, which lead to depletions in both §'*0 and §"*C compared
to the residual reservoir (i.e., ambient seawater). Furthermore, isotopic
fractionations in the diffusing CO,are a consequence of the isotopic composition
of CO, (depleted in §"*C, enriched in §'*O compared to DIC), which is coupled with
the kinetic isotope effects of diffusion (depletion in both §*C and §'*0; O’Leary,
1984; Thiagarajan et al., 2011; Zeebe and Wolf-Gladrow, 2001). Moreover, §*O of
the diffusing CO, can equilibrate with intracellular H,O. The combination of these

processes leads to a more substantial depletion in §°C than §'¢0O.

If complete equilibration of §*0O of CO, in the intracellular carbon pool with
the ambient seawater results in a vertical slope, the gradients observed here can
be attributed to the extent of equilibration between the intracellular carbon pools
and the DIC-H,O system. This in turn, serves as an indicator of the residence time
of the intracellular carbon pool (Fig. 7a). The gradient between A"“C .o and

A0 Values can be calculated as follows (Table S3):

13 ; 13 13
A™Ceoccolith _ Mln(A CCoccolith) B Max(A CCoccolith)
A180C0ccolith Min(A180C0ccolith) - Max(AwOCoccolith)

Residence Time x

As previously discussed, the pronounced correlation between A“Cgyconn and

A®Ococconn Values for G. oceanica and G. huxleyi arise due to kinetic isotope effects




as a consequence of the short residence time for carbon within their intracellular
carbon pool (Fig. 7a, 8; McConnaughey 1989a). Conversely, ACccconin aNA A®¥Ococcotitn
values for C. braarudii are a consequence of long residence times for carbon, and
intracellular pH buffered with the ambient pH. C. leptoporus exhibits long
residence times for carbon in its relatively smaller internal carbon pool due to
elevated intracellular pH compared to the ambient seawater. C. braarudii and C.
leptoporus produce relatively steep gradients in their A®Cqccoin and A®¥Ocoeconn Values
due to isotopic depletion caused by CO, diffusion under CO,-limiting conditions
(Fig 7a, 8). Finally, C. carterae exhibits a large and well-equilibrated internal carbon
pool with long residence times for carbon (Fig. 8). Similar to C. leptoporus, C.
carterae shows elevated intracellular pH, as evidenced by its consistently depleted
A®Ococonn Values (Fig. 7a). Notably, C. carterae exhibits a near-vertical slope, i.e.,
minimal change in §'*0 with a trend closely resembling equilibrated diffusive CO,,

characterised by §"*C depletion solely due to addition of (9 %o depleted) CO..




Chapter 1: Size-Dependent Dynamics of the Internal Carbon Pool Drive Isotopic Vital
Effects in Calcifying Phytoplankton

C. braarudii
(C. leptoporus)

High PIC:POC
Large Cell Size

C. carterae
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Figure 8: A diagram elucidating the three primary carbon regulation categories
identified in this study. The magnitude of the blue and orange arrows signifies
the extent of carbon fluxes, with inflows and outflows regulated by the SA:V ratio
and PIC:POC ratio, respectively. The size of the internal carbon pool corresponds
to cell size, and the colour of the internal carbon pool signifies its ability to raise
intracellular pH (blue - higher pH; purple - pH similar to ambient; red - pH
lowered by CO, fluxes). Although C. leptoporus is categorised alongside C.
braarudii because of its high PIC:POC ratios and similarity in isotopic trends, it
serves as an intermediary between C. braarudii and C. carterae. This positioning
is attributed to its capacity to elevate intracellular pH akin to C. carterae. M:
mitochondrion, CP: Chloroplast.

Gradients between A"Cqye and A®Ceocann Values for each species can also offer
insights into the internal dynamics of the intracellular carbon pool (Fig. 7b). A
steep gradient (e.g., C. carterae) implies a shared carbon pool between
calcification and organic matter fixation such that each process draws from the
same carbon pool, while a shallow gradient (e.g., G. huxleyi) suggests a decoupling
of these processes due to a short residence time of carbon within the intracellular

carbon pool. Therefore, the gradient between AYCg and A¥Ceoconn iS directly

65



proportional to the residence time of carbon within the intracellular carbon pool,

and can be calculated as follows (Fig. 7b; Table S3):

AP Cope _ Min(ABCorg") — Max(A%Corg")
A13CCoccolith Min(A13CCoccolith) - Max(A13CCoccolith)

Residence Time «

“Note that the gradient is calculated using A“C values at CO, concentrations
of 2.83 pmol kg' (CO,-limiting) and 11.13 pmol kg' (lowest non-limiting CO,
concentration) for C. braarudii. This choice is made because A“Cg; values again

show depletion with increasing CO, (Fig. 2c, 7b).

The relationship between the gradients of A®Ccocconn VS. A¥Ococconn @A ABCorg VS.
ABCeocnn Can  therefore be used as two independent measurements for
characterising species-specific residence time of carbon within the intracellular
carbon pool (Fig. 9). The carbon residence times obtained from this method agree
with studies that have previously quantified the size of the internal carbon pool
using stable isotopes. For instance, in agreement with Hermoso et al. (2016), this
study suggested that high CO, diffusion into the cell leads to heavy &"®Ococconm
values and small cell size (high SA:V ratio, Table S1) results in short residence
times for carbon in the cell. Additionally, this study shows that the CO, is the
primary carbon substrate for the internal carbon pool; and that the degree of
utilisation of the carbon pool (e.g., through PIC production) determines the extent
of equilibration possible for its isotopes with the ambient DIC and H,O, such that
for species with large internal carbon pools, long carbon residence time allows re-
equilibration of its isotopes, especially under non-CO, limiting conditions

(Hermoso, 2014, 2015).
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C. leptoporus are calculated using AC, values at CO,-limiting and values at the
lowest non-limiting CO, concentrations.

The differential isotopic responses across various coccolithophore species
presented in this study can offer a valuable tool to understand the dynamics of
carbon regulation in coccolithophores that reveal susceptibility to environmental
change and can be used to trace changing physiology in response to past
environmental change. With recent insights into the mechanism of coccolith
calcification in G. huxleyi, the diffusion-limited rates of calcification provide
further insights into the turnover times for carbon in a small coccolithophore cell
(Avrahami et al, 2023). Furthermore, species-specific responses of
coccolithophores to varying CO, concentrations have implications for
understanding how these organisms might fare in the face of ocean acidification.
This study contributes to a more comprehensive view of the geochemical
dynamics that lead to vital effects and highlights the use of stable isotopes as a

tool to understand the mechanisms of carbon regulation within coccolithophores




and broadly for phytoplankton. Organisms such as coccolithophores, with a
calcification regime akin to a “closed system” due to their intracellular
calcification mechanism provide significant differences to “open system”
calcifying organisms such as foraminifers and corals. By harnessing clumped
isotopes, numerical modelling and isotopic analyses on a finer scale, the
implications of this work can be expanded to unravel carbon regulation in more

complex organisms, thereby providing insights into the marine carbon cycle.

Summary

This study provides insights into the isotopic responses of
coccolithophores to changing environmental conditions. The findings gleaned
from this research, which employs carbon and oxygen isotopic approaches, show
that isotopic gradients between A“Ccocconn ~A®¥Ococconn Values and A®Ceoeconm = APCorg
values offer a quantitative indicator of the residence time of carbon within the
intracellular carbon pool. This residence time plays a critical role in the
physiological dynamics of coccolithophores, and the size of this internal carbon
pool is proportional to the size of the coccolithophore cell. Moreover, certain
species, such as C. carterae and C. leptoporus can elevate their intracellular pH to
minimise CO, leakage. An exception to the cell size - internal carbon pool size
relationship is G. huxleyi, which likely has a carbon pool larger than that of G.
oceanica despite having a smaller cell size. This is evidenced by the isotopic
offsets in the calcite and organic matter, which are heavier in the coccolith calcite
for G. huxleyi compared to G. oceanica. Such an offset can be brought forward if
G. huxleyi has a larger internal carbon pool, perhaps due to better HCO, transport
that allows better equilibration at high CO,, but the larger carbon pool causes
more CO, loss under low CO, conditions due to its higher SA:V ratio (due to the

small cell size) compared to G. oceanica.




The decoupling of carbon isotopes in calcite and organic matter for G.
huxleyi and G. oceanica suggest a short residence time for carbon and a small size
of the internal carbon pool. On the other extreme lies C. carterae, which exhibits
extended residence times for carbon and the capacity for full equilibration. Such
observations underscore species-specific nature of carbon residence times,
reflecting a spectrum of physiologies in coccolithophores and possibly broadly in

phytoplankton communities.

Supplementary Material

The supplementary material contains a detailed description of specific
methodologies used in this study. We have also discussed our results with
previous studies in the Results section (with corresponding plots). Additionally,
plots (e.g., growth rates, A“Ccocnm aNd A®Ocoecoin, and ABCorg) from the main
document have been replotted to show every biological replicate, instead of their
averages. The tables contain calculated stable isotope values of inorganic calcite
based on Zeebe (1999), Kim & O’Neil (1997) and Watkins et al. (2013), and auxiliary
data (e.g., cell dimensions, PIC:POC) for the coccolithophore species used in this

study.




Preliminary Investigations into the Intracellular Carbonate

Chemistry of Coccolithophores: A step in the right direction?

Introduction

It is clear that intracellular chemical conditions dictate many biochemical
processes in coccolithophores. In chapter 1 of this thesis, it was shown that the
stable isotopic composition of the organic matter and coccolith calcite is
determined by the residence time of carbon in the internal carbon pool of
coccolithophores. Distinct residence times were measured, where G. huxleyi, due
to its small size exhibited no isotopic equilibration of its intracellular carbon pool
due to high amounts of carbon flux going in and out of the cell, as a consequence
of its high surface area to volume ratio, and a relatively fast calcification rate. On
the other end, C. carterae exhibited an (isotopically) equilibrated internal carbon
pool and long residence times due to a relatively low surface area to volume ratio
and a relatively small PIC quota. These observations hint towards a mechanistic
understanding of the intracellular carbonate chemistry of coccolithophores,
where a species like G. huxleyi must have a small internal carbon pool and the pH
of the internal pool should be well equilibrated with the pH of the external
environment. Indeed, this has been shown, for instance, by (Suffrian et al., 2011b),
where they showed that pH changes in the external environment cause changes in
the internal pH, which are observed very rapidly. Moreover, (Liu et al., 2021)
showed that the intracellular pH in C. carterae, does not change with changes in
ambient pH, moreover, the intracellular pH is always offset by ~0.6 pH units to be

more alkaline in the intracellular environment. These findings are in line with our




observations from chapter 1, however, a direct measurement of the internal

carbon pool and the intracellular pH is needed to validate these arguments.

The presence of an internal carbon pool has been suggested to be an adaptation
in algae (and other organisms) to the low CO, concentration in the present ocean-
atmosphere system. Algae concentrate CO, intracellularly by a process called
“carbon concentrating mechanism” (Badger et al., 1980; Reinfelder, 2010). This
higher concentration can then be used to provide CO, as a substrate for carbon
fixation. Studies on Chlamydomonas reinhardtii, and Anabaena variabilis were
amongst the first organisms to be studied with a higher concentration of inorganic
carbon (C)) inside the cell relative to the culture media. Subsequently, this “carbon
pool” has been reported in many different taxa (Badger et al., 1980; Raven, 1997;
Kaplan & Reinhold, 2003). Although this has been relatively easy to measure in
bacteria due to their large C,pool, the measurements are not accurate for algae,
which have smaller pools relative to their size (Burns & Beardall, 1987). Studies
that attempted to measure the C;pool in algae, found that a C;pool is present in
green algae such as Chlamydomonas, Dunaliella, and Chlorella. However, other
algae with non-green chlorophyll, such as Phaeodactylum, Isochrysis,
Porphyridium, and Chondrus crispus had either small or no C;pools (Badger et al.,
1998). Previous reports have indicated the presence of significant C; pools in
Diatoms (Navicula pelliculosa, and Thalassiosira weissflogii), dinoflagellates
(Peridinium gatunense), coccolithophores (Gephyrocapsa Huxleyi), and

rhodophytes (Cyanidioschyzon merolae) (Badger et al., 1998; Isensee et al., 2014).

Many studies have acknowledged the presence of an internal C, pool in
coccolithophores (Sikes et al., 1980; Nimer & Merrett, 1992; Herfort et al., 2002;
Rost et al., 2006; Rickaby et al., 2010, 2016; Krug et al., 2011; Hermoso et al., 2014;

Lee et al., 2016). One of the earliest reporting of a C;pool in G. huxleyi was from




Sikes et al. (1980), where the authors suggested that an acid-labile fraction of
carbon persisted in the calcifying as well as non-calcifying cells of G. huxleyi.
Studies have estimated different levels of C, accumulation in coccolithophores.
These ranged from having no C; pool (Nimer & Merrett, 1992) to having a C; pool
with carbon concentration more than 10-fold higher than ambient C;levels (Sekino
& Shiraiwa, 1994) with others suggesting intermediate levels of C; concentration
inside the cell (Sikes et al., 1980). The motivation behind these studies has been
to quantify the mechanisms of carbon acquisition and utilisation for calcification
in coccolithophores. As discussed in the introduction, the carbonate species
required for calcification has been thought to be HCO,. However, quantifying the
predominant carbon species in a given carbon pool is dependent on the

intracellular pH.

Intracellular pH in coccolithophores has been a topic of interest for more than
three decades, with one of the earliest reports of fluorescent dye-based
measurements of intracellular pH of coccolithophores from (Dixon et al., 1989).
Several other studies have since attempted to constrain the pH of the coccolith
vesicle (CV) in comparison to the cytosolic pH as well as the ambient seawater pH
(Anning et al., 1996). This has been done in an attempt to better understand the
carbonate chemistry inside the CV, which is still not properly known. For instance,
it is not yet known whether calcium influx into the CV occurs through the reticular
body, the calcium-phosphate rich body, or via calcium channels (Gussone et al.,
2006; Mackinder et al.,, 2010; Gal et al., 2017). Moreover, there have been several
studies supporting the hypothesis that calcification utilises the bicarbonate ion
(HCO;) for calcification, which may or may not be associated with the
photosynthesis and chloroplast-related leakage (Nimer et al., 1997; Herfort et al.,
2002; Rost et al., 2003, 2006). (Suffrian et al., 2011b) were able to show that high

proton permeability in G. huxleyi causes rapid shifts in its intracellular pH in the




direction of ambient pH changes. More recently, (Kottmeier et al., 2022) showed
that the voltage gated proton channels in C. braarudii modulate its intracellular
pH homeostasis, and a reduced activity in the proton channels reduces the cell’s
ability to buffer its intracellular pH from the ambient pH. Specifically, cultures
acclimated to pH 7.55 exhibited a smaller change in the cytosolic pH with changes
in ambient pH (measured as fluorescent changes through SNARF) compared to

cultures acclimated to pH 8.15 and 8.75.

Despite significant progress, little is known about intracellular pH conditions and
the size of the internal carbon pool in coccolithophores. Therefore, this study
attempts to quantify the intracellular pH changes in coccolithophores using
SNARF-AM, a fluorescent dye with an acetoxymethyl ester motif, that releases the
pH sensitive fluorophore once it has passed through the cell membrane. We use
this dye in a confocal microscope and flow cytometer. Moreover, we attempted to
measure the size of the internal carbon pool in coccolithophores using a modified
pulse-chase technique, where a stable isotope spike of '*C was used instead of a

radioactive “C spike.

Previously reported methods of measuring an internal carbon pool

Previous studies have used various methods to quantify the carbon pool. This
includes (1) silicone oil centrifugation (SOC) method (Kaplan et al., 1980), (2)
Membrane inlet mass spectrometry (MIMS; (Badger et al., 1994; Rost et al., 2003)),
and (3) *C pulse-chase technique (ter Kuile & Erez, 1988; Berman-Frank & Erez,
1996; Isensee et al., 2014). In the Silicone-oil centrifugation technique, NaH*CO,
is added to the culture and centrifuged with a silicone-oil. “C activity is measured
in the centrifuged pellet by a scintillation counter and the C;pool is calculated as
the difference between the “C label taken up by the cell and the “C present as

acid-stable carbon in the cell (Badger et al., 1980). This technique assumes that




the “C which is acid-labile constitutes the C, pool. However, the technique is
fraught with problems such as the inability to calculate the intracellular volume
precisely, overestimation of the C;pool due to the *C label being present in acid-
labile carbon on the cell surface, the method being applied in non-steady-state
conditions (Badger et al., 1994), and the technique requiring high cell densities,

which are rarely found in real-world scenarios.

Membrane Inlet Mass Spectrometry (MIMS) uses the chemical disequilibrium
between carbon species during steady-state photosynthesis and allows
simultaneous measurement of CO, and HCO; fluxes by measuring the HCO; pool
and determining the CO, concentration using kinetic constants for the rate of
interconversion between the two carbon species (Badger et al., 1994). Therefore,
this method relies on the quantification of the extent of disequilibrium between
CO, and HCOj; in the culturing media during photosynthesis. However, this

method can only be applied to cells that lack CA activity.

The "C pulse-chase method measures the C; pool by recording the lag-time
between the introduction of “C during the pulse period, and itsincorporation into
acid-stable carbon during the chase period. The concept suggests that the “C,
which is incorporated into the acid-stable carbon after the label has been removed
from the medium, comes from the C,pool. The method uses natural cell densities
and measures the C, pool in steady-state conditions (Berman-Frank and Erez,
1996). The technique assumes that there is a negligible amount of *C label present
in the medium during the chase period, and an increase in the acid-stable “C must
come from a C;pool. It also assumes that at the beginning of the chase period, the
specific activity of “C in the C;pool is equal to that of the medium of the pulse
period. The minimum size of the C;pool is estimated from the difference between

the *C activity of the acid-stable carbon at the beginning of the chase period and




the maximum C activity during the chase period. The size is considered as a
minimum because some amount of the label could have been lost due to washing,
or respiration, or DOC efflux (Isensee et al., 2014). The concentration of carbon in
the cell is estimated from the size of the C; pool. However, this method assumes
carbon enrichment in the entire volume of the cell because the cell membrane
provides a much stricter constraint on the size than any localised C; pools which
may be present surrounding the carbon fixation sites (Kaplan et al., 1980; Isensee

et al., 2014).

The amount of time required for the isotopic equilibration of the C;pool and the
time required for the assimilation of the pool into acid-stable carbon depends on
the volume: surface area ratio of the cell (Berman-Frank and Erez, 1996). The C,
pool kinetics and timescales are likely to vary within species due to the large
difference in their relative sizes. This is because varying sizes would entail varying
carbon and nutrient turnover rates, and variation in growth and calcification rates
(Berman-Frank and Erez, 1996). In short, a larger cell will require a longer time to
saturate their C, pool. There is also a considerable time lag noted by previous
studies involved in the incorporation of the *C label during the pulse period
(Berman-Frank and Erez, 1996). This has been attributed to the presence of the C,
pool. Preincubation in the dark has been suggested to affect the lag times (Badger
etal.,, 1994; Berman-Frank ad Erez, 1996; Kaplan et al., 1990; Rotatore and Colman,

1991; 1992).

Isensee et al. (2014) talked about the advantages of the pulse-chase method over
SOC and MIMS. The use of significantly lower DIC concentrations for analysis
using SOC and MIMS influences the intracellular pH. The pH has been reported to
be reduced by 0.7 units, from 7 to 6.3 in less than 1 hour (Nimer et al., 1994b) or

even within seconds (Suffrian et al, 2011b) causing a change in the carbonate




speciation within the cell. Such changes are therefore highly likely to alter the size
and chemistry of the C; pool. This must be especially significant for small-sized
unicellular algae such as coccolithophores due to their small equilibration times
between the C; pool and surrounding medium (Berman-Frank and Erez, 1996).
Moreover, SOC and MIMS require the cell densities to be significantly increased to
get a measurable value (Nimer et al., 1994b). The dense cultures are incubated for
10 seconds, and 10 minutes in a DIC-depleted medium for SOC and MIMS,
respectively. The incubation times cannot be extended since that could affect the
photosynthetic activity of the cells and thus, give erroneous values. However, the
pulse-chase method measures the C,; pool at ambient culturing conditions and cell

densities.

There are some drawbacks to using the pulse-chase method as well. For instance,
the method can be applied only to those organisms which have relatively longer
pool turnover times (which is inversely proportional to the cell surface area:
volume ratio), so that multiple measurements can be taken to quantify the size of
the C; pool. Whereas for SOC and MIMS, changes in the C; pool can be analysed in
less than a few minutes (Kaplan et al., 1980; Isensee et al., 2014). Subsequently,
single-point measurement is insufficient for the quantification of the C, pool using

the pulse-chase method, which is true for SOC and MIMS.

Methods

All cultures were grown in sterile filtered (0.22pum) Synthetic Ocean Water (SOW)
buffered with Tris, based on the Aquil* media recipe (Morel et al., 1979). Major
nutrients, trace metals, and vitamins were added according to the modified K/2
media recipe used in chapter 1 (Keller & Guillard, 1985; Keller et al., 1987). The
cultures were maintained as dilute batch cultures in a 14:10 L:D cycle, with 150

nmol m? st PPFD (measured with Fisher Scientific™ Traceable light meter), at 17°C




for all species. For both internal carbon pool experiment and the intracellular pH
experiment, cell densities at the point of measurement were ~50,000 cells mL* for
G. huxleyi, 10,000 cells mL"! for C. carterae, and ~5000 cells mL* for C. braarudii.

DIC concentration was kept at ~2100 pmol KgSW-.

Methodology for measuring the Internal C-pool

Cultures were placed on a rotating shaker at 60 rpm and a 1m long cool white LED
strip was taped around the culture bottle to allow photosynthetic carbon fixation
to take place during the experiment. A background sample was taken, and the
culture (~1L) was spiked (Pulse) with a 0.1% (99.9 %) *C spike. This was added as
1.78 mL of (0.0021 mol/L) NaH"CO, in 1L medium to enrich the DIC from -2 %o
81C to ~85 %o 6*C (VBDB). The rotator allowed proper mixing of the spike into the
solution, and the LED light ensured the uptake of the spike into the organic matter.
Two samples for the pulse phase were taken, each in 10-minute intervals.
Immediately after taking the second pulse sample, the cultures were spiked with
a (99.8%) °C spike. This was added as 1 mL of 0.21 mol/L in < 1L culture to start
the chase phase of the experiment. This spike was depleted (high in 12C) enough
to completely dilute the “C spike, and to bring back the DIC to < -2 %o §“C.
Immediately after adding the second spike, samples for the chase phase were
taken every 30 seconds to 1 minute, with the time being noted for every sample.
Since the samples were taken on a GF/F filter using a vacuum pump, the sampling
wasn’t instantaneous, and took ~ 15 seconds (see below for details), therefore, the
precise time could not be noted. 10 samples during the chase phase were taken.

Two replicates for each species were performed.

Sampling was done on pre-combusted (450°C, overnight) GF/F filters using a
vacuum pump. 100 mL of culture was decanted into the filter holder and vacuum

was applied until all liquid passed through. 50 mL fresh media (without any




isotopic spike) was added to wash the samples and remove any extracellular
isotope spike. Later, the filters were acidified with 230 pl of 0.1% HCl and dried at
60°C overnight. Samples were run on an Elementar Vario Isotope Select Elemental
Analyser linked to an Isoprime 100 continuous flow IRMS at the Stable Isotope
Ratio Mass Spectrometry Laboratory, School of Ocean and Earth Science,

University of Southampton, National Oceanography Centre in Southampton, UK.

Methodology for measuring intracellular pH

Cultures for each species were centrifuged at 700g for 3 minutes and the
supernatant was carefully removed to leave the cells in ~0.5 mL seawater. The
tube was gently shaken to dislodge the pellet and resuspend the cells into the
seawater. Through optical microscopy, the viability of the concentrating
procedure was analysed, and majority of cells were alive. The 0.5 mL culture was
distributed evenly into 4 2mL-microcentrifuge tubes and topped up with 1.5 mL
of fresh seawater of pH 7.6, 7.9, 8.2 or 8.8. Cultures were gently vortexed,
centrifuged at 500g for 3 minutes, and resuspended in 1 mL (final volume) fresh
seawater of their respective pH. 50 puL of 10% Pluronic F-127 and 10 pL of SNARF-
AM (from 1mM stock) was added to each tube and vortexed. The cultures were
covered with tin foil and incubated at 17°C (typical growth conditions) for 30
minutes. The samples were then centrifuged at 500g for 3 minutes, the
supernatant was discarded, and fresh media was added. This was repeated once
more to remove the dye completely. Once resuspended in fresh media of the
respective pH treatment, three replicated of 200 pL volume each were run for each
species, each pH treatment on a BD Accuri Flow Cytometer with a 580 nm and 630
nm filter for absorption and the 488 nm laser for excitation. For the calibration
curves, a similar methodology was used, however, instead of normal seawater,

calcium-free seawater (of pH 7, 7.5, 8, 8.5, 9) were used to avoid calcium toxicity




during pH calibration using nigericin. Background fluorescence was corrected by
subtracting the fluorescence obtained from non-dyed cells (control) that were
treat the same way as the dyed cells but without the addition of SNARF-AM.
Moreover, just before running the samples on the flow cytometer, 50 pL of 2M KCl
and 1.5 pL of 6.7 mM Nigericin were added to each (1mL) sample. This perforated
the cell membrane and allowed the intracellular pH to resemble the extracellular

pH.

A similar approach was applied for confocal measurements, where the excitation
wavelength was set as the 514 nm laser, with the emission spectra recorded at
585 nm and 630 nm (range of + 10 nm for better quality). The cells were also
decalcified using 0.1N HCI prior to imaging and allowed to recoverin normal
seawater (pH 8.2) for 2 hours prior to imaging or staining. The Chlorophyll spectra
should be from 650 nm to 700 nm with the peak at 683 nm. The settings were not
changed between samples. A bit size of 16 was used with Z-stack of 512*512
frame size, pixel dwell time of ~1.5 psec, mode =line, 1 Airy unit. The fluorescence
emission measured at 585 nm (F1) and 630 nm (F2) from both instruments were

used to measure the intracellular pH using the quotient R = F1/F2

Results and Discussion

Internal Carbon Pool

The stable isotope spike method showed preliminary changes as expected for
normal carbon uptake. That is, the §*C value of the organic matter increased with
time during the pulse period (blue region, Fig. 1), due to photosynthetic carbon
uptake. If there were a detectable internal carbon pool present in the cells, we
would see continued increase in §°C of organic matter with time in the chase
period (beige region, Fig 1). This is because in the presence of an internal carbon

pool, some amount of *C that would be taken up by the cell during the pulse




phase was stored inside the cell in the form of acid-labile carbon (internal carbon

pool), to be fixed into organic, acid-stable carbon (Fig. 1).

time (h)

Figure 1: A theoretical schematic of a typical pulse chase experiment, where *C
uptake leads to an increase in the §*C value of the organic matter during the pulse
phase. If there is an internal carbon pool present (1), we would expect the §°C
value of the organic matter to continue increasing in the chase phase, due to the
presence of *C as acid-labile carbon in the carbon pool. Once this internal carbon
pool is depleted of the *C taken during the pulse period and resupplied by fresh
carbon from the DIC (during the chase phase, 2), the §“C value of the organic
matter will start decreasing. In case there is no internal carbon pool present, we
would see an immediate decrease in §°C value of the organic matter as soon as
the chase phase begins.

Although a similar trend was observed in our experiment, we were not able to
identify the presence of an internal carbon pool in any coccolithophore species
(Fig. 2). This is because we did not observe an increase in the §"°C value during the
chase phase, which would signify the presence of an internal carbon pool. This is
in contradiction to earlier studies, which have used other techniques to measure
internal carbon pools in coccolithophores and have identified the presence of one

(Isensee et al., 2014).

In figure 2, we can see that the §°C value of the organic matter in the chase phase

was not higher than those in the pulse phase in any case, which indicates that




there is no internal carbon pool present. However, in our previous chapter
(Chapter 1), we showed that an internal carbon pool does exist in
coccolithophores, as evaluated through stable isotope techniques. It is possible
that there is indeed an internal carbon pool in coccolithophores, but the current

technique was not able to measure it due to one or more of the following reasons:

1. Carbon in the internal carbon pool is present as acid-labile carbon, and only
after passing through the Calvin cycle, this acid-labile carbon is converted to
acid-stable carbon. Therefore, it is possible that the acidification step that was
performed on all samples to remove coccolith calcite also removed the acid-
labile carbon from the samples. To avoid such a scenario, acid-labile carbon
can be extracted separately, so that calcite does not affect the isotopic values,
and the acid-labile carbon can be measured, as done previously (Moutot et al.,
1986).

2. Alternatively, the time frame in which the samples were taken was too long to
measure the internal carbon pool. That is, with a small spike (0.1% of standard
DIC concentration), the amount of *C being taken up is small, as the §'*C value
of the DIC was ~ 85 %o. This causes only small incremental increases in the §*C
value of the internal carbon pool (compared to the fixed organic matter) and
to resolve the change in §C value due to the internal carbon pool, a larger
spike, and more frequent sampling must be used.

3. The signal to noise ratio of the IRMS used to obtain §°C measurements was
small, with the noise affecting the true value of the observed signal. The
standard deviation on any §°C value obtained from the mass spectrometer is
0.1%o. Fig. 2 showed that the change in §"*C value of the organic matter during
the chase period is small, and it is possible that the signal for the internal

carbon pool was muted due to a small signal to noise ratio.
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Figure 2: Pulse chase experiment using a "*C spike, showing no increase in the §*C
value during the chase phase of the experiment. Red dots represent the samples.
The y axis in all plots represents §°C of organic matter, and the x axis denotes
time in hours.

Intracellular pH

Confocal imaging showed that SNARF-AM was dispersed evenly in the
cytoskeleton, where the CV and coccolith in formation can be pointed out from
its shape and the absence of fluorescence in that region (Fig 3). However, use of
confocal microscopy was found to be unfeasible, as only a few cells could be

imaged in an hour, and the viability of the cells, and the fluorescence of the dye




were not constant during that time. This is because the fluorescence of SNARF-
AM decays with time (Nakata et al, 2011; Golda-VanEeckhoutte et al., 2018).
Moreover, due to the long time it takes to set up the imaging technique, nigericin-
treated cells that were used for creating a calibration curve suffered from high

mortality rates. Therefore, flow cytometry was considered a more feasible and

faster option to measure intracellular pH.

Figure 3: Confocal image of a decalcified Coccolith braarudii cell stained with
SNARF-AM. (a) Fluorescence at 580 nm, (b) Fluorescence at 640 nm (c)
Fluorescence at 680 nm (chlorophyll) (d) bright-field image (e) image stack
containing all fluorescence and bright-field images. Red scale on the top right
represents a 2 pm scale.

Flow cytometry allowed the measurement of thousands of cells at a time, with no
need for background seawater correction as only an individual cell was imaged at
a time. However, there were several problems with this experiment. First, the
number of cells that showed any uptake of SNARF-AM (as measured through the
number of cells showing a peak at 580 nm and 630 nm) varied significantly. For

instance, ~ 52 % cells of C. carterae exhibited successful dye uptake. However,




only ~7 % cells of G. huxleyi and 9 % of C. braarudii showed successful uptake of
the dye. Moreover, it was common to observe that the number of viable cells with
positive fluorescence for SNARF-AM decreased with time. For instance, if well AO1
had 70 % of cells were alive with positive dye uptake, cell DO7, which comes after
20-25 wells had < 10 % cells that were alive or showed successful uptake of the

dye.

Second, the calculation of calibration curves was unsuccessful as the cells treated
with nigericin generally did not show an increase in their intracellular pH
proportional to the extracellular pH. Consequently, calculation of absolute
intracellular pH values was not possible for G. huxleyi and C. braarudii. However,
using values from nigericin-treated C. carterae, a calibration curve was possible,
and its slope and intercept were used to calculate ApH values in all three species.
It must be emphasised that the change in pH between treatments of a single
species only shows the relative change in fluorescence ratio for that species, and
due to the absence of a calibration curve, the absolute pH values, or the absolute
change could not be calculated. Even for C. carterae, the calibration curve was
created based on one set of datapoints. Therefore, the intracellular pH values

obtained from the calibration curve cannot be used in absolute terms.

The ApH values show a species-specific response (Fig. 4). We see that G. huxleyi
had the largest variation in intracellular pH with changes in ambient pH, while the
changes in C. carterae and C. braarudii were small. For reference, the intracellular
pH values calculated in (Kottmeier et al, 2022) were also added, and despite
significant noise in the datapoints for C. braarudii in the present study, the slope

of the pH change were similar.
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Figure 4: Intracellular pH changes in three coccolithophore species with changing
ambient pH, as measured through changes in the fluorescence ratio for SNARF-
AM. Note that the intracellular pH values are not absolute, as calculation of a
calibration curve was not possible. Therefore, only relative changes in
fluorescence ratios can be used to infer changes in intracellular pH with ambient
pH. For reference, intracellular pH values as a consequence of changes in
extracellular pH from Kottmeier et al. (2022) is given.

These observations are consistent with those from chapter 1, where G. huxleyi
displays a small carbon pool and short residence time for carbon, which allows
rapid equilibration of the intracellular pH with ambient conditions. On the other
hand, large species such as C. carterae and C. braarudii do not show large changes
in the intracellular pH despite large changes in the ambient conditions. These
observations are consistent with the large internal carbon pool for the large sized
coccolithophore species, that causes a slower equilibration of the intracellular pH
conditions with ambient conditions. Alternatively, it may suggest that G. huxleyi
is highly permeable to protons, which causes the calcite and organic matter
isotopes to show a high degree of disequilibrium, whereas larger species such as
C. carterae and C. braarudii are able to buffer their intracellular pH, which allows
isotopic buffering as observed in the §'*0O values of the coccolith calcite in chapter

1.




Future perspectives

Although the experiments presented here were unsuccessful in unravelling the
carbonate chemistry conditions inside a coccolithophore cell, they represent some
of many avenues for future research. Through the confocal images in Fig. 3, and
previous work by (Avrahami et al., 2023), it is evident that the coccolith vesicle is
tightly wrapped around the coccolith itself, with very little space for any
fluorescent dye. Therefore, obtaining more information about the carbonate
chemistry of the calcifying fluid through fluorescent dye techniques seems
challenging. Boron isotopes in biogenic calcite are becoming more relevant, with
some instances of use even for coccolithophores (Liu et al., 2018, 2021). Using
such isotopic systems, with a more systematic understanding of the biochemical
processes that drive calcification (such as Ca*/H* exchangers, role of proteins and
coccolith-associated polysaccharides) will enhance our understanding of the

chemical nature of the calcifying fluid from which the coccolith is precipitated.

It is still important to note that intracellular pH measurements are crucial to
validate isotopic data. For instance, our hypothesis in chapter 1 that G. huxleyi
possessed a small carbon pool with short carbon residence times was based on
the high degree of disequilibrium present in the stable isotopes of its coccolith
calcite. Such an argument was validated through empirical evidence provided by
(Suffrian et al., 2011b), where they showed that the intracellular pH of G. huxleyi
changes rapidly with changes in the ambient pH. It is important to extend these
investigations to other coccolithophore species such as C. braarudii and C.
leptoporus, which are key calcifiers in the polar oceans (Quinn et al., 2004; Daniels
et al., 2016). Moreover, measuring the size of the internal carbon pool is equally

important, as that determines the carbon concentrating capabilities of different




species, especially under low CO, conditions (Bolton et al., 2012, 2016; Bolton &

Stoll, 2013).

In chapter 1, we assumed that C. leptoporus had a small internal carbon pool
compared to C. braarudii because the magnitude of vital effects observed in this
C. leptoporus were larger under carbon limitation, suggesting more starved
internal carbon pool. However, the high intracellular pH as evidenced through
oxygen isotopes suggested long carbon residence times. Moreover, there were no
signs of carbon limitation in the coccoliths at low CO, conditions in C. leptoporus,
unlike C. braarudii. Therefore, it is possible that the carbon pool is indeed large,
but the large vital effects were experienced as the calcification rate was higher in
C. leptoporus. The 1, at comparatively lower CO, concentration for C. leptoporus
also suggests that this species may not be as CO, limited as C. braarudii. Since
calcification rates were not measured, it cannot be confirmed if calcification was
indeed higher in C. leptoporus compared to C. braarudii. In such a scenario,
measuring the size of the internal carbon pool is crucial for understanding
species-specific tolerances to low CO, conditions. Similar to this scenario, G.
huxleyi and G. oceanica exhibited a constant offset in their isotopic values from
each other. Stable isotopes in coccolith calcite for G. oceanica were always lighter
(depleted) than those of G. huxleyi, but the organic matter isotopes were always
heavier (enriched). This characteristic was attributed to a smaller carbon pool in
G. oceanica, despite being larger in size compared to G. huxleyi. However, higher
calcification rates could have taken up the depleted carbon from the carbon pool,
leaving the pool isotopically enriched. However, since calcification rates were not
measured, and the size of the internal carbon pool is not known, the mechanism

behind those observations remain unknown.




Chapter 2: Contrasting Stress Response to Environmental pH

Determines the Fate of Coccolithophores in Future Oceans

Foreword

This chapter has been published in Marine Pollution Bulletin as a research article.
However, some changes have been made to this chapter. Citations to Chauhan &

Rickaby (2024) are referencing to the corresponding article to Chapter 1.
Abstract

Molecular mechanisms underlying the contrasting sensitivity of different species
to environmental pH remain elusive. Documenting these molecular mechanisms
allows an understanding of the selection of diverse species by ecological niches
and their ability to adapt to environmental change. To investigate the cellular
processes governing physiological responses to seawater pH, we conducted
physiological assessments (growth, photosynthesis, and respiration) and
proteomic profiling across 3 coccolithophore species under 3 pH conditions. Our
findings reveal that coccolithophores experience species-specific stress-induced
responses to both acidic and alkaline pH conditions, potentially driven by cellular
oxidative damage and alterations in membrane potential, as evident through
upregulation in oxidative stress-management and membrane transport-related
protein-groups. Proteomic analysis highlighted upregulation in antioxidant, DNA
repair and cell cycle-related protein-groups, corresponding with reduced growth
rates. Mitochondrial dysfunction inhibited respiration rates, while an upregulated
TCA cycle generated essential metabolites for restoring cellular homeostasis.
Photosynthetic activity correlated with CO, availability across the pH gradient but
exhibited species-specific proteomic alterations. Chrysotila carterae displayed

broad resilience to pH changes, attributed to its coastal habitat adaptation and




robust intracellular pH-buffering capacity. Gephyrocapsa huxleyi exhibited
pronounced stress-related changes under alkaline conditions, but minimal
changes under acidic conditions. Disruption of pH homeostasis triggered stress-
related cellular responses in Coccolithus braarudii under both acidic and alkaline
conditions as shaped potentially by its adaptive geologic history and habitat
characteristics today. Notably, net carbon fixation at a cellular scale,
approximated by the photosynthesis to respiration ratios, increased for all species
in an acidic ocean, however, species-specific sensitivities and associated changes
in growth rates impact carbon fixation under alkaline conditions. Furthermore,
metabolic flexibility in the small lightly-calcified G. huxleyi and intracellular pH-
buffering capacity of C. carterae will likely facilitate their adaptation to ocean
acidification or artificial ocean alkalinisation. However, pH sensitivity of the larger
and heavily-calcified C. braarudii will result in further shrinking of its ecological

niche and reduced carbonate production rates.
Introduction

Coccolithophores are ubiquitous marine algae that contribute to the global carbon
cycle through photosynthetic carbon fixation and calcium carbonate precipitation
in the form of coccolith calcite (Rost & Riebesell, 2004a). Coccolithophores,
alongside foraminifera are the principal contributors to biogenic calcite burial in
the open ocean (Hay, 2004). Within this group, calcite production rate may be
controlled by the prevalence of the heavily calcifying but marginalised Coccolithus
braarudii versus the ubiquitous but lightly calcifying Gephyrocapsa huxleyi. The
ability of different coccolithophore species to occupy a wide variety of ecological
niches plays a key role in their ecological success (Taylor et al., 2017). In the
present day, coccolithophores inhabit almost all oceans and marginal seas (Geisen

et al., 2002; Parente et al., 2004; Kideys et al., 2005; Houdan et al., 2006; Henderiks




& Rickaby, 2007; Tyrrell et al., 2008; Moore et al., 2012; Winter et al., 2014; Silkin
et al., 2014; De Vries et al, 2021), where species-specific physiological and
ecological characteristics dictate their distribution. Coccolithophore blooms occur
in stratified oligotrophic waters due to the low nutrient and trace metal
requirements for coccolithophores like Gephyrocapsa huxleyi compared to other
phytoplankton (Rost & Riebesell, 2004a; Zhang et al., 2022). Previous studies have
shown the ability of coccolithophores to utilise alkaline phosphatase and
nitrogen-rich compounds such as amino acids, urea, and purines as alternative
nutrient sources under phosphorous and nitrogen limitation, respectively (Palenik
& Henson, 1997; Riegman et al.,, 2000b). The haplodiplontic life cycle in
coccolithophores further allows the occupation of various light and nutritional
regimes throughout the seasons (Houdan et al., 2006; Cros & Estrada, 2013; De
Vries et al, 2021). Additionally, coccolithophores such as G. huxleyi lack
photoinhibition even under very high light intensities (Nanninga & Tyrrell, 1996).
These traits may give coccolithophores a competitive edge over other
phytoplankton groups (Boyd et al, 2010). However, despite low nutrient
requirements and the ability of coccolithophores to occupy high-light and
stratified oligotrophic waters, coccolithophores are limited by carbon in ambient
CO, concentrations (Paasche, 1964; Nielsen, 1995; Rost et al., 2003; Rickaby et al.,

2010).

Over the coming decades, climate change may have a complex influence on the
carbon cycle due to altered community composition as a result of species-specific
sensitivities to various environmental parameters (Balch, 2018). This is because
climate change will bring about changes in pH (affecting calcification, ionic
speciation, and cellular pH homeostasis), temperature (directly affecting growth
rates), seawater stratification, and associated changes in light regime and nutrient

supply (Rost & Riebesell, 2004a; Gerecht et al., 2014; Balch, 2018; Dedman et al.,




2023a). The emission of carbon dioxide from the burning of fossil fuels leads to
increased uptake by the ocean, resulting in a decline in the ocean pH. Seawater pH
has already decreased by 0.1 units compared to pre-industrial levels and
decreases the calcium carbonate saturation state (Doney et al., 2009). Calcifying
organisms, including coccolithophores, face potential threats from anthropogenic
ocean acidification (OA; Riebesell et al., 2000). By contrast, over the evolutionary
history of the last tens of millions of years, the ocean has tended towards higher
pH today (HoOnisch et al., 2012; Halevy & Bachan, 2017). Additionally, artificial
ocean alkalinisation (AOA) has been proposed as a viable solution for CO,
drawdown to counteract OA and climate change. This technology would enhance
ocean alkalinity through accelerated rock weathering or addition of alkaline
materials to the ocean (Bach et al, 2019). Alongside increased oceanic carbon
dioxide uptake, this technique can potentially raise ocean pH to levels higher than

ever observed previously (Gore et al., 2019).

Several studies have highlighted physiological changes in coccolithophores with
decreasing seawater pH, marked by the inorganic carbon to organic carbon
(PIC:POC) ratio. While such investigations significantly enhance our understanding
of the effects of species-specific changes to carbon fixation, alterations in
community composition and absolute abundances are more likely to influence
carbon biogeochemistry than cellular PIC:POC alone (Bach et al., 2015). Moreover,
molecular mechanisms behind species- and strain-specific sensitivities to pH are
still unknown (Riebesell et al., 2000; Langer et al., 2006, 2009; Rickaby et al., 2010,
2016). Few studies (e.g., Richier et al., 2011; Rokitta et al., 2012; Jones et al., 2013;
Dedman et al., 2023; Thangaraj et al., 2023) have examined cellular responses of
coccolithophores to environmental changes, and most of these have focused

solely on Gephyrocapsa huxleyi (formerly Emiliania huxleyi; (Bendif et al., 2019;




Archontikis et al., 2023), neglecting other ecologically significant coccolithophore

species (Daniels et al., 2016; Walker et al., 2018).

Our current understanding of coccolithophore sensitivity to pH mostly stems
from physiological studies (Gafar et al., 2019b), with only some studies using
techniques like transcriptome profiling, fluorescent dye, and patch-clamp
electrodes to document the mechanisms underlying the physiological responses
(Suffrian et al., 2011b; Rokitta et al., 2012a; Kottmeier et al., 2022). These studies
revealed that pH sensitivities of the diploid life-cycle stage in coccolithophores
were caused by elevated H* permeability through voltage-gated channels. Studies
using isotopic techniques have further advanced our understanding of species-
specific differences in intracellular pH buffering capacities and carbon residence
times (Liu et al., 2021; Chauhan & Rickaby, 2024). Physiological observations, with
evidence from changes in PIC:POC ratios suggest that low pH is likely to have
major implications for the selection of different species with contrasting calcite
production rates and hence on global calcite production rates (Raven & Crawfurd,

2012; Krumhardt et al., 2017; Brownlee et al., 2021).

The impact of increase in ocean pH and/or alkalinization on coccolithophores has
received less attention. Few studies have focused on the physiological changes or
their molecular mechanisms under AOA. For example, (Gately et al., 2023) showed
no significant alterations in the elemental composition and growth rates of G.
huxleyi under heightened alkalinity conditions. While G. huxleyi may not be
heavily impacted by AOA according to the above study, species-specific responses
observed in other contexts suggest that may not be true for other key
coccolithophore species (Gafar et al., 2019b). It is important to also recognise that
the feasibility of AOA requires the addition of alkalinity-raising material in

specific “hotspots,” primarily in coastal regions (Bach et al., 2019). Therefore,




understanding the response of coastal species becomes paramount under these

scenarios.

pH change (through either OA or AOA) triggers significant alterations in
biocalcification regimes but may also potentially impact the cellular homeostasis
of biological organisms. This is because cellular pH homeostasis depends on an
electrochemical gradient and shifts in intracellular pH can alter the ionisation
state of weak acids and bases, which includes numerous biomacromolecules such
as proteins (Boron, 2004). An ability to maintain proper cellular pH homeostasis
is crucial for biological processes and ultimately dictates the survival and
proliferation of organisms (Casey et al, 2009). Investigation of the molecular
changes in coccolithophores in response to changes in ambient pH are key to
understanding the species- and strain-specific differences in pH tolerances, and

the downstream effects of these changes on physiology, and biogeochemistry.

This study aims to investigate the cellular response of three distinct
coccolithophore species - Gephyrocapsa huxleyi, Coccolithus braarudii, and
Chrysotila carterae - to variations in ambient seawater pH. These species were
chosen based on their biogeochemical significance and previous findings that
revealed species-specific sizes of internal carbon pools and carbon residence
times suggestive of contrasting tolerances to changes in pH (Chauhan & Rickaby,
2024). The experimental setup involved acclimated exposure to acidic (pH 7.6) and
alkaline (pH 8.8) conditions compared to a control (pH 8.2). Although such
carbonate chemistry conditions are not true analogues of OA or AOA, as pH
changes in both scenarios will accompany changes in DIC and/or alkalinity, this
study will further our understanding of pH-related changes that can be
extrapolated to real-world OA and AOA scenarios. Three key physiological

parameters - growth rate, net photosynthetic rate, and dark respiration rate - were




additionally monitored to provide physiological context to the alterations in
cellular function revealed by proteomic analysis and consider the respective

performance of each species under future OA scenarios.

Materials and Methods

Algal Culturing

Monocultures of Chrysotila carterae (PLY 406) were obtained from the Marine
Biological Association (MBA, UK), Gephyrocapsa huxleyi (RCC 1731) and
Coccolithus braarudii (RCC 1198) were obtained from Roscoff Culture Collection
(Roscoff, France). Cultures were grown in 1mM Tris buffered synthetic ocean water
prepared according to the Aquil media recipe (Price et al., 1989) The media was
supplemented with 100 uM nitrate, 6.25 uM phosphate and 27 uM silicate with
vitamins according to f/2 (Guillard & Ryther, 1962). Trace metals were added
according to K/2 (Keller & Guillard, 1985; Keller et al., 1987) with modifications
according to (Rickaby et al., 2010). pH was adjusted by adding calculated amounts
of IN NaCl and 1N HCI and measured using a 3-point calibrated benchtop pH
meter (Mettler Toledo SevenEasy) to pH 7.6, 8.2 and 8.8. Carbonate chemistry was
further analysed on a Metrohm 916 Ti-Touch titrator to determine the Total
Alkalinity (TA) and pH (Table 2). The media was filtered through a sterile 0.22 pm
Merck Steritop® bottle top filter into 250 mL sealed cap Falcon flasks and UV-C
sterilised for one hour. Cultures were acclimatised for at least 10 generations
before being grown in triplicate dilute batch cultures for the main characterisation
and harvesting experiment. Cultures were kept in a PHCbi MLR-352 Climate
Chamber at 17°C with a 14:10 light:dark cycle and a light intensity of 60-80 umol

m? st

Table 1: Carbonate chemistry parameters for the seawater used in this study. DIC
(nmol kgSW+), CO, (umol kgSW+) and Calcium carbonate saturation state (Q) were
calculated using average Total Alkalinity values through CO2SYS (Lewis et al., 1998).




The K, and K, constants were taken from (Mehrbach et al., 1973), refit by (Dickson &
Millero, 1987). Precision and drift were measured through a CO, in Seawater Dickson
standard (Batch 197) over the course of analysing samples. No significant drift
was detected.

pH Total DIC CO, Q
Alkalinity (nmol kgSW) | (mmol kgSW)
(nmol kgSW+)
7.62 +0.02 2126 + 7 2094.7 52.17 1.21
8.23 £ 0.05 2540+ 12 2244.5 12.99 5.01
8.81 £ 0.01 3253 +3 2355.2 2.85 15.89

Cultures were manually shaken at least once daily, and 600 uL of culture was
pipetted into a 96 well plate to measure cell counts on a BD Accuri™ C6 Plus Flow
Cytometer. Growth rates were calculated on log-transformed cell counts using
In(N,/N,)/At where N, and N, are cell counts on two days with At days in between.
Dark respiration and net photosynthetic rates were measured according to (Barton

et al., 2020) (See Supplementary Information for detailed methodology).
Proteomic analysis

In-solution protein extraction, dilution and digestion were carried out according
to (Dedman et al., 2023a). For detailed methodology, refer to the Supplementary
Information. Peptides were stored at -80°C before shipping on dry ice to the
Metabolomics and Proteomics Laboratory, University of York. Peptides were
loaded onto EvoTip Pure tips for introduction onto an EvoSep One nanoUPLC
system. A pre-set 60 SPD gradient was used with an 8 cm EvoSep C,; Performance

column (8 cm x 150 Om x 3 Om).

The nanoUPLC system was interfaced to a timsTOF HT mass spectrometer (Bruker)
with a CaptiveSpray ionisation source. Positive PASEF-DIA, nanoESI-MS and MS?
spectra were acquired using Compass HyStar software (version 6.2, Bruker).
Instrument source settings were: capillary voltage, 1,500 V; dry gas, 3 1/min; dry
temperature; 180°C. Spectra were acquired between m/z 100-1,700. DIA windows

were set to 25 Th width between m/z 400-1201 and a TIMS range of 1/K0 0.6-1.60




V.s/cm?. Collision energy was interpolated between 20 eV at 0.6 V.s/cm? to 59 eV

at 1.6 V.s/cm?.

Resulting DIA data in Bruker .d format were searched against the appropriate
database using DIA-NN (1.8.2.27). G. huxleyi genome (strain CCMP1516;
UP000013827) was downloaded on 10/10/2023 (UniProt). The Chrysotila and
Coccolithus subset of NCBI proteins were downloaded on the 10/10/2023. An in-
silico predicted spectral library was created with the DIA-NN software, which was
then iterated against the DIA data generated for these samples. High precision
robust LC option wan used for quantification (Kistner et al., 2023). The search was
run at 1% FDR. The DIA-NN .tsv output was compiled, filtered (> 2 peptides) and
pivoted to a normalised protein group-centric output using custom KNIME
pipelines. Sample minimum value imputation was applied. Available annotations,
i.e., GO terms (Carbon et al, 2019) and InterPro (Blum et al., 2021) annotations
were obtained for C. carterae and C. braarudii through the ID mapping tool in
UniProt (www.uniprot.org; Bateman et al.,, 2015) and was used to infer protein

function.

Statistical analysis

For proteomic data, statistical comparison of relative abundance between protein
groups was undertaken using limma through FragPipe-Analyst, run as a local
installation in R-Shiny. For multiple test correction the Benjamini and Hochberg
approach was applied and thresholds for significance were set to 0.05 adjusted p-
value. Statistical analysis for physiological measurements such as growth rates,
net photosynthesis and dark respiration rates were undertaken in R. Normal
distribution of the data could not be confirmed for some datasets due to limited
number of samples per treatment per species (n = 3 - 6), therefore, both

parametric and non-parametric tests were performed depending on the sample




size and the type of distribution observed. The tests included Welch t-test,

ANOVA, Wilcoxon Rank Sum test, and Kruskal Wallis rank sum test.

Results and Discussion

Proteomic analysis revealed systematic changes in protein abundance with
changing pH (Table 2). The proportion of significantly upregulated or
downregulated proteins, relative to the control, varied amongst species but
seemed to correlate with the pH impact on growth rate (Fig. 1). The abundance of
approximately 0.7 % of identified proteins in G. huxleyi exhibited significant
changes at pH 7.6 (both up- and down-regulated), while 19 % showed alterations
at pH 8.8. In C. carterae, 0.5 % of total identified proteins displayed significant
changes at pH 7.6, compared to 0 % at pH 8.8. C. braarudii exhibited the largest
changes, with 16 % proteins at pH 7.6 and 26 % at pH 8.8 displaying altered
abundance. Previous studies reported similar observations for G. huxleyi, where
exposure to acidic conditions did not bring about major changes in the proteome
(Jones et al., 2013). However, contrary to our findings for C. carterae, (Thangaraj
et al., 2023) observed major changes in photosynthesis, carbohydrate metabolism,
and changes in metabolic pathways related to macromolecule synthesis and
metabolism when exposed to lower pH and higher temperature conditions. This
suggests that C. carterae may be resilient towards pH changes, but not to changes
in temperature, or a combined effect of high temperature and low pH. This seems
plausible, as previous studies have shown increased sensitivity of
coccolithophores to combined effects of changing CO, levels and temperature,
and other environmental parameters (Feng et al., 2008; Sett et al., 2014; Zhang &

Gao, 2021).

An important caveat to mention is that only G. huxleyi had a complete (and

available) reference genome at the time of undertaking this study, therefore, it is




possible that some pH sensitive proteins are missing from the available sequences
for C. carterae and C. braarudii on the NCBI database. Consequently, the results
of this study are not directly comparable between each species. However, given
the >1000 protein-groups identified (Table 2), and the proportion of significant
change in each species, the results strongly imply a varied pH sensitivity, which is

supported by the physiological observations (Fig. 1, 2).

Table 2: Protein groups obtained from the proteomic analysis with those
exhibiting significant up- or downregulation in abundance. We identified 286
uncharacterised proteins in C. braarudii, 6 in C. carterae, and 186 in G. huxleyi,
which are included in the significantly expressed proteins in this table. However,
these were not included in further analysis.

Significant Up-regulated | Down-
pH Total protein protein regulated
Species (vs. pH 1dent1_f1ed groups groups protein groups
8.2) protein
groups (treatment Total Total
vs. control) (significant) (significant)
2435 2245
' 7.6 31 (20) 11)
G. huxleyi 4708 5017 2664
8.8 885 253) (632)
1462 1053
|76 415 (335) (80)
C. braarudii 2530 15 064
8.8 664 (501) (163)
777 873
7.6 9 @) @)
C. carterae 1678 >y 903
8.8 0 0) 0)

Changes in ambient pH cause species-specific alterations in coccolithophore

growth.

pH-induced stress disrupts cellular homeostasis, leading to the production of
Reactive Oxygen Species (ROS; Rokitta et al., 2012). These ROS react rapidly with
macromolecules, inhibiting their activity and consequently, impacting growth
rates (Dawes, 2000). Overproduction of ROS can disrupt cell cycle regulation and

damage DNA by targeting thymine and guanine residues, resulting in breaks in




DNA strands and interacting with nitrogenous bases and deoxyribose (Reichheld
et al., 1999). As a result, ROS can induce DNA fragmentation, hindering proper
DNA coiling within chromatin, potentially leading to mutagenesis (Juan et al.,
2021). The cell cycle can be halted to repair any DNA damage to avoid mutagenesis
and ensure proper DNA replication (Qi & Zhang, 2019). A delay in cell cycle
progression causes growth arrest, evidenced by reduced growth rates and the

upregulation in DNA repair and cell cycle-related proteins (Reichheld et al., 1999).

Species-specific changes in growth rates were observed across varying seawater
pH in this study (Fig. 1a). Growth rate reduced significantly for G. huxleyi at pH
8.8 compared to the control (t,, =5.71, p < 0.0002), whereas growth rates increased
at pH 7.6 (statistically insignificant). The increase in growth rates at pH 7.6,
although statistically insignificant, may be caused by improved photosynthetic
rates under high CO, availability, as previously reported (Iglesias-Rodriguez et al.,
2008b). Reduced growth rates at pH 8.8 in G. huxleyi may be due to a combination
of reduced CO, availability and heightened pH-induced stress, as previously
suggested (Bach et al, 2013). Notably, G. huxleyi exhibited significant
downregulation in DNA synthesis and cell cycle related proteins at pH 8.8. For
instance, ribonucleoside-diphosphate reductase small chain, which catalyses DNA
biosynthesis and plays a role in DNA damage repair displayed a -6.5 Log2 Fold
Change (LFC) downregulation, while DNA polymerase showed a -4.7 LFC
downregulation indicating reduced DNA replication under stressed alkaline
conditions. Furthermore, histones, the major protein components of chromatin
were also significantly affected: histone deacetylase (-1.19 LFC), histone-binding
protein RBBP4 (-3.60 LFC), and histone H2A (-3.90 LFC) were significantly

downregulated at pH 8.8 in G. huxleyi.
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Figure 1: (a) Growth rates (day") for G. huxleyi (»), C. braarudii (e), and C. carterae
(o) grown at different seawater pH. N =2 - 10. Only two measurements of growth
rates were possible for C. braarudii at pH 8.8 due to cell clumping. Statistical tests
were not performed for this particular treatment of C. braarudii. Statistically
significant changes in growth rates were observed for C. braarudii at pH 7.6 (W =
0, p-value <0.05) and for G. huxleyi at pH 8.8 (W = 36, p-value < 0.01; t,, = 5.71, p-
value < 0.0002). Colour coded asterisks (*) represent statistical significance (p-
value < 0.05) for that treatment against the control (pH 8.2) within that species.
(b) Percentage of significantly changed (upregulated and downregulated) protein-
groups compared to the total identified protein-groups. Percent change of
upregulated (or downregulated) proteins was calculated using the number of
significantly upregulated (or downregulated) proteins for a given species and pH,
versus the total number of significant proteins for that species at that pH. pH
treatments were compared to the control (pH 8.2).

C. carterae displayed marginal increases in growth rates at pH 8.2 and 8.8
compared to pH 7.6, which were statistically insignificant. C. carterae exhibited
only minor changes in DNA synthesis and cell-cycle-related proteins. For instance,
ribonucleoside-diphosphate reductase showed a 0.58 LFC upregulation at pH 7.6
and a -2.24 LFC downregulation at pH 8.8. Moreover, Histone H2A, a structural
constituent of chromatin was downregulated by -0.85 LFC at pH 7.6 and
upregulated by 0.2 LFC at pH 8.8. However, these changes were not statistically
significant when compared to the control (pH 8.2). The marginal changes in the
whole-cell proteome of C. carterae supports the argument that this species is able

to regulate its chemical environment through internal buffering, which allows




proper cellular functioning even under environmental change (Chauhan &

Rickaby, 2024).

C. braarudii showed the highest growth rates at pH 8.2, with the most significant
reduction in growth rates at pH 7.6 and pH 8.8 compared to the other species,
indicating high sensitivity to pH-induced stress compared to the other two
species. Significant alterations in cell-cycle-related protein-groups were observed
at both pH 7.6 and pH 8.8 compared to the control. However, only two growth rate
measurements were feasible at pH 8.8 for C. braarudii due to cell clumping,
preventing statistical analyses of growth rates. Consequently, statistically
significant changes were observed for C. braarudii only at pH 7.6 (t, = -5.01, p <
0.01). Cell clumping in coccolithophores has been reported previously as a
consequence of CO, and/or pH perturbations (Rickaby et al., 2010; Langer & Bode,

2011; Walker et al., 2018; Chauhan & Rickaby, 2024).

In C. braarudii, DNA replication licensing factor MCM7 was downregulated: -1.2
LFC at pH 7.6 and -1.5 LFC at pH 8.8, while cell cycle control protein 50A was
upregulated: 1.52 LFC at pH 7.6 and 1.96 LFC at pH 8.8. Thymidylate synthase,
involved in DNA biosynthesis was downregulated (-1.48 LFC) at pH 8.8 in C.
braarudii. This species exhibited significant changes in multiple sugar phosphate
transporter domain-containing proteins with up to 5.8 LFC at pH 7.6, and up to
7.7 LFC at pH 8.8. Such upregulation of sugar phosphate transporters has been
directly linked to growth inhibition in E. coli, due to increased accumulation of
organophosphates in the cell and/or depletion of inorganic phosphate pools due
to the transportation process (Kadner et al., 1992). Similar mechanisms of growth

inhibition may be possible for C. braarudii.

Observations made in this study can be corroborated by evidence from previous

studies. Jones et al. (2013) reported significant changes in histones in G. huxleyi




under ocean acidification, which they related to slower growth rates. Among the
species studied here, C. braarudii appeared to display the highest sensitivity to
pH, as evident by the percent change in protein-group abundance at different pH
compared to the control. This aligns with its reported inability to maintain pH
homeostasis due to reduced proton channel activity (Kottmeier et al., 2022), and
leading to substantial decreases in growth rates. G. huxleyi demonstrated
proportional increases in growth rates with CO, availability, suggesting a
preferential allocation of photosynthetically-derived resources towards growth
under high CO, (low pH) conditions (Fig. 1a, 2a). The resilience of G. huxleyi to
oxidative stress likely contributes to its higher growth rates compared to C.
braarudii, as evidenced by the interspecific differences in the magnitude of
change in protein-groups (Rokitta et al., 2012b; Barton et al., 2023). While C.
braarudii exhibited the highest growth rates under control conditions (pH 8.2),
these rates dropped under low pH conditions suggesting a high sensitivity to
stress, despite increased CO, availability. C. carterae displayed insignificant
changes in growth rates. Despite higher CO, availability at pH 7.6, growth rates
did not change perhaps due to elevated stress-related energetic costs under acidic
conditions. These physiological changes were evident through proteomic
analyses, where higher stress at pH 7.6 corresponded to more significant
alterations in protein expression compared to alkaline conditions (pH 8.8; Table

1).

Although changes in growth rates for C. braarudii and C. carterae were consistent
with our previous observations, G. huxleyi showed a contrasting response
(Chauhan & Rickaby, 2024; Kottmeier et al., 2022; White et al., 2018). G. huxleyi
strain RCC 1731 used in this study exhibited an increase in growth rates with
decreasing pH, while strain PLY 837 used in our previous work displayed the

highest growth rates under alkaline conditions (Chauhan & Rickaby, 2024). Strain-




specific responses to changing environmental pH have been reported previously
(Langer et al., 2009; Rickaby et al., 2016), which may be a consequence of different
carbonate chemistries at the site of isolation of these strains (Blanco-Ameijeiras
et al., 2016). Notably, RCC 1731 was isolated near the coast of Ecuador (Lat: -2.67,
Long: -82.72; Read et al., 2013) from CO,-rich, low-pH waters (Chavez et al., 2008).
PLY 837 was isolated from the North Sea (original ID: D366 40-5; Lat: 56.5, Long:
3.65; Krueger-Hadfield et al., 2014) where seawater pH is comparatively more

alkaline (Thomas et al., 2007).

Proteomic changes provide evidence towards the interplay between pH-

induced stress and CO, availability during photosynthesis.

Previous studies have emphasised the remarkable adaptability of the
photosynthetic machinery in coccolithophores to variations in light intensity and
CO, availability (Suggett et al, 2007; Lefebvre et al, 2010). All three
coccolithophore species studied here exhibited a decrease in Net Photosynthetic
(NP) rates under alkaline conditions (pH 8.8) compared to the control (pH 8.2; Fig.
2a). G. huxleyi and C. carterae exhibited an increase in NP rates under acidic
conditions (pH 7.6) compared to the control, while C. braarudii exhibited marginal
changes. Higher NP rates are consistent with higher CO, availability, as shown

previously (Gao et al., 1991; Zou, 2005; Mackey et al., 2015).
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Figure 2: (a) Net photosynthesis (NP) rates for G. huxleyi (»), C. braarudii (), and
C. carterae () grown at different seawater pH. Colour coded asterisks (*) represent
statistical significance (p-value < 0.05) for that treatment against the control (pH
8.2) within that species. Absolute values for net photosynthetic rates and dark
respiration rates were normalised based on average cell volumes for visual
purposes. Cell diameter (decalcified) for calculating volumes for G. huxleyi: X =
4.23 pm (n=465), C. braarudii: X=15.54 pym (n= 1843), and C. carterae: x=11.04
nm (n = 908) based on values obtained through a Beckman Z2 Coulter Counter
(data not shown). Size-corrected net photosynthetic rates (fmol O, cell' hr' pm?).
n = 4 - 5. Statistically significant changes in net photosynthetic rates were
observed for C. braarudii at pH 8.8 (t, = 7.54, p-value <0.001; W = 9, p-value <0.05;
F,, =56.91, p-value < 0.002; H, = 3.85, p-value <0.05), for G. huxleyi at pH 7.6 (t, =
3.85, p-value <0.02; F,, = 14.85, p-value < 0.02; H, = 3.85, p-value <0.05), and pH
8.8 (t; = 6.89, p-value = 0.002; W = 9, p-value <0.05; F,, = 47.59, p-value = 0.002; H,
= 3.85, p-value <0.05), and for C. carterae at pH 8.8 (W = 9, p-value <0.05; H, =
3.85, p-value <0.05). (b) Heatmap displaying key photosynthetic proteins that were
significantly altered in abundance at pH 7.6 and pH 8.8 compared to the control
(pH 8.2). Relative protein abundances based on raw LFQ intensities are presented
in a blue-to-red scale of increasing abundance. White spaces represent where a
protein was not significantly altered relative to the control or was not identified
by proteomic analysis for that particular species. Where more than one instances
of the same protein were observed, only the maximal change has been reported in
the table. Respective Log2 fold-changes for each protein at pH 7.6 and pH 8.8 are
provided within the cell.

Volume corrected NP rates for G. huxleyi suggest that indeed, as previously
reported, this species is carbon limited under control (pH 8.2) nutrient-replete
conditions, as photosynthetic rates increased at higher CO, concentrations (pH
7.6; Paasche, 1964; Nielsen, 1995; Rost et al., 2003). NP rates for G. huxleyi further
reduce at high pH (pH 8.8) due to reduced CO, availability, and its impact is

observed through reduced growth rates (Fig. 1a). Indeed, RuBisCO was




downregulated in G. huxleyi at pH 8.8 (-0.51 LFC), which suggests reduced activity
of the Calvin cycle. Reduced carbon fixation through the Calvin cycle is further
evidenced by a downregulation of sedoheptulose-1,7-bisphosphatase (-0.89 LFC)
at pH 8.8 in G. huxleyi, which is in line with reduced growth rates indicating
redirection of energy away from carbon fixation and towards cellular maintenance
(ATP used for ion transport, metabolite biosynthesis, and breakdown). It is also
important to remember that changes in stromal pH can change the amount of CO,
available for fixation (Werdan et al., 1975). Moreover, changes in ambient pH have
reportedly caused a shift in carbon fixation from 3-carbon compounds to 4-carbon
compounds in green algae (Ouellet & Benson, 1952). Although it has been
suggested that coccolithophores can utilise bicarbonate as a substrate for
photosynthesis during low CO, availability via carbon concentrating mechanisms
(CCMs), we observed a downregulation in 2 HCO; transporters (-2.72 and -1.94
LFC) in G. huxleyi at pH 8.8 (Nimer et al, 1997). This observation seems
contradictory to the suggested carbon limitation under alkaline conditions, but
the downregulation of (chloroplastic) bicarbonate transporters under pH stress
might be a way to regulate PSII activity and prevent the accumulation of ROS in
the chloroplast (Xie et al, 2021). However, the subcellular location of these

bicarbonate transporters cannot be confirmed.

C. carterae shows the highest volume-corrected NP rates even under reduced CO,
availability, perhaps due to the upregulation of carbonic anhydrase, as observed
in this study (0.55 - 1.02 LFC between pH 8.2 and 8.8; statistically significant
between pH 7.6 - 8.8; p-value = 0.04), or via active bicarbonate uptake (no
significant differences found in this study). Out of the 9 significant proteins at pH
7.6 in C. carterae, 6 were photosynthesis-related, which were all downregulated
(Fig. 2b). G. huxleyi showed significant downregulation of two Light Harvesting

Proteins (LHPs) under acidic conditions, while 19 LHPs were downregulated under




alkaline conditions. LHPs are integral to the Light Harvesting Complex (LHC),
transitioning from light harvesting to energy quenching to protect the
photosynthetic machinery from damage under stress, known as Non-
Photochemical Quenching (NPQ; (Trinh & Masuda, 2022). The LHC comprises LHP-
chlorophyll pigment complexes. The upregulation of chlorophyll biosynthesis-
related proteins in our study, combined with previous reports of increased
chlorophyll pigment in response to lower pH suggests a multifaceted adaptation
strategy of the photosynthetic machinery to environmental stress (Suggett et al.,
2007; Eberhard et al., 2008; Gong et al., 2020; Johnson et al., 2022), where fine-
tuning the amount of chlorophyll and accessory pigments, expression of LHPs,
and the activity of light-dependent and -independent reactions determine the
amount of light captured, NADPH and ATP produced, and how much of that
energy is used for carbon fixation or cellular maintenance (Suggett et al., 2007;
Muramatsu & Hihara, 2011; Rokitta et al., 2012a; Miyake, 2020). Such
characteristics probably play a crucial role in implementing the lack of
photoinhibition in G. huxleyi, even under very high light intensities (Nanninga &

Tyrrell, 1996).

Alongside downregulated LHPs at pH 7.6, only Ferredoxin-Sulfite reductase is
downregulated in G. huxleyi, whereas at pH 8.8, we observe widespread
downregulation in PSII- and PSI-related proteins, although plastocyanin and ATP
synthase were upregulated. This reduction in photosynthetic machinery may
conserve energy when this machinery is not being used to its full potential under
CO, limitation. This is consistent with the decline in growth rates and NP rates
under alkaline conditions. The upregulation of plastocyanin and ATP synthase
could be a response to increase/support cyclic electron flow in the photosystem,
a process tightly linked to ROS production (Deng et al, 2003; Miyake, 2020).

Conversely, the downregulation of LHPs under acidic conditions could be a




strategy to allocate resources away from an efficient photosystem under high CO,
availability, redirecting them towards growth (McCarthy et al., 2012; Rokitta et al.,
2012a). This can also explain the responses observed at pH 7.6 in C. carterae,
where an efficient photosynthetic machinery allowed downregulation of
photosynthesis-related proteins so that additional resources (such as ATP,
nitrogen) can be directed towards other cellular processes for stress management

under reduced growth (Thangaraj et al., 2023).

C. braarudii has the lowest volume-corrected NP rates (Fig. 2a). The marginal
changes in NP rates even under higher CO, concentrations (pH 7.6) for C. braarudii
in the present study may be related to higher energy requirements under low pH-
related stress as well as increased non-photochemical quenching, as previously
reported for other algae (Gao & Zheng, 2010). LHPs were significantly upregulated
in C. braarudii at both pH 7.6 and pH 8.8. Although both treatments led to similar
changes in the LHPs, they may have different drivers - the upregulation of LHPs
under acidic conditions may be a response to capitalise on high CO, availability.
However, its sensitivity to stress appears to hinder this upregulation from
translating into improved photosynthetic performance, ultimately causing a

reduction in growth rate in C. braarudii.

These changes provide further evidence towards species-specific responses to pH
change, as both C. carterae and G. huxleyi exhibited downregulation in
photosynthesis-related proteins at pH 7.6 (Fig. 2b). PSII and the LHP complex are
upregulated under alkaline conditions due to PSII’s higher susceptibility to stress
requiring increased protein turnover (Xie et al, 2021). LHPs may be upregulated
to quench light energy that cannot be dissipated through photosynthesis due to
reduced CO, availability. Another contrasting observation can be made between

C. braarudii and C. carterae, where the former displays an upregulation of PSII




protein D1 at pH 8.8, while the latter exhibits a downregulation of the same
protein at pH 7.6 (Fig. 2b). Protein D1 repairs photodamage to PSII and the
production of D1 protein can be interrupted by limiting CO, fixation (Murata et
al., 2007). Disruption of pH homeostasis in the chloroplast can also degrade
protein D1 in PSII reaction centres and inhibit the ability of the chloroplast to

utilise light energy (Ma et al., 2020).

Under low CO, availability at pH 8.8, C. braarudii may experience photoinhibition
because the rate of consumption of light energy is slower than the rate of
absorption under CO, limitation. Alternatively, C. carterae is possibly
experiencing lower rates of photoinhibition under high CO, levels at pH 7.6,
leading to the downregulation of protein D1 (Takahashi & Murata, 2008). In
summary, higher CO, availability under acidic conditions generally enhances
photosynthetic activity, as seen in G. huxleyi. However, increasing photosynthetic
activity translates to higher growth rates only when photosynthesis outweighs
stress-related energy requirements. This does not seem to be the case for C.

braarudii at pH 7.6.

Cellular requirement for metabolites and energy under stress dictate changes

in energy metabolism.

The mitochondrion is involved in almost every cellular process. Consequently, any
shifts in cellular homeostasis impact respiration rates and mitochondrial activity
(Spinelli & Haigis, 2018). Dark Respiration (DR) rates for G. huxleyi and C. carterae
showed statistically insignificant changes with changing pH (Fig. 3a). However, DR
rates for C. braarudii declined by ~86 % under alkaline conditions (pH 8.8)
compared to the DR rates at pH 8.2 (F,, = 376.7, p < 0.0001). The reduced DR rates
under changing pH may be due to reduced activity of the mitochondrial electron

transport chain as a consequence of disrupted pH homeostasis (Vohwinkel et al.,




2011; Yu et al., 2017; Zhang et al., 2023). This is because the production of ATP
via the consumption of oxygen (and metabolites) in the electron transport chain
requires a stable proton gradient between the inner and outer mitochondrial
membranes (Berg et al, 2015). Several mitochondrial proteins were highly
upregulated in C. braarudii under both pH 7.6 and pH 8.8 suggesting increased
mitochondrial activity. These changes included an upregulation in mitochondrial
carrier proteins, ADP/ATP translocases, and upregulation of SURF1-like protein
and COX (cytochrome c oxidase) assembly protein. An upregulation in COX
assembly proteins suggests increase cytochrome c oxidase biogenesis (Zhang et
al., 2023). Reduced DR rates under pH stress, coupled with the upregulation of
Cytochrome oxidase and COX assembly proteins, seem contradictory. Yet, these
findings are justified as stress-induced oxidative damage to mitochondrial DNA
(mtDNA) leads to mitochondrial dysfunction, culminating in reduced respiration
rates (Vohwinkel et al., 2011; Brand & Nicholls, 2011). Individual enzymes within
the respiratory chain could be upregulated as a compensatory mechanism to
sustain normal mitochondrial function and respiratory activity (Yu et al., 2017;

Avram et al., 2022).
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Figure 3: (a) Size-corrected dark respiration rates (fmol O, cell' hr' pm?®) for G.
huxleyi (), C. braarudii (), and C. carterae (o) grown at different seawater pH (n
=4 - 5). Colour coded asterisks (*) represent statistical significance (p-value < 0.05)
for that treatment against the control (pH 8.2) within that species. Absolute values
for net photosynthetic rates and dark respiration rates were normalised based on
average cell volumes for visual purposes. Cell diameter (decalcified) for
calculating volumes for G. huxleyi: X= 4.23 ym (n = 465), C. braarudii: X = 15.54
pm (n = 1843), and C. carterae: X= 11.04 pm (n = 908) based on values obtained
through a Beckman Z2 Coulter Counter (data not shown). Statistically significant
changes in dark respiration rates were observed for C. braarudii at pH 8.8 (t, = -
19.41, p-value <0.0001; W = 0, p-value <0.05; F,, = 376.7, p-value < 0.0001; H, =
3.85, p-value <0.05). (b) Heatmap displaying key mitochondrial proteins that were
significantly altered in abundance at pH 7.6 and pH 8.8 compared to the control
(pH 8.2). Relative protein abundances based on raw LFQ intensities are presented
in a blue-to-red scale of increasing abundance. White spaces represent where a
protein was not significantly altered relative to the control or was not identified
by proteomic analysis for that particular species. Where more than one instances
of the same protein were observed, only the maximal change has been reported in
the table. Respective Log2 fold-changes for each protein at pH 7.6 and pH 8.8 are
provided within the cell. PDH: Pyruvate Dehydrogenase.

Several mitochondrial enzymes are pH-sensitive. For instance, the activity of
phosphofructokinase, which is the rate limiting enzyme in glycolysis, increases
with increasing pH within the physiological range (Ui, 1966; Fidelman et al., 1982).
For G. huxleyi, phosphofructokinase (0.88 LFC), and pyruvate kinase (0.67 LFC)

exhibited an upregulation under alkaline conditions (Fig. 3b). This suggests an




increase in glycolytic activity; however, reduced respiration rates suggests that the
intermediate products derived from glycolysis may be used in anabolic pathways
for lipid and protein synthesis (Chandel, 2021). Under acidic conditions (pH 7.6),
a notable change was only observed in enolase (2.09 LFC) suggesting increased
production of phosphoenolpyruvate that can be used for biosynthesis of organic
compounds or ATP production (Berg et al., 2015). Insignificant changes were
observed in the DR rates or glycolysis-related proteins in C. carterae under
changing ambient pH. In the case of C. braarudii, glycolysis related proteins such
as glucokinase (1.51 LFC) exhibited an upregulation, while glucose-6-phosphate
isomerase (-0.67 LFC) and phosphofructokinase (-0.96 LFC) exhibited a
downregulation under alkaline conditions (pH 8.8). This change in enzyme activity
indicates that the metabolite glucose 6-phosphate derived from glucokinase may
enter the pentose phosphate pathway, resulting in the generation of NADPH to

maintain antioxidant capacity (Chen et al., 2019).

The pyruvate dehydrogenase complex plays a key role in aerobic metabolism, and
links glycolysis to the TCA cycle. Herein, C. braarudii exhibited changes in lipoyl-
binding domain-containing protein (-1.14 LFC), pyruvate dehydrogenase E1l
component subunit alpha (0.81 LFC) and subunit beta (0.66 LFC) at pH 7.6 while
no such changes were observed at pH 8.8. G. huxleyi exhibited changes in
dihydrolipoamide acetyltransferase (-1.12 - 1.09 LFC), Acetyl coenzyme A
synthase (1 LFC) and pyruvate dehydrogenase E1, alpha subunit (0.60 LFC) at pH
8.8, while a change was only evident in dihydrolipoamide acetyltransferase (-0.93
LFC) at pH 7.6. Enzymes of the TCA cycle were also significantly changed in G.
huxleyi and C. braarudii. The TCA cycle was generally upregulated in G. huxleyi
under pH 8.8 whereas no changes were evident under pH 7.6 (Fig. 3b). Elevated
expression of isocitrate dehydrogenase has been previously related to

mitochondrial dysfunction and shown to cause inhibition in cell proliferation




(Vohwinkel et al., 2011). Similarly, isocitrate dehydrogenase was upregulated in G.
huxleyi (0.99 LFC) and C. braarudii (0.82 LFC) at pH 8.8. Increase in TCA cycle
activity may be to support declining DR rates and indicates higher metabolite
requirement for biosynthesis or increased recycling of internal metabolites under

stress (Spinelli & Haigis, 2018).

Isocitrate lyase was shown to be significantly upregulated (1.15 LFC) at pH 8.8 in
G. huxleyi. This enzyme skips several steps in the TCA cycle to produce succinate
and glyoxylate (Dolan & Welch, 2018). This observation underscores a metabolic
flexibility present, particularly in G. huxleyi, likely enhancing its respiratory
performance under stress (O’Leary et al., 2019). Similar observations under
thermal stress suggest a generalised stress response for this species rather than
a pH-unique one (Dedman et al., 2023a). Such metabolic plasticity may contribute
to its greater physiological resilience to environmental changes, and its ecological

success in the present-day oceans.

C. braarudii also exhibited an upregulation in TCA cycle-related enzymes. For
example, malate dehydrogenase, which catalyses the oxidation of malate to
oxaloacetate, was upregulated by 1.5 LFC under both pH 7.6 and 8.8. However,
while only 3 enzymes of the TCA cycle were upregulated at pH 7.6 in C. braarudii,
6 enzymes were upregulated at pH 8.8. Despite mitochondrial dysfunction, its
activity remains vital for providing metabolites necessary for macromolecular
synthesis. Although C. carterae did not exhibit significant changes in most
metabolic proteins, some unique observations can be made: F-type ATPase was
significantly downregulated at pH 7.6, and Pyrophosphate-fructose 6-phosphate
1-phosphotransferase exhibited significant upregulation when pH 7.6 was

compared to pH 8.8. The downregulation in ATPase activity may be due to




sufficient energy being available through photosynthesis under high CO,

availability.

In summary, changes in mitochondrion-related proteins did not translate to
higher/lower DR rates, as reductions in DR rates were mostly statistically
insignificant (Fig. 3a), which is consistent with the lack of changes observed in
enzymes related to oxidative phosphorylation. ATP production through oxidative
phosphorylation may not be upregulated due to disruptions in pH homeostasis
under pH stress, however, glycolysis, TCA cycle, and other mitochondrial
processes remained active, or were even upregulated to provide energy and
metabolites for cellular maintenance under pH stress and to counteract
mitochondrial dysfunction. Isocitrate lyase activity in G. huxleyi highlighted
metabolic plasticity in this species, which potentially contributes to its
physiological resilience to environmental stress. Additionally, the lack of changes
in C. carterae provide further evidence that the internal buffering capacity of this
species to chemical changes in the environment allows it to thrive under changing

conditions.

Changes in Net Photosynthesis and Respiration determine the fate of cellular

carbon fixation in acidic and alkaline oceans.

The proportional change in NP rates with CO, availability and reduced DR rates
under pH stress observed in this study are likely to alter the ratio of carbon fixed
versus respired under ocean acidification (OA) and artificial ocean alkalinisation
(AOA) scenarios (Fig. 4). This net photosynthesis to dark respiration (NP:DR) ratio
has been extensively studied in response to nutrient limitation and global
warming (Steinacher et al., 2010; Barton et al., 2020), and is crucial in determining
the balance of carbon flux towards the biological carbon pump, at least at the

scale of a single cell (Field et al., 1998). All three coccolithophores species in the




present study have nearly identical NP:DR ratios at control conditions (pH 8.2, 2.1
< NP:DR > 2.5) suggesting that the contribution of these species to biological
carbon fixation is almost the same at an individual scale (Fig. 4). However, the
NP:DR ratios change significantly under changing pH in coccolithophores. NP:DR
ratios increase for all three coccolithophore species under acidic conditions
(statistically insignificant increase for C. braarudii), suggesting that carbon
fixation at an individual scale would be higher in an OA scenario. In comparison,
a variable response is observed under alkaline conditions. Extreme reduction in
respiration rates observed in C. braarudii at pH 8.8 leads to a very high NP:DR
ratio. While a short-term increase in the NP:DR ratio for C. braarudii at pH 8.8
indicates increased primary productivity, this does not translate into higher
growth rates due to the increase cost of repair associated with its sensitivity to
stress. It is important to note that although carbon fixation through primary
productivity in an OA scenario may increase for coccolithophores, changes in
inorganic carbon to organic carbon (PIC:POC) ratios will also have an impact on
the amount of carbon fixed (Riebesell et al., 2000; Iglesias-Rodriguez et al., 2008b;
Krumhardt et al., 2017). Moreover, the contribution of coccolithophores to the
global biological carbon pump will depend on the population sizes for each
species, which may vary significantly, for instance, due to the bloom-forming

capabilities of G. huxleyi (Tyrrell & Merico, 2004).
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Figure 4: NP:DR ratios for G. huxleyi (), C. braarudii (e), and C. carterae (e) grown
at different seawater pH (n= 4 - 5). Colour coded asterisks (*) represent statistical
significance (p-value < 0.05) for that treatment against the control (pH 8.2) within
that species. Note that the datapoint for C. braarudii at pH 8.8 has been plotted
on a secondary Y-axis for better representation of the data. Significant changes in
the NP:DR ratios were observed for G. huxleyi at pH 7.6 (W = 9, p-value <0.05; H,
= 3.85, p-value <0.05), C. carterae at pH 7.6 (W = 9, p-value <0.05; H, = 3.85, p-
value <0.05), and C. braarudii at pH 8.8 (t, = -8.78, p-value <0.001; W = 0, p-value
<0.05; F,, = 77.17, p-value < 0.001; H, = 3.85, p-value <0.05).

Oxidative stress triggers the cellular stress response.

A sizable proportion of the significantly changed protein-groups in C. braarudii
(at pH 7.6 and pH 8.8) and G. huxleyi (at pH 8.8) were related to the Cellular Stress
Response (CSR) and redox-scavenging pathways (Fig. 5; Kiiltz, 2004). The CSR
encompasses a diverse array of proteins involved in various biological pathways
due to the role ROS plays in cellular signalling. For example, NADPH oxidases in
mitochondria typically generate ROS during oxidative metabolism. Under normal
circumstances, production of ROS signals antioxidant enzymes such as
superoxide dismutase to neutralise this ROS to avoid oxidative damage to the cell

(Loschen et al., 1974). However, alterations in mitochondrial membrane potential




(via pH) can lead to oxidative stress through excessive ROS production (Inzé &

Montagu, 1995; Sena & Chandel, 2012).
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Figure 5: Schematic representation of the broad functions related to the Cellular
Stress Response (CSR). Environmental pH stress triggers changes in cellular redox
potential and pH-regulated voltage potential. Disruption in pH homeostasis leads
to macromolecular dysfunction, which necessitates activation of specific proteins
to restore pH homeostasis. Moreover, generation of ROS causes damage to
macromolecules such as proteins, lipids, and DNA. Enzymes regulating the cell
cycle, energy metabolism, protein repair, stabilisation, and degradation are
notably expressed under stress conditions (Kiiltz, 2004). Additionally,
macromolecular damage impedes normal cellular function, necessitating the
involvement of proteins in redox regulation, DNA repair, protein degradation,
molecular chaperones, fatty acid metabolism, and energy metabolism (Dawes,
2000).




Proteins related to redox homeostasis were evident in the coccolithophore species
C. braarudii and G. huxleyi under stressed conditions. Several oxidoreductases,
such as NADP-dependant oxidoreductase, were upregulated. ROS scavenging
proteins such as glutathione synthase, glutaredoxin and thioredoxin were
significantly upregulated at pH 8.8 in G. huxleyi, and at both pH 7.6 and 8.8 in C.
braarudii. For instance, C. braarudii exhibited an upregulation in 6 thioredoxins
with 0.58 - 1.95 LFC at pH 7.6 and upregulation in 9 thioredoxins (0.71 - 3.23 LFC)
at pH 8.8. Thioredoxin acts as the primary antioxidant system in eukaryotes (Lu &
Holmgren, 2014). Accumulation of ROS and significant changes in redox-related
proteins under high CO, (low pH) conditions has been shown previously in G.
huxleyi (Rokitta et al., 2012a; Vazquez et al., 2023). Although oxidative protein-
groups did not show significant changes in G. huxleyiunder acidic conditions (pH
7.6) in this study. However, it is likely that other G. huxleyi strains with ecological
niches in seawater at comparatively higher pH (such as strain PLY 837) may
experience oxidative stress under low pH (Chauhan & Rickaby, 2024). Higher
temperature is also known to cause higher levels of ROS in G. huxleyi, and in plants
(Rikhvanov et al., 2014; Dedman et al., 2023a). Moreover, higher ROS levels have

been associated with the onset of viral infections in G. huxleyi (Sheyn et al., 2016).

Notably for C. carterae, Thangaraj et al. (2023) did not report any changes in
redox-related proteins under a combined ocean warming and acidification
scenario. This is consistent with the findings of this study, where no changes in
oxidative-stress-related proteins were observed for C. carterae with changing pH
(Fig. 1b, Table 1). These observations suggest that the resilience to environmental
changes in C. carterae is associated with its intracellular physicochemical
properties, where a low surface area to volume ratio (as a consequence of large
cell size) may provide a greater barrier for ions (such as H*), and a large internal

carbon pool and high intracellular pH which allows greater buffering of the




internal environment against chemical changes in the extracellular environment

(Chauhan & Rickaby, 2024).

Oxidative stress also impacts various cellular components such as lipids, nucleic
acids, and proteins. This damage disrupts the structure and function of cellular
membranes, cytoskeletal proteins, and proteins of diverse functions (See
Supplementary Information for detailed description of these results). Previous
studies have reported upregulation of genes related to redox activity, fatty acid
biosynthesis and protein signalling in coccolithophores under ocean acidification
(Rokitta et al.,, 2012a; Thangaraj et al., 2023). Our observations agree, with
upregulation noted in fatty acid biosynthesis to restore damaged lipids and
aldehyde dehydrogenases to neutralise aldehydes formed during lipid
peroxidation (Singh et al., 2013). Additionally, a decrease in ribosomal activity
coupled with increased proteolytic activity suggests inhibition of ribosomal
translation and enhanced degradation of damaged proteins (Chondrogianni et al.,
2014). Notably, G. huxleyi and C. braarudii exhibited significant upregulation of
proteases and PPlases, indicating increased activity in protein folding and
degradation. A contrasting regulation of Derlin, an endoplasmic reticulum (ER)-
associated degradation protein was observed between G. huxleyi and C. braarudii,
where Derlin was downregulated at both pH 7.6 (-6.66 LFC) and pH 8.8 (-7.16 LFC)
in G. huxleyi, but highly upregulated in C. braarudii (4.57 LFC at pH 7.6, 4.77 LFC
at pH 8.8). This suggests species-specific stress responses, possibly impacting ER
protein quality control mechanisms (Sugiyama et al, 2021). Moreover,
downregulation of HSPs in G. huxleyi, which are also ER-associated, further

supports this species-specific stress response (Wang et al., 2008).

Changes in ambient pH affects the electrochemical gradient between the ambient

seawater and the cytoplasm. The pH of the cytoplasm must be maintained within




a narrow range as most proteins have a pH optimum. Consequently, a cell
attempts to restore pH/electrochemical homeostasis via voltage-gated proton
channels (Taylor et al, 2011) and co-transporters via a “biophysical pH stat”
mechanism (Smith & Reid, 1991). The activity of symporters or antiporters, which
expel protons out into the seawater often bring about activity in other ion
transporters, since ion homeostasis is disrupted during such cellular activity. In
this study, several ion transporters changed significantly within the different
coccolithophore species. C. braarudii exhibited notable changes in ABC
transporters (-2.93 - 1.79, -1.65 - 1.67 LFC), V-type H* ATPase (1.33, 1.59 LFQC),
cation/ H"exchanger (1.17, 1.46 LFC), CI /HCO; exchanger (1.46, 1.68 LFC), proton
translocating transhydrogenase (1.51, 2.37 - 2.97 LFC), Cation-transporting P-type
ATPase (1.62, 1.89 LFC), and Na/Ca exchanger (4.96, 2.55 - 4.77 LFC) at pH 7.6 and
pH 8.8, respectively. Additionally, C. braarudii displayed upregulation of anion
transporting ATPase (0.88 LFC), proton transporting diphosphatase (3.62 LFC),
voltage gated anion channel (3.25 LFC), Ca/cation antiporter (2.19 LFC), major
facilitator superfamily (MFS) profile domain-containing protein (4.06 - 4.41 LFC)
at pH 8.8. G. huxleyi showed upregulation in five V-type H* ATPases (0.50 - 1.2
LFC), and downregulation in five ABC transporters (-5.46 - -0.6 LFC) at pH 8.8, but
no significant changes at pH 7.6. Oxidative inhibition of V-type ATPases has been
shown previously in mammals, plants and yeast, and the upregulation of these
ATPases indicates the occurrence of a similar mechanism in C. braarudii and G.
huxleyi under pH-induced oxidative stress in this study (Seidel et al., 2012). C.
carterae exhibited no significant changes in membrane transport activity under
changing pH conditions, further corroborating the argument that its intracellular
buffering capacity makes C. carterae resistant to chemical changes in the ambient

environment (Chauhan & Rickaby, 2024).




How does carbonate chemistry dictate coccolithophore ecology?

If the findings of this study are broadly indicative of physiological and cellular
changes in coccolithophores in an acidic or alkaline ocean, they suggest that
highly species-specific responses may have a significant impact on the carbon
fixing capabilities and ecological niches of coccolithophores in the future. The
overarching question regarding species-specific tolerances to pH changes can be
attributed to two phenomena: genetic adaptation of a given species to changing
environment, and acclimation to ambient environmental changes (Moreno &
Martiny, 2018). Physiological resilience in G. huxleyi may stem from its exceptional
ability to withstand significant environmental stress. Despite a low surface area
to volume ratio that makes it vulnerable to rapid intracellular pH fluctuations
(Suffrian et al., 2011), this species might be “accustomed” to such changes.
Consequently, it likely has effective stress-management mechanisms already in
place (van der Wal et al., 1985; Paasche, 2001; Barton et al., 2023). Such a resilience
to extracellular ROS has been observed for G. huxleyi previously but not in other
coccolithophore species, suggesting a physiological characteristic unique to the
Gephyrocapsa lineage (Barton et al., 2023). Although its high surface area to
volume ratio (as a consequence of small cell size) makes G. huxleyi vulnerable to
greater ionic fluxes (Suffrian et al, 2011b), the resilience of G. huxleyi can be
attributed to its high cellular plasticity. For instance, through the expression of
isocitrate lyase to bypass several steps of the TCA cycle and its ability to reallocate
resources away from certain cellular processes (e.g., photosynthesis) during high
efficiency (pH 7.6) or low activity (pH 8.8). This species also has the ability to
switch its mode of carbon uptake from CO, diffusion under high CO, to utilise
active HCO; uptake under low CO, concentrations (Kottmeier et al., 2014, 2016c¢).
Furthermore, the downregulation of HSPs, Derlin, and 26S proteasome under

changing pH conditions further suggests unique mechanisms of metabolite




recycling. However, without additional studies on metabolomics, it is difficult to
elaborate specific metabolic pathways involved in such processes. The
physiological resilience, along with the genetic diversity of G. huxleyi may have
facilitated the occupation of almost every ecological niche of the present-day
ocean and will probably facilitate its adaptation to future ocean conditions

(Rickaby et al., 2016; Blanco-Ameijeiras et al., 2016; Wheeler et al., 2023).

A good example for high tolerance to environmental changes is C. carterae, which
potentially experiences high magnitudes of change in ambient pH, salinity, light,
and temperature in its coastal environment (Jordan, 2009). It is possible that the
presence of specific osmotic solutes in the metabolome of C. carterae may assist
this species in managing environment-related stress (Zhou et al., 2016). However,
the lack of proteomic changes under acidic or alkaline conditions in this study
suggest that due to the coastal nature of C. carterae, this species may be
preadapted to a wide range of environmental changes. Furthermore, the lack of
changes in ion transport-related proteins further support the argument that the
remarkable buffering capacity of C. carterae allows it to regulate its chemical
environment, which translates into marginal changes in its physiology across a
broad range of pH changes (1.2 pH units in this study). Genetic shifts have been
reported to be responsible for the adaptation of other algae to highly acidic
environments (e.g., Hirooka et al., 2017), and probably explain the ability of C.
carterae to occupy a highly dynamic coastal niche and explains the ease of
cultivating this species in a broad spectrum of seawater chemistries and chemical

conditions (Probert & Houdan, 2004).

The high sensitivity of C. braarudii to pH changes as observed through reduced
growth rates and changes in the proteome may be due to its dependence on

voltage-gated proton channels for pH homeostasis (Taylor et al., 2011; Kottmeier




et al., 2022), which also explains its narrow ecological niche in present-day oceans
(Daniels et al., 2014, 2016). Although G. huxleyi also reportedly has high proton
permeability (Suffrian et al., 2011b), its ecological success may be related to its
metabolic plasticity and genetic diversity as discussed above (Rickaby et al., 2016).
The large size of C. braarudii may allow some internal buffering to chemical
changes in the environment (similar to C. carterae), the high calcification rate for
this species results in substantial H*in the cell (Kottmeier et al., 2022). Moreover,
the lack of metabolic plasticity, such as the use of isocitrate lyase, active
bicarbonate uptake (as seen in G. huxleyi), or carbonic anhydrase (as seen in C.
carterae) makes it more reliant on “traditional” metabolic pathways. For instance,
protein degradation, ion transport activity, photosynthetic machinery, and redox-
scavenging proteins, which were all upregulated at both acidic and alkaline pH, in
order to restore homeostasis and cellular productivity in C. braarudii. This is in
contrast to observations made for G. huxleyi, which shows evidence of reduced

activity of cellular processes to avoid redox-related damage and conserve energy.

Moreover, the requirement for calcification in C. braarudii is closely tied to its cell
cycle, something which is not observed in the other two species studied here
(Paasche, 2001; Frada et al., 2018; Walker et al., 2018). Therefore, impacts on
calcification through changes in the calcium carbonate saturation state may have
additional implications on calcification-related sensitivity of C. braarudii to
changing ambient pH. The geologic past of C. braarudii may provide some
reasoning for our observations. In the Eocene, C. braarudii proliferated under high
CO, and lower pH conditions compared to the present-day oceans (Ridgwell, 2005;
Agnini et al., 2014). Today, this species occupies mostly upwelling and polar
regions of the ocean, where dissolved CO, concentrations are higher, and pH is
lower (Henderiks & Rickaby, 2007; Daniels et al., 2016). Thus, the constraints

imposed by the inability of C. braarudii to adjust cellular processes to prioritise




essential functions, its incapacity to suspend cellular activities during stress and
limited substrate availability, and its reliance on high CO, levels elucidate the
narrow ecological range of this species in contemporary oceans. While rising CO,
levels under ocean acidification scenarios might offer some expansion
opportunities for this species, its inability to adapt to shifting conditions could

pose a significant hindrance.

The contrasting pH-related sensitivities of the coccolithophore species studied
here suggest that lower-pH (OA) scenarios may select for low-pH adapted G.
huxleyi strains such as the strain used in this study (RCC 1731). On the other hand,
a higher-pH (AOA) scenario may also select for a high-pH adapted G. huxleyi strain
such as the one used in our previous study (PLY 837; Chauhan & Rickaby, 2024).
Population sizes for C. braarudii may decline drastically, although a growth
optimum at slightly lower pH than present has been seen before (Chauhan &
Rickaby, 2024). The changes (or lack thereof) in C. carterae suggest no major

ecological changes for this species.

It is important to recognise that this experiment was conducted under constant
temperature, light, and nutrient replete conditions, whereas future climate
scenarios will entail higher temperatures and drastic shifts to light and nutrient
regimes due to increased seawater stratification. The combined effect of these
parameters will potentially have a greater or compounding impact on
coccolithophore physiology and cellular processes (De Bodt et al., 2010; Benner et
al., 2013; Sett et al., 2014; Barton & Yvon-Durocher, 2019; Zhang & Gao, 2021;
Johnson et al., 2022). Additionally, the lack of reference genomes for all except
one coccolithophore species drastically inhibits the quality of molecular studies
on coccolithophore species (Skeffington et al., 2023). Clearly, further work will be

required to understand the interplay between environmental parameters and their




combined impact on the cellular biology of different species. Nevertheless, our
results contribute to understanding the molecular mechanisms behind species-
specific sensitivities to pH changes and their ecology in the modern ocean. These
findings can be used to for better representation of different species in OA or
AOA experiments, and to consider adaptive diversity in coccolithophore species

in response to the impacts that humans exert on their environment.

Supporting Information

The Supplementary text file contains detailed descriptions of the methodology
used in measuring the Net Photosynthetic and Dark Respiration rates, as well as
the methodology for in-solution digestion of cellular biomass for proteomic
analysis. Supplementary results, that are not directly related to, but complement
the findings of the main text are also discussed. These include proteomic changes
related to various cellular processes that displayed significant alterations in the

present study.
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Chapter 3: Species-specific Variability in Coccolithophore
Physiology under Changing Seawater pH and Its Impact on
Marine Biogeochemical Cycles

Foreword
This chapter has been accepted for publication as a research article in the
journal Oceanography and Limnology. Chapter 1 has been referenced as

Chauhan & Rickaby (2024) and Chapter 2 has been referenced as “Chapter 2”.

Abstract

Coccolithophores are pivotal players in ocean biogeochemistry, yet the impact of
changing carbonate chemistry on different species remains unclear as G. huxleyi
has been emphasised and meta-analyses remain challenging due to differences in
culture conditions. This study investigated the response of three species -
Gephyrocapsa huxleyi, Coccolithus braarudii and Chrysotila carterae - under
varying CO, conditions (via pH). All species showed reduced growth rates under
the highest CO,/lowest pH treatment due to H*-related inhibition. C. carterae
exhibited increased coccosphere size with rising CO,, with corresponding changes
in elemental ratios. C. braarudii sizes were proportional to growth rates, with the
highest growth and size observed at ~11 pmol CO, KgSW*, resulting in high carbon
production rates and inorganic to organic carbon (PIC:POC) ratios. G. huxleyi
showed minor changes in coccosphere size or elemental quotas, but its PIC:POC
ratios declined with increasing CO,/decreasing pH. Literature synthesis showed
that growth rates and PIC:POC generally declined with increasing CO,, but strain-
specific CO, optima contributed to variability within the responses of a single
species, likely due to adaptation to carbonate chemistry conditions at the site of
isolation. Overall, species-specific changes in elemental stoichiometry will impact

nutrient and carbon export locally. Unlike coastal species, open ocean species are




likely to experience reduced carbon and nutrient export under higher CO, levels
causing reduced food quality. Species-specific sensitivities to pH will allow species
like G. huxleyi to outperform others like C. braarudii. Moreover, strains with a
growth optimum at higher CO, levels may outcompete those with a growth

optimum at lower CO, levels.

Introduction

Climate change has diverse impacts, affecting various aspects of our environment.
For instance, global warming alters the very nature of our oceans, influencing
factors like circulation, stratification, and gas solubility (Bindoff et al., 2007).
Additionally, the rising absorption of CO, by oceans triggers chemical
transformations in seawater, such as altering carbon concentrations, pH levels,
and metal speciation (Doney et al., 2009). These changes ripple through marine
ecosystems, impacting phytoplankton diversity, species distribution, cellular
processes, and elemental composition, thereby affecting higher trophic levels

(Sterner & Elser, 2003; Steinacher et al., 2010; Moreno & Martiny, 2018).

Investigating the carbon-nitrogen-phosphorus, or Redfield ratio in phytoplankton
is crucial to understanding the implications of climate change on food chains and
carbon cycles (Geider & La Roche, 2002; Sterner & Elser, 2003). Nitrogen is a key
component of biological macromolecules such as nucleic acid, proteins, and
chlorophyll (Gruber, 2008). Phosphorous is essential for a multitude of cellular
processes, such as energy storage and transfer, signal transduction, and
formation of cellular components such as nucleic acids and cell membranes (Elser,
2012). Phytoplankton growth is heavily dictated by the amount of nitrogen and
phosphorous present in the seawater, and nutrient availability has a strong
control over primary productivity. Any available nutrients, whether transported

to the surface ocean through terrestrial sources, or through nitrogen-fixing




organisms, is readily taken up by phytoplankton. Consequently, nitrogen and
phosphorous cycles of the ocean are heavily dictated by primary productivity in

the surface ocean.

The response of phytoplankton under environmental changes apart from nutrient
limitations is primarily caused by cellular changes, for instance, by size, change
in chlorophyll concentrations, or synthesis of amino acids and DNA. Changes in
the Redfield ratio of phytoplankton-derived organic matter as a consequence of
environmental changes will likely influence the food quality of higher tropic levels
and alter nutrient cycles even in those regions where nutrients are not limited

(e.g., estuarine, and coastal areas).

Coccolithophores contribute to global biogeochemical cycles through long term
carbon sequestration as coccolith calcite, short term CO, release and alkalinity
drawdown during the calcification process, and fixing carbon as organic matter
through photosynthesis (Rost & Riebesell, 2004b). Specifically, coccolithophores
contribute about 10 % to primary production in the surface ocean (Poulton et al.,
2007) and about 50 % to open ocean calcite export (Broecker & Clark, 2009).
Coccolithophore species such as Coccolithus braarudii export the largest amounts
of calcite in polar and coastal waters (Daniels et al., 2014, 2016), while species
such as Gephyrocapsa huxleyi form large-scale blooms and are ubiquitously

present in the modern oceans (Tyrrell & Merico, 2004; Wheeler et al., 2023).

C. braarudii has a long geologic history and was a key calcifier in the Eocene
(Agnini et al., 2014), despite declining CO, levels (Claxton et al., 2022). G. huxleyi
is a more recent species, only originating ~200 kiloyears ago (Thierstein et al.,
1977). C. carterae, frequently blooms in coastal waters (White et al., 2018). This
species diversity makes coccolithophores one of the key phytoplankton groups of

the modern ocean (Eikrem et al., 2016). Many coccolithophore species exhibit




distinct physiological traits. For instance, C. carterae utilises coccolithosomes and
three coccolith-associated polysaccharides (CAPs) during calcification, unlike any
other known coccolithophore species (van der Wal et al., 1983; Marsh et al., 1992).
Calcification in C. braarudii has been linked to its cell cycle, where a disruption in
calcification severely impacted growth (Walker et al., 2018). G. huxleyi is the
smallest among the three coccolithophore species described above, and also
possesses some unique qualities. For instance, G. huxleyi is the only
coccolithophore species reported so far that does not experience photoinhibition
even under very high light levels (Nanninga & Tyrrell, 1996). Despite their
differences in environmental sensitivity, the fate of these species in response to
climate change remains uncertain. While G. huxleyi has been extensively studied,

there's a notable gap in understanding the responses of other species.

Prior research has revealed varying levels of carbon limitation across different
coccolithophore species when exposed to low CO, conditions. In our previous
investigation, we demonstrated that C. braarudii experienced more pronounced
carbon limitation under low CO, compared to C. carterae or G. huxleyi (Chauhan
& Rickaby, 2024). Certain species, like G. huxleyi, possess the ability to actively
uptake bicarbonate, whereas others, such as C. carterae, utilise carbonic
anhydrase (Chapter 2). Although the notion of carbon concentrating mechanisms
in coccolithophores has been discussed previously, little is known about the
diversity in CCM strategies that exist in coccolithophores, and how they vary
among species (Reinfelder, 2010; Stoll et al., 2019). These findings underscore a
complex and multifaceted response among coccolithophores to changes in

carbonate chemistry.

Short-term “acclimation” studies have attempted to disentangle the effects of

seawater pH and CO, availability, as contradictory responses to changes in




carbonate chemistry have been reported (Riebesell et al., 2000; Iglesias-Rodriguez
et al., 2008b; Bach et al., 2011a; Fiorini et al., 2011; Kottmeier et al., 2016a; Liu et
al.,, 2018; Vazquez et al., 2023). The contradictions amongst studies have partly
originated due to the differences in methodologies used to manipulate carbonate
chemistry in laboratories. Some studies have reported similar coccolithophore
responses to elevated pCO, concentrations regardless of whether carbonate
chemistry was manipulated through the addition of acid/base or through CO,
bubbling (Shi et al., 2009; Hoppe et al., 2011), while others have shown distinct
responses to CO, and pH changes (e.g., Fukuda et al., 2014; Vazquez et al., 2023).
A meta-analysis by Meyer & Riebesell (2015) proposed that while the method of
ocean acidification simulation may not affect calcification or PIC:POC ratio, it does
influence photosynthesis. Moreover, (Bach et al., 2015) suggested that the varying
responses of coccolithophore to changing carbonate chemistry may be related to
the different culture conditions applied in various studies, such as temperature,

light level, day-light period length and nutrients.

This has provoked debate regarding best practices for laboratory-based
experiments and discrepancies between studies (see for example, Iglesias-
Rodriguez et al., 2008b,a; Riebesell et al., 2008). Variables such as number of
generations subjected to experimental conditions for acclimation, methodologies
used to manipulate carbonate chemistry, and use of specific nutrient
concentrations in laboratory-based experiments have been questioned (LaRoche

etal, 2010).

Conflicting findings have also emerged regarding coccolithophore responses to
seawater pH alterations in long-term “adaptation” studies, where some studies
suggested that calcification rates in coccolithophores can rebound to higher levels

compared to short-term studies (Lohbeck et al., 2012, 2014). Conversely, other




research indicated detrimental effects of pH changes, even over extended periods
(Tong et al., 2018). Additionally, experiments have shown initial recovery in
calcification rates followed by decline, suggesting that long-term laboratory
simulations of adaptive evolution may not accurately represent species behaviour

under stress (Schliiter et al., 2014, 2016).

The large variation in culturing techniques, and the lack of representation of
coccolithophore diversity in most studies suggests that there is still a need to
understand the mechanism behind physiological responses for biogeochemically
relevant species across a broad pH range. Although nutrients and light are thought
to drive population dynamics amongst phytoplankton taxa, the significance of pH
on the of niche partitioning of various coccolithophore species is still unclear
(Field et al., 1998). By utilising our previous findings, this study aims to elucidate
the mechanistic reasons behind physiological responses of three distinct
coccolithophore species under changing seawater pH. We aim to deconvolve
contrasting physiologies of coccolithophore species to highlight species-specific

responses to changes in seawater pH.

Methods

Culturing and Media Preparation

Coccolithus braarudii (RCC 1198), Gephyrocapsa huxleyi (PLY 837), and Chrysotila
carterae (PLY 406) cultures were cultivated in sterile artificial seawater prepared
using the Aquil recipe (Price et al., 1989). These species were selected based on
their interspecific diversities in cell sizes, ecological niches, and calcification
requirements. The seawater was supplemented with 100 uM nitrate, 6.25 uM
phosphate and 27 uM silicate with vitamins according to f/2 (Guillard & Ryther,
1962) and trace metals according to K/2 (Keller & Guillard, 1985; Keller et al.,

1987), with modifications as per (Rickaby et al., 2010). pH adjustments were made




using calculated amounts of 1N HCI or 1N NaOH, and pH monitored using a 3-

point calibrated benchtop pH meter.

Cultures were maintained at 17°C under a 14:10 light:dark cycle with alight
intensity of 80 umol m? s'. Prior to the main experiment, cultures were acclimated
to different pH conditions for 7-14 generations and then inoculated in triplicate
during the mid-exponential growth phase. To minimise carbonate chemistry drift
and substrate limitation, a dilute batch culture method was employed. Initial cell
densities were maintained at ~ 400 cells mL" for C. braarudii, ~ 120 cells mL" for
C. carterae, and ~ 65 cells mL" for G. huxleyi. Final cell densities did not exceed ~
5000 cells mL* for C. braarudii, ~ 10,000 cells mL* for C. carterae, and ~ 50,000
cells mL! for G. huxleyi based on recommendations by (Langer et al., 2006;
LaRoche et al., 2010). Cultures were grown in a 2.4L polycarbonate bottles without
headspace. All samples were taken 6 hours into the light phase and the sampling

took less than 1 hour.

Growth Rates

Cell growth was assessed via cell counts and chlorophyll fluorescence using a Z2
Coulter Counter and a TECAN Spark® Multimode Microplate Reader, respectively.
Growth rates were calculated from chlorophyll fluorescence values using linear
regression on log-transformed data from multiple days (n > 5) during exponential
growth. Cell count-based growth rates were determined using the equation:
In(N,/N,)/At, where N, and N, represent cell counts and At indicated the time
difference between measurements. Preliminary analyses of chlorophyll
fluorescence values in G. huxleyi suggested that these values did not change
within an acclimated culture during exponential growth phase, and therefore, can

be reliably used.




Photosynthetic Parameters

Photosynthetic performance was evaluated through the quantum efficiency of
Photosystem II (F,/F,), measured using a Satlantic FIRe fluorometer. Biological
replicates (cultures) were acclimatized to darkness for 1 hour before analysis.
Chlorophyll a and ¢ pigment concentrations were determined by pelleting 50 mL
of culture in light-safe centrifuge tubes at 4000g for 15 minutes at 4°C.
Chlorophyll was extracted in 3 mL 100% Ethanol at 4°C overnight and measured
at 667 nm for chlorophyll a, and 626 nm for chlorophyll ¢ on a TECAN Spark®
Multimode Microplate Reader. Equations for chlorophyll a and c were taken from
(Ritchie, 2006) and plate-reader path length corrections were made according to

(Warren, 2008)

C:N:P and PIC:POC

Samples for elemental analyses were collected on pre-combusted GF/F filters (12h,
450°C). Filters for POC analyses were acidified using 230 uL of 0.1N HCI. All filters
were dried at 40°C overnight and stored at -20°C until further analysis. Particulate
Organic Carbon (POC; pg cell!) and Particulate Organic Nitrogen (PON; pg cell?)
were measured on an Elementar Vario Isotope Select Elemental Analyser linked to
an Isoprime 100 continuous flow IRMS at the Stable Isotope Ratio Mass
Spectrometry Laboratory, National Oceanography Centre in Southampton, UK.
Relative masses (in mg) of C and N were calculated using %N and %C by assuming
a constant overall mass of 1 mg for each filter. Therefore, the PIC, POC and PON
values presented in this study are relative to the arbitrarily assumed 1 mg mass
of the filter and are not absolute per cell values. Standard deviations were
measured using internal standards (Spirulina and acetanilide) and were always

better than 0.21% for %N and 0.32% for %C.




Particulate  Organic = Phosphate  (POP; pg cell') was measured
spectrophotometrically after oxidation, following adapted wet chemistry methods
from (Raimbault et al., 1999) and (Murphy & Riley, 1962). Briefly, cells collected
on a pre-combusted GF/F filter were oxidised using a Na,B,0, and K,S,0; reagent
and a phosphate reagent and measured spectrophotometrically on a TECAN
Spark® Multimode Microplate Reader at 882 nm. Due to the high volume of culture
required for accurate Particulate Organic Phosphate (POP; pg cell") analyses, only
one sample per biological replicate was taken. Particulate Inorganic to Organic
carbon (PIC:POC) ratios were determined in-house using a Thermo EA Isolink CN
analyser. PIC values were obtained by subtracting POC values from Total
Particulate Carbon (TPC) values. Only relative masses were obtained by assuming
an initial mass of 444 mg for all samples. %C accuracy on actual organic carbon
(Urea) and inorganic carbon (Calcite) was always better than 3%. POC, PIC, PON,
and POP production rates were obtained by multiplying the respective value with

growth rates.

Morphological measurements

Cell diameter measurements were obtained from the Coulter Counter, while
coccosphere diameter was derived from Scanning Electron images taken on a Zeiss
Sigma FIG-SEM. Due to potential errors in cell size estimation from Coulter
Counter measurements caused by coccosphere dissolution in the isotonic
solution, coccosphere diameters were used for further analyses. 1 mL cultures
were filtered onto 0.8-um pore size polycarbonate filters (Millipore) for scanning
electron microscopy. Subsequently, the filters were washed twice with 70% Ethanol
and air-dried overnight. Morphological measurements on coccoliths were
performed on SEM images of Coccolithus braarudii, focusing on the longest
dimensions of the coccolith and the central area (see Supplementary Information

for reference). A total of 70 images were analysed for each treatment, with




measurements exclusively conducted for treatments at pH 8.8, 8.2, and 7.6. All

analyses were performed in Image].

Carbonate Chemistry

12 ml aliquots of Seawater samples were taken on the day of inoculation and
harvest day by filtering media through a 0.22 um pore size syringe filter into an
exetainer vial with no headspace. The samples were stored at 4°C in the dark until
further analysis. Samples were titrated with 0.01N HCI standardised solution on a
Metrohm 916 Ti-Touch titrator to determine Total alkalinity (TA) and pH. The pH
probe was calibrated once daily using NIST reference standards and certified
Dickson CO, seawater reference were measured the same way as samples to
measure analytical drift and accuracy. Other carbonate chemistry parameters
were calculated using CO2SYS (Pierrot et al., 2006). K, and K, constants were taken

from (Mehrbach et al., 1973), refit by (Dickson & Millero, 1987).

Literature review

A literature review was conducted to obtain growth rates, PIC:POC ratios, POC,
PON, and POP cellular quotas for G. huxleyi, C. braarudii, and C. carterae. All
studies manipulating carbonate chemistry were considered, where carbonate
chemistry was changed by addition of acid/base (e.g., Langer et al., 2006), CO,
bubbling (e.g., Langer et al., 2009), addition of DIC to increase CO, with (e.g.,
Rickaby et al., 2010) or without (e.g., Claxton, 2022) keeping the pH constant. Any
study where light, temperature, or nutrients were also changed was removed.
Several datapoints for G. huxleyi were obtained from the literature review done by
(Sheward et al., 2023). In total, 82 unique datasets were used where either the
species, strain or experiment differed. Out of these, 66 datasets were attributed
to G. huxleyi, 7 to C. carterae, and 9 to C. braarudii. For comparison of existing

data with this study, the cutoff value for x axis was set as 60 nmol CO, KgSW-.




Studies where relevant data was used, but not publicly available could not be

incorporated.

Results

An accompanying study was published previously to show species-specific
isotopic vital effects in coccolithophores, which were dependant on cell sizes and
corresponding internal carbon pools (Chauhan & Rickaby, 2024). We were able to
show that out of the five species studied, carbon and oxygen isotopes in the
coccolith calcite of G. huxleyi and G. oceanica behaved similarly due to short
carbon residence times in their internal carbon pools. A similarity in the isotopic
chemistry was also evident for C. braarudii and C. leptoporus, where both species
were susceptible to large vital effects during CO, limitation and high carbon
demand but maintained constant isotopic values under non-limiting CO,
conditions. Finally, carbon and oxygen isotopes in C. carterae exhibited isotopic
equilibration of its large internal carbon pool, suggesting long carbon residence
times (Chauhan & Rickaby, 2024). To maintain clarity, only C. carterae, C.
braarudii, and G. huxleyi, each representing the three categories were presented
in this study. An average drift of 4.7% in the DIC, and a pH drift of 0.04 units were
observed from the start to the end of the dilute batch-culture experiments.
Therefore, the initial carbonate chemistry parameters were used to present the

data in this study.

A following study was conducted on these three coccolithophore species to
investigate changes in cellular processes through proteomics and physiological
measurements of net photosynthesis and respiration (Chapter 2). It was reported
that C. braarudii exhibited high sensitivity to pH stress, with significant changes
in cellular processes at pH 8.8 and pH 7.6 compared to standard culturing

conditions (pH 8.2). Protein-groups related to oxidative stress management, ion




transport, fatty acid biosynthesis and metabolism, mitochondrial and
chloroplastic proteins and many other processes showed significant changes in C.
braarudii. C. carterae showed the least sensitivity to pH stress with marginal
changes in growth, photosynthesis, or respiration. Furthermore, little change was
observed through proteomic analysis, with a few chloroplastic proteins being
downregulated under acidic conditions. G. huxleyi demonstrated significant
adaptability in cellular processes, with the upregulation of isocitrate lyase under
stress, and distinct changes in protein activity related to chaperoning (HSPs, EF
hand containing), and protein folding and degradation (Derlin, PPIases). Moreover,
Rubisco and light-harvesting proteins were downregulated under alkaline
conditions, possibly due to the reduced photosynthetic rates under CO, limitation,
which were evident through physiological measurements. It is therefore clear that
these coccolithophore species show distinct responses to pH in stable isotopes
and cellular proteome. The aim of this study is to utilise prior knowledge to

understand physiological changes from a biogeochemical point of view.

Growth Rate and Cell Size

Following the earlier report, growth rates were further analysed using linear
regression on log-transformed chlorophyll fluorescence as well as cell counts
from two points on the exponential growth curve. This allowed for more robust
comparisons between species, and a validation of the results obtained previously
(Chauhan & Rickaby, 2024). All three species exhibited a growth optimum with
variable CO, and pH (Fig. 1a). Growth rates were generally consistent but declined
sharply for all three species at the lowest pH/highest CO,. C. braarudii exhibited
a reduction of up to 52% in growth rates at the lowest pH compared to highest
observed growth rates. G. huxleyi displayed an 87% reduction and C. carterae
showed a 79% reduction in their growth rates at the lowest pH. The decrease in

growth rates at the highest pH/lowest CO, conditions were also evident, although




these changes were of smaller magnitude. Notably, C. braarudii exhibited a 12%
decrease in growth rates at high pH compared to highest observed growth rates,
C. carterae exhibited an 18% reduction, while G. huxleyi showed a 10% decline in
its growth rates. The highest growth rates, or growth optima for pH and/or CO,,
differed for different species, with C. carterae exhibiting highest growth at ~pH 8
(~22 pmol CO,KgSW), while G. huxleyi showing highest growth at ~pH 8.2 (~16
nmol CO,KgSW). Growth rate optima for C. braarudii seems at ~pH 8.3 (~11 pmol
CO, KgSW1), however, this cannot be confirmed without more datapoints. The
absolute growth rate values for C. braarudii were consistently lower than those
for G. huxleyi and C. carterae, as reported in previous studies (Rickaby et al., 2010;

Hermoso, 2015; Hermoso et al., 2016a).
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Figure 1: (a) Growth rates (day") for G. huxleyi (»), C. braarudii (), and C. carterae
(e) grown at different seawater pH. Growth rates were determined by the slope of
log-transformed chlorophyll fluorescence over multiple datapoints in the
exponential phase. Growth rates obtained via cell counts are presented in the
Supplementary Information (Fig. S1). (b) Coccosphere diameter (um) based on
measurements on SEM images (n > 30).

Chlorophyll fluorescence was used to calculate growth rates as cell counts for C.
braarudii were prone to error. This may be because C. braarudii has the highest

settling velocity amongst coccolithophores and were inaccurately counted on the




coulter counter (Zhang et al., 2018). Therefore, cell counts for C. braarudii report
a lower growth rate when compared to growth rates measured via log-transformed
chlorophyll fluorescence (Fig. 1la, Fig. S1: Supplementary Information).
Importantly, the trends between the two methods of growth rate measurements

are the same for C. braarudii.

When compared to growth rates obtained from previous studies, it is evident that
C. braarudii has a broad CO, and/or pH optimum (Fig. 2). Contrary to the growth
rates observed in this study, the polynomial fit indicated that growth rates for C.
braarudii did not change until between 10 - 30 pmol CO,KgSW. The CO, optimum
for G. huxleyi was even broader, with minimal changes observed between 0 - 40
pmol CO,KgSW™. It is important to note that strain-specific optima may partly be
responsible for the broad CO, optima for C. braarudii and G. huxleyi (See
discussion). Although C. carterae exhibited a drop in growth rates at the highest
CO, levels, these might be biased by the sharp decline in growth rates observed in
the current study, and due to the lack of datapoints from other studies (as shown
by the standard error). Growth rates from this study were generally close to the

polynomial fit, except values at the lowest pH/highest CO..
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Figure 2: A compilation of growth rates from previous studies where pH and/or
CO, were manipulated. Due to a large number of studies used, the plot legend has
been provided in the Supplementary Information to maintain clarity (Fig. S2).
Black symbols in each plot represent datapoints from the present study. A
polynomial fit (degree = 2) is indicated by a solid blue line with the standard error
represented by the shaded grey area. Adding a secondary x axis denoting pH
values (similar to other figures in this study) was not possible as the literature
review also consisted of studies were pH was not changed (e.g., Rickaby et al.,
2010). A figure containing the slopes (coefficients) from linear fits of growth rates
versus CO, obtained from the literature review is presented in the Supplementary
Information (Fig. S3), which shows that if slopes from studies are considered and
strain-specific effects are disregarded then the general response of
coccolithophores is towards declining growth under high CO, conditions.

Coccosphere diameter exhibited minute changes in G. huxleyi and correlated with
growth rates for C. braarudii (Fig. 1b). However, coccosphere size increased

drastically with decreasing pH in case of C. carterae. Coccolith malformations




were observed under acidic conditions (low pH) for G. huxleyi and C. braarudii

(Fig. 3). Malformations in C. braarudii were also apparent at the highest pH (lowest

CO,). C. carterae exhibited no apparent malformations in its coccoliths.

Figure 3: Scanning Electron Microscope images for G. huxleyi, C. carterae, and C.
braarudii (from top to bottom, respectively). Images are ordered from low CO,
(high pH) to high CO, (low pH) from left to right. Adapted from Chauhan & Rickaby
(2024). Scale bars at the bottom left of each species represent 2 nm. Coccolith
malformations are evident at low and high CO, for C. braarudii, and at high CO,
for G. huxleyi. Change in cell sizes are evident for C. carterae with changing pH.
Note that 4 pH/CO, treatments for C. braarudii were investigated in this study,
while the SEM images display 5 treatments. The treatment at pH 8.19 (bottom row,
third image) was not used elsewhere due to insufficient data.

Photosynthesis

Chlorophyll pigment (a and ¢) concentration increased for C. carterae with
increasing CO,/decreasing pH (Fig. 4a,b). However, increased pigment
concentrations were mostly due to changes in cell sizes (Fig. 1b). Volume-
corrected chlorophyll a suggests marginal changes in chlorophyll a with changing

CO,/pH (Fig. 4c¢). Maximum quantum yield of PSII, which is calculated as the




difference between maximum fluorescence (F,) and variable fluorescence (F, = F,,
- F,), or F,/F,, decreased with increasing CO,/decreasing pH for C. carterae and G.
huxleyi, while marginal changes were observed for C. braarudii (Fig. 4d). Notably,
C. carterae exhibited a 14% decrease in F,/F,values at the lowest pH, compared to
its highest F/F, value observed at pH 8.65. G. huxleyi displayed a maximum

change of only 6.4% in F,/F, values, while C. braarudii showed a 4 % change.
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Figure 4: (a) Chlorophyll a (pg cell') for G. huxleyi (¢), C. braarudii (e), and C.
carterae (o) grown at different seawater pH. (b) Chlorophyll c (pg cell?). Changes
in Chlorophyll pigment concentrations were consistent with changes in cell size
(Fig. 1b). (c) Volume-corrected chlorophyll a (pg cell! pm?®). Note that the large
variations and error bars for G. huxleyi are due to error propagated values.
Volumes were calculated based on coccosphere diameters. (d) Maximum quantum
yield of PSII, or F,/F, exhibited decreasing values with increasing CO,/decreasing




pH for C. carterae and G. huxleyi, while no apparent trend was observed for C.
braarudii. Note that changes in F,/F, values have been exaggerated for better
visualisation by scaling the y axis between 0.62 - 0.82.

Carbon Allocation

Absolute values for PIC:POC ratios (under standard culture conditions: pH 8.1 -
8.3) were consistent with previous reports, with C. braarudii having the highest
value and C. carterae having the lowest value (Gafar et al., 2019c). PIC:POC ratios
displayed species-specific responses with changing seawater pH (Fig. 5). PIC:POC
values for C. carterae were highly variable and exhibited marginal changes with
changing pH/CO,. G. huxleyi showed a ~55 % decline in PIC:POC ratios with
increasing CO,/decreasing pH. PIC:POC ratio for C. braarudii, the highest values
(~ 0.6) were observed at 10 - 30 pmol CO, KgSW'while the PIC:POC ratio decreased

by ~ 57 % at lower (~3 pmol KgSW™) and higher (~44 nmol KgSW™) CO, values.
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Figure 5: PIC:POC ratios for G. huxleyi (»), C. braarudii (e), and C. carterae (e)
grown at different seawater pH. C. braarudii showed highest values between 10 -
30 pmol CO, KgSW' and values declined at higher and lower CO, conditions.
Changes in the PIC:POC ratio for C. carterae were indistinguishable due to large
errors associated with measurements. G. huxleyi showed a consistent decline in
PIC:POC ratios with increasing CO,/decreasing pH.




Comparing the results presented in this study with previous studies revealed that
PIC:POC ratios for G. huxleyi and C. braarudii declined with increasing
CO,/decreasing pH (Fig. 6). PIC:POC ratios for G. huxleyi and C. braarudii from the
present study were consistently lower than the average. Only three datasets were
available for C. carterae (including the present study), where PIC:POC ratios

generally remained unchanged.
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Figure 6: A compilation of PIC:POC ratios from previous studies where pH and/or
CO, were manipulated. Due to a large number of studies used, the plot legend has
been provided in the Supplementary Information to maintain clarity (Fig. S2).
Black symbols in each plot represent datapoints from the present study. A
polynomial fit (degree = 2) is indicated by a solid blue line with the standard error
represented by the shaded grey area. Note that only three studies (including the
present study) were available, to our knowledge, for C. carterae where pH and/or
CO,were manipulated in nutrient-replete conditions.




Elemental Stoichiometry

Particulate organic carbon (POC), Particulate organic nitrogen (PON), and
particulate organic phosphorous (POP) exhibited notable changes with changing
seawater pH (Fig. 7). Although absolute POC and PON values were not possible
(see methods), their ratios and relative changes within and between species can
be used to infer changes in the elemental stoichiometry in coccolithophores with
changing seawater pH. A consistent increase in POC:N values was observed for G.
huxleyi and C. carterae with decreasing pH (increasing CO.). POC:N values for C.
braarudii exhibited a variable response, with the highest POC:N values at ~11 pmol
CO, kgSW. This trend was similar to the trend observed in its growth rates and
coccosphere size (Fig. 3). POC:P ratio increased in C. carterae with decreasing pH
(increasing CO,), similar to the changes observed in its cell size (Fig. 1b).
Conversely, C. braarudii and G. huxleyi showed no specific trend in POC:P changes
with changing seawater pH. The absolute POC:P values were the highest for C.
braarudii at ~11 pmol CO, kgSW*, due to its high POC quota under those
conditions. N:P ratios in C. carterae also exhibited increasing values with
decreasing pH, corresponding to changes in cell size. C. braarudii and G. huxleyi
displayed a contrasting decreasing trend in N:P values with decreasing pH
(increasing CO,). The highest N:P values for C. braarudii were observed at ~ 11
nmol CO, KgSW!, which is also evident through growth rates (Fig. 1la) and
coccosphere size (Fig. 1b). Moreover, trends in C. carterae were generally
correlated with its change in cell size (Fig. 1b). POC:Chlorophyll a ratio decreased

for C. carterae, while they remained consistent for C. braarudii and G. huxleyi.
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Figure 7: Elemental ratios for G. huxleyi (»), C. braarudii (e), and C. carterae (e)
grown at different seawater pH. All elemental ratios (e.g., POC:N) were calculated
using elemental quotas in pg cell! (e.g., pg POC cell?). (a) All three species show
an increasing trend for POC:N ratios with decreasing pH/increasing CO,. Both POC
and PON are not absolute values as initial mass of the sample was assumed to be
1 mg (see methods). The shaded area represents 95% confidence intervals (5000
iterations) for the linear trend of each species. for clarity. (b) POC:P values exhibit
an increasing trend for C. carterae but no changes in G. huxleyi or C. braarudii.
(c) N:P ratios show an increasing trend for C. carterae corresponding to the
changes in cell size but a decreasing trend for C. braarudii and G. huxleyi. (d)
POC:Chlorophyll a ratios show a decreasing trend for C. carterae with increasing
CO, but no change for C. braarudii or G. huxleyi.

POC:N ratios from this study generally agreed with previous literature (Fig. 8).
POC:N ratios for G. huxleyiincreased with increasing CO,. However, due to the lack

of available datasets for C. braarudii and C. carterae, robust observations could




not be made. Datasets measuring N:P ratios were significantly lower, even for G.
huxleyi, where only three data sets (including the present study) were available.
Therefore, plots comparing N:P ratios and C:P ratios are provided in the

Supplementary Information (Fig. S6, 7).
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Figure 8: A compilation of POC:N ratios from previous studies where pH and/or
CO, were manipulated. Due to a large number of studies used, the plot legend has
been provided in the Supplementary Information to maintain clarity (Fig. S2).
Black symbols in each plot represent datapoints from the present study. A
polynomial fit (degree = 2) is indicated by a solid blue line with the standard error
represented by the shaded grey area. Note that only three studies (including the
present study) were available, to our knowledge, for C. carterae and C. braarudii
where pH and/or CO,were manipulated in nutrient-replete conditions.




Production Rates

POC, PIC, N, and P export from the surface ocean are effected by their production
rates, which are determined by their per cell quotas and growth rates (Fig. 9).
Absolute production rates vary drastically between species. Under standard
culturing conditions (pH 8.2), C. braarudii has the highest PIC and POC production
rates due to its large cell size and high PIC per cell quotas. G. huxleyi has the
lowest PIC and POC production rates, due to its small size and small PIC quota
(Fig. 6a,b). The high POC production rates for C. carterae are correlated with its
large cell size and the low PIC production rates are due to its low PIC quota (Fig.
5, 6a,b). Both POC and PIC production rates in C. braarudii exhibited highest
production rates at ~11 pmol CO,KgSW. POC and PIC production rates for C.
carterae remained largely unchanged, except at the lowest pH when the values
dropped considerably. On the other hand, G. huxleyi exhibited a gradual decline
in POC (max. 87 % decline) and PIC (max. 92 % decline) production rates with

decreasing pH.
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Figure 9: POC, PIC, PON and POP production rates for G. huxleyi (»), C. braarudii
(), and C. carterae (o) grown at different seawater pH. Please note that the POC,
PIC and PON values are not absolute as the initial mass of the sample was assumed
to be 1 mg (see methods). Production rates were obtained by multiplying per cell
elemental values with growth rate. (a) POC production rates are generally related
to cell size and growth rates, with G. huxleyi exhibiting the lowest POC production
due to its small size, while C. carterae and C. braarudii show high POC production
due to their large sizes. (b) PIC production in C. braarudii showed a sharp decline
under increasing and decreasing CO,, while changes in PIC production for C.
carterae were marginal. (c) G. huxleyi and C. carterae exhibit reduced PON and (d)
POP production with increasing and decreasing CO, levels, while C. braarudii
displays a consistent decline with increasing CO..

Absolute PON and POP production rates are the highest for G. huxleyi and the

lowest for C. braarudii, perhaps due to a relatively small difference in per cell




quotas but large differences in growth rates. PON and POP production exhibited a
CO, and/or pH optima for G. huxleyi and C. carterae, while values for C. braarudii
displayed a gradual decline with decreasing pH/ increasing CO,. G. huxleyi showed
a ~ 90 % decline in PON production rates and an 89 % decline in POP production
rate at the lowest pH compared to its optimum. C. carterae exhibited a 90 %
decline in PON production rates and a 94 % decline in POP production rate at the

lowest pH compared to its optimum.

Discussion

This study investigated physiological responses of three coccolithophore species,
each with distinct ecological niches (Paasche, 2001; Houdan et al., 2004, 2006;
Daniels et al., 2016), PIC:POC ratios (Fig. 5; Gafar et al., 2019b), and cell sizes (Fig.
1b; Gafar et al., 2019b) to understand interspecific responses to pH changes. The
findings presented in this study regarding growth rates (Fig. 1a, 2) and elemental
ratios (Fig. 7, 8) of G. huxleyi align with previous research. Specifically, growth
rates exhibited minor changes with increasing CO, except at the highest CO, levels,
where growth rates declined sharply. Similar trends were also observed for C.
carterae, where growth rates were generally consistent, but declined drastically at
the lowest pH. Low growth rates at low pH may be related to H*-driven inhibition,
while the observed decrease in growth rates at the highest pH may be due to CO,
limitation (Bach et al., 2015). As shown earlier, growth optima for pH and/or CO,
differed for different species, with C. carterae exhibiting highest growth at ~pH 8
(~22 umol CO, KgSW?), while G. huxleyi showing highest growth at ~pH 8.2 (~16
umol CO, KgSW1). Species and strain-specific growth optima are likely influenced
by the carbonate chemistry conditions at the site of strain/species isolation and

species-specific carbon demand (Rickaby et al., 2016; Chauhan & Rickaby, 2024).




Strain-specific sensitivity to pH (and CO,) has been reported previously (e.g.,

Langer et al., 2009; Bach et al., 2011).

Changes in carbon uptake mechanisms, nutrient acquisition and metabolic
pathways have been attributed as some viable pathways for coccolithophores to
adapt to climate change (Riegman et al., 2000a; Lohbeck & Riebesell, 2012; Jin et
al., 2013; Kottmeier et al., 2016c; Heidenreich et al., 2019; Dedman et al., 2023).
However, these changes also bring about changes in the elemental stoichiometry
of a coccolithophore cell, which consequently affects marine biogeochemical
cycles (Falkowski, 2000). Understanding changes in elemental stoichiometry of
phytoplankton is important since the carbon cycle in the ocean is complexly

linked to cycles of limiting nutrients, such as phosphate (Geider et al., 2009).

This study did not observe an increase in POC quotas with CO, for G. huxleyi (Fig.
S5). Although a lack of change in POC quotas in G. huxleyi has been reported in
some studies (Langer et al., 2009; Heidenreich et al., 2019), others have reported
an increase in POC quotas with higher CO, availability (Iglesias-Rodriguez et al.,
2008b; Rokitta & Rost, 2012b). (Rokitta et al., 2012b) suggested that an increase
in POC quota for G. huxleyi with increasing CO, can be a consequence of increased
lipid accumulation in G. huxleyi caused by changes in calcium and proton
signalling. Riebesell et al. (2000) suggested that an increase in POC quota may be
due to improved carbon fixation under higher CO, availability. The lack of change
in POC quotas despite increasing CO, availability may stem from prioritising the
allocation of photosynthetically-derived ATP into establishing pH homeostasis
under acidic conditions (Chapter 2; Behrenfeld et al., 2008). Under low pH/high
CO, conditions, the cell may divert resources (e.g., ATP, NADPH) towards
management of oxidative stress, repairing macromolecular damage and restoring

chemical homeostasis rather than carbon fixation or cell proliferation, which is




evident through reduced growth rates (Chapter 2; Rokitta et al., 2012). Although
POC:N ratio for G. huxleyi increased with increasing CO2 (Fig. 4a), the lack of
significant changes in both POC and PON quotas suggest that marginal changes
in POC and PON quotas may have resulted in the increase in POC:N ratios for G.

huxleyi, which is consistent with previous studies (Fig. 8).

Disruption of cellular pH homeostasis can impair photosynthetic performance by
damaging the photosynthetic machinery, as evident through declining F,/F,, ratios
(Lichtenthaler et al., 2005). Although this study shows a decline in photosynthetic
performance with decreasing pH in G. huxleyi, contrasting results have been
reported; Fukuda et al. (2014) did not observe any significant damage to
photosystem II through F,/F,, with acidification through acid addition but reported
decreased F,/F,, values when acidification was done through CO, bubbling. Jones
et al. (2013) reported no change in F,/F,, values with increasing CO,, while Feng et
al. (2008) saw an increase in photosystem II efficiency with increasing CO,. The
decreasing photosynthetic performance with declining pH in this study agrees
with the findings of Heinze & Dau (1996), who also reported reduced
photosynthetic performance due to photosystem II damage at low pH in a green
alga. This was suggested to have been caused by acidification inside the thylakoid
membrane, which causes increased photoinhibition and affects protein synthesis
and degradation in PSII (Heinze & Dau, 1996; Gomez et al., 2004; Ma et al., 2020).
Our previous work has shown that light-harvesting proteins were downregulated
at high CO, (low pH) in G. huxleyi (Chapter 2). Photosynthetic rates may increase
in G. huxleyi with increasing CO,, as shown previously (Chapter 2). However,
photosynthetic performance of coccolithophores may be impacted due to the
disruption of pH gradient within the chloroplast, causing reduced F,/F, ratios.
This reduction in photosynthetic performance may also be related to the observed

downregulation in light-harvesting proteins to avoid photoinhibition (Trinh &




Masuda, 2022; Pedraza-Gonzalez et al., 2023). Moreover, such changes may take
place without noticeable changes in chlorophyll pigment concentrations (Suggett

et al., 2007; Rokitta & Rost, 2012b; McCarthy et al., 2012; Vazquez et al., 2023).

A small-sized species such as G. huxleyi is highly susceptible to changes in its
ambient environment due to its high surface area to volume (SA:V) ratio
(Burkhardt et al., 1999b; Suffrian et al., 2011b). Our previous study corroborates
this argument by the lack of isotopic equilibration in its coccolith isotopes
(Chauhan & Rickaby, 2024). Under acidic conditions, proton accumulation
disrupts the ionic homeostasis between the intracellular and extracellular
environments, prompting the cell to utilize ATP-dependent ion transporters to
return to steady-state conditions (Chapter 2). Disrupted pH gradients in organelles
like the chloroplast and mitochondria may lead to the formation of reactive
oxygen species (ROS), further damaging cellular components and necessitating
additional energy for repair (Chapter 2). These changes may be related to the

decrease in growth rates under low pH conditions (Fig. 1a).

Previous studies have proposed that increased RNA production during high
growth rates causes lower N:P ratios in G. huxleyi, particularly under P-limited
conditions (Zhang et al., 2021b). However, in P-replete conditions such as this
study, this relationship may not hold (Elser et al., 2003; Moreno & Martiny, 2018).
Accordingly, neither PON nor POP quotas for G. huxleyi exhibited substantial
changes with increasing CO, levels, in agreement with previous studies (Engel et
al., 2014; Johnson et al., 2022; Sheward et al., 2023). Minor changes in both PON
and POP quotas influenced N:P ratios. However, this is in contrast to other studies
that have reported changes in C:N:P ratios in G. huxleyi under changing pH/CO,
(Feng et al., 2018; Zhang et al., 2021b), which might be a strain-specific response

as both studies used different strains (NIWA1108, RCC 1266, respectively) to the




one used here (PLY 837; Fig. S3). Overall, N:P ratios for G. huxleyi seem to decline
with increasing CO,, which may have implications on the contribution of G. huxleyi
to biogeochemical cycles of major nutrients and food quality of higher trophic

levels (Johnson et al., 2022).

The decline in PIC:POC ratios with decreasing pH aligns with previous findings
(Fig. 6) and is attributed to disruptions in intracellular calcium carbonate
saturation states (Q c..) and calcification. Specifically, the small size and high
SA:V ratio for G. huxleyi makes it more susceptible to disruptions in pH
homeostasis (Burkhardt et al., 1999b; Suffrian et al., 2011b; Chauhan & Rickaby,
2024). A decrease in the PIC:POC ratio with increasing CO, suggests a potential
decline in short-term calcification-related CO, release, however, reduced calcite
export from the surface ocean may influence particle sinking rates, as coccolith
calcite coagulates with other organic material and enhance carbon export to the

deeper ocean (Klaas & Archer, 2002; Engel et al., 2009).

PIC:POC ratios for C. braarudii also decreased with increasing CO,, in line with
previous findings (Fig. 6). Specifically, PIC:POC ratios for C. braarudii from the
present study were in line with (Rickaby et al., 2010; Claxton, 2022), however, they
were lower than PIC:POC ratios from other studies (Langer et al., 2006; Kottmeier
et al., 2022). These are possibly related to strain-specific characteristics as Claxton
(2022) used the same C. braarudii strain (RCC 1198) as this study, while Kottmeier
et al., (2022) used a different strain (PLY 182g; see below). PIC:POC ratios
decreased at the highest CO, concentrations but remained constant within 10-30
pmol CO, kgSW (Fig. 3). This finding contrasts with previous studies such as
(Langer et al., 2006), which reported no pH-related changes in PIC:POC ratios.
However, a pH/CO, optimum for PIC:POC as in this study has been observed

previously (Krug et al., 2011; Kottmeier et al., 2022).




Notably, a decrease in PIC:POC ratio was also observed for C. braarudii under low
CO,/ high pH conditions (Fig. 6), which might be related to CO, limitation. Our
previous work has shown high reliance of C. braarudii on diffusive CO,(Chauhan
& Rickaby, 2024). Decreasing PIC:POC ratios and increasing coccolith
malformations are evidence for this phenomenon (Fig. 3, see below). Carbon
limitation at the lowest CO, (highest pH) is also evident through reduced growth
rates (Fig. 1a) and smaller POC quotas (Fig. S5). The diminished growth rates
observed at high CO, levels and low pH may be attributed to the inability of this
species to regulate pH homeostasis effectively, potentially stemming from
disruptions in voltage-gated proton channels under acidic conditions (Taylor et

al., 2011; Kottmeier et al., 2022).

Elemental stoichiometry of C. braarudii, especially POC and PON quotas were
tightly coupled to growth rates and coccosphere size. Similar dependence of
cellular elemental stoichiometry on growth rates and cell sizes have been
documented previously in phytoplankton (Garcia et al., 2016). It is possible that
the correlation between size, growth and elemental quotas is a consequence of
disruption in the cell cycle, caused by a delay in the onset of mitosis. Under pH-
related stress, lower growth rates are accompanied with changes in the amount of
ATP and NADPH available for cellular N and P uptake. For instance, N assimilation
requires a substantial proportion of reducing power generated through
photosynthesis, while P assimilation does not (Turpin 1991). This might have
caused the decreased PON quotas under low pH when the reducing power is
utilised for the management of oxidative stress, while POP quotas did not change,
as no reducing power is required for its assimilation. Disruption in cellular pH
homeostasis has previously been reported to induce production of ROS and
upregulation of ROS scavenging mechanisms in C. braarudii (Chapter 2). Since cell

division is tightly regulated by redox signalling, the presence of ROS can impede




cell division (Wang et al., 2017). The disruption to calcification may have also

affected the cell cycle, as previously shown (Walker et al., 2018).

Growth rates of < 1 day! meant that cell doublings per day for C. braarudii were
~0.4 (day') at the highest CO, levels and ~0.83 (day") at ~ 11 pmol CO, KgSW,
Scanning electron microscopy showed notable variability in cell sizes under
changing CO,/pH conditions, with evidence of newly-divided paired cells. All
samples were taken at the same time during the light phase (see methods);
therefore, delayed mitosis in stressed treatments (high CO,/low pH) may lead to
cell division at a later hour compared to non-stressed treatments (e.g., at ~ 11
nmol CO, KgSW), leading to smaller sizes at the time of sampling. Since the dilute
batch cultures for C. braarudii typically had < 5,000 cells mL?!, and due to the large
size of C. braarudii cells, artefacts related to size and growth can show large

changes in elemental stoichiometry.

POP quota per cell was inversely proportional to growth rates (Fig. S5). High
phosphorous uptake under low growth may be a way to maximise the possibility
of cellular growth by “luxury” uptake of phosphorous in P-replete conditions,
whereas phosphorous uptake rates may be on par with high growth rates at ~ 11
nmol CO, KgSW'(Azad & Borchardt, 1970). Although G. huxleyi may not consume
surplus P (Rost & Riebesell, 2004b), the high POP quotas in C. braarudii suggest
species-specific characteristics in P uptake. Phosphate-rich cellular compartments
have previously been reported in coccolithophores, which may be related to
cellular POP quotas (Sviben et al., 2016). Consequently, POC:N ratios, POC:P ratios
and N:P ratios exhibited highest values at ~ 11 pmol CO, KgSW™. These trends were
mostly due to changes in POC and PON quotas, which correlated to changes in

growth rate (Burkhardt et al., 1999c¢).




While previous studies have indicated heightened sensitivity of Chrysotila dentata
(similar to C. carterae of this study) to combined temperature and pH changes
(Thangaraj et al., 2023), our study primarily focused on pH variations. Growth
rates exhibited a broad CO, optimum that only declined substantially at the lowest
pH due to H-mediated inhibition (Fig 1; Bach et al., 2011). This observation aligns
with our previous findings of minimal proteomic changes in C. carterae in

response to pH changes (Chapter 2).

In C. carterae, a notable characteristic is the variation in cell size (Fig. 1b). Cell
sizes are generally considered to be an interplay between optimising diffusive
resource acquisition and managing ballasting capabilities under sufficient light
for photosynthesis (Chisholm, 1992). It is possible that the enlargement of cell
size in C. carterae could stem from reduced doubling rates during slower growth
rates at low pH. However, the optimum CO,/pH conditions for growth do not align
with the smallest cell size observed. Moreover, cell sizes increased despite minor
changes in growth rates (Fig 1a). This suggests a possibility that the cell actively
increased its size under low pH (high CO,) conditions, potentially to reduce its
SA:V ratio (Fig. 1). Being of coastal nature, size plasticity may allow C. carterae to
respond to shifts in the environment (Morabito et al., 2007; Olson et al., 2017).
Such a strategy could enhance the cell's internal buffering capacity against higher
ambient proton levels during low pH, as demonstrated by our previous study
using oxygen isotopes of the coccolith calcite (Chauhan & Rickaby, 2024).
Moreover, increased SA:V ratio due to a smaller cell size may be related to the
cell’s attempt at increasing CO, diffusion under low CO, and high pH conditions.
Similar observations have been previously observed for G. huxleyi (Olson et al.,
2017). Although this study did not observe any substantial changes in the size of
G. huxleyi, the plasticity in cell size for coccolithophores points towards a dynamic

capability in this phytoplankton group to changing environmental conditions.




POC and PON quotas for C. carterae proportionally increased with increasing CO,,
which may be related to shifts in cell size (Marafion, 2008; Lim et al., 2022). POP
quotas did not correlate with cell size, potentially due to the lack of significant
changes in P-rich macromolecules under phosphorous-replete conditions

(Chapter 2) (Moreno & Martiny, 2018).

While the C:N ratio for C. carterae generally increased with increasing CO, levels,
aligning with trends observed in G. huxleyi and C. braarudii, the N:P ratio
presented a contrasting pattern. The N:P ratio declined with increasing CO, in C.
braarudii and G. huxleyi, while it increased in C. carterae, attributed to shifts in
its cell size (Fig. 1b, 4c). Chlorophyll a concentration for C. carterae increased
slightly at higher CO, levels, even after adjusting for changes in cell size (Fig. 4c),
while our earlier study revealed a downregulation in photosynthesis-related
proteins in C. carterae under high CO, conditions (Chapter 2). These changes were
associated with a decreased photosynthetic performance (Fig. 4) and marginal
increase in net photosynthetic rates under high CO, conditions (Chapter 2). These
observations suggest that coccolithophores may be capable of adapting their
photosynthetic machinery in response to alterations in ambient pH (Suggett et al.,
2007; McCarthy et al., 2012). Notably, carbon fixation by rubisco may increase
under high CO, levels, but photosensitivity, and the ability to utilise (and dissipate)
captured light may be influenced by cellular stress and disruption of ion
homeostasis under low pH (Heinze & Dau, 1996; Asada, 2003; Trinh & Masuda,
2022). These changes may serve as a mechanism for reallocating resources toward
cellular repair, mitigating oxidative stress, and maintaining ion homeostasis
amidst heightened ambient proton concentrations by optimising the

photosynthetic apparatus (Chapter 2).




Variability in coccolithophore responses due to strain specific characteristics

Through the synthesis of data from existing studies with the observations made
in the present study, it is evident that overall, the three species exhibited a broad
CO, optimum (Fig. 2, S3). Although the median growth rates declined for all three
species with increasing CO, levels, measuring the gradient of change for individual
datasets revealed that growth rates exhibited high variability (Fig S3), which may
be due to strain-specific adaptation to different carbonate chemistry conditions,
as highlighted previously (Rickaby et al., 2016). Indeed, when the growth rates
from this study are compared with those from previous studies, notable
differences in pH/CO, optima are observed (Fig. 10). For instance, the four
different strains of C. braarudii used in Figure 10 exhibited unique CO, optima,
which were related to the carbonate chemistry at their respective isolation sites.
Strain RCC 1200 used by (Krug et al., 2011) was isolated close to the Namibian
coast, which is an active upwelling area that brings up low-pH CO,-rich waters
(Emeis et al.,, 2018). Similarly, RCC 1202 used by (Hermoso, 2015) was isolated
near the western Iberian coast, which is also an upwelling region (Relvas et al.,
2007). Notably, both these strains exhibited a CO, optimum at high CO,levels than
the strains isolated from the English Channel (RCC 1198, PLY 182g, this study,
Kottmeier et al., 2022) where the pH levels can be considerably higher (Kitidis et

al., 2012).
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Figure 10: Growth rates versus CO,from four studies (including the present study)
that show strain-specific variability in CO, optima. Note that RCC 1200 and 1202
were isolated from coastal upwelling zones, while RCC 1198 and PLY 182g were
isolated from the English Channel. Vertical bars indicate the modelled CO, optima
for each strain based on the polynomial fit (degree = 2). All four studies simulated
carbonate chemistry manipulations through addition of acid/base. The method of
carbonate chemistry manipulation can also have an impact on the responses of
coccolithophores to increasing CO, (See Supplementary Figure S4). A blanket
polynomial fit (degree = 2, grey curve) mutes any strain-specific responses and
gives a false idea of pH/CO, optimum for a given species.

Utilising a general polynomial fit (Fig. 10, grey curve) disregards strain-specific
behaviours and can give a false impression on the sensitivity of a given species to
pH and/or CO, changes, as also shown by the polynomial fit in Figure 2 (blue
curve). Note that a comparison of growth optima between different studies is only
possible for studies that have used the same method for carbonate chemistry
manipulation (Bach et al.,, 2011a). This is because a given strain can show a
different response if carbonate chemistry was manipulated in another way (Fig.

S4). Moreover, despite accounting for the carbonate chemistry conditions at the




sight of isolation and the method of carbonate chemistry manipulation, there can
still be strain-specific physiological characteristics, such as the PIC:POC ratio (Fig.

S4).

Based on the observations above, it's evident that short-term acclimation studies
can't suppress the adaptation-related physiological responses of a particular
algae. Despite being cultured for over 25 years, strain RCC 1198 of C. braarudii
(this study) exhibited a strain-specific response to varying CO, levels (Fig. 10,
roscoff-culture-collection.org). The variations in responses does not imply that
significant conclusions cannot be drawn regarding the fate of coccolithophores
during climate change. Nonetheless, extrapolating from a single strain should be
approached cautiously. The response of a specific strain should be evaluated in

relation to the environmental conditions at its isolation site.

A note on coccolith malformations

The impact of pH can be observed through malformations in the coccolith calcite
(Fig. 11). Malformations may arise due to a reduced Q .4 within the coccolith
vesicle when intracellular pH is lowered (Zeebe & Wolf-Gladrow, 2001), or due to
a pH-induced reduction in the activity of coccolith associated polysaccharides
(CAPs) (Henriksen & Stipp, 2009; BeMiller, 2019). Reduced H* homeostasis due to
disruption of voltage gated channel activity in C. braarudii, and high proton
permeability in G. huxleyi due to its high SA:V ratio may cause changes in the
intracellular Q .. (Suffrian et al., 2011b; Kottmeier et al., 2022). Consequently,
malformations are evident in C. braarudii and G. huxleyi under the lowest pH

conditions (Fig. 11).




Chapter 3: Species-specific Variability in Coccolithophore Physiology under Changing
Seawater pH and Its Impact on Marine Biogeochemical Cycles

Figure 11: Scanning Electron Microscope images of coccoliths of G. huxleyi (a, b)
and C. braarudii (c - f). (a) A protococcolith ring and (b) incomplete T elements of
a coccolith from G. huxleyi (pH 7.6). Malformations in G. huxleyi were rare, but
typically occurred as these two types in acidic conditions. (c) An “incomplete”
coccolith typically representative of the malformations in C. braarudii at pH 8.8.
(d) A “blocky” coccolith typically representative of the type of malformations in
C. braarudii under acidic conditions (pH 7.6). (e) A typical example of a “normal”
coccolith, from a C. braarudii grown at pH 8.2. (f) Top view of an “incomplete”
coccolith from C. braarudii grown under high pH conditions. White scale bar
represents 1 pm. Note that scale changes between images for adequate
visualisation. (c) and (f) show that C. braarudii coccoliths are not prone to “blocky”
malformations under high pH, but “incompleteness” due to CO, limitation. Similar
observations have been previously made by Kottmeier et al. (2022). Notably, (d) is
an extreme example of “blocky” malformations, used here to make the
comparison between the type of malformations clearer. Although malformations
ranged from minor to extreme for C. braarudii under low pH, typical “blocky”
malformations can be seen in Fig. 3.

In C. braarudii, malformations are particularly pronounced, manifesting as
"blocky" coccoliths under low pH conditions (Fig. 11). On the other hand,
malformations in G. huxleyi appear as incomplete coccoliths, or protococcolith
rings. Lower uronic acid content in the CAPs of C. braarudii may possibly make
them more susceptible to reduced activity under high H* concentrations under
low pH (Henriksen & Stipp, 2009; Lee et al, 2016). Conversely, coccolith
production in G. huxleyi may be more energy-intensive under low pH, requiring

greater energy for the active removal of protons from the coccolith vesicle (CV).
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Therefore, G. huxleyi may extrude incomplete coccoliths in order to avoid
spending excess energy on maintaining high (and stable) Q (.. within the CV. At
higher pH levels, C. braarudii exhibits a distinct form of malformation
characterised by incomplete coccolith formation. Such malformations brought
significant changes in coccolith dimensions for C. braarudii under low CO,
conditions (Fig. 12). However, these types of malformations were absent from any
other coccolithophore species, suggesting C. braarudii has the highest carbon
requirements amongst the species studied here. These anomalies may stem from
carbon limitation, a factor previously identified to induce significant changes in

the stable isotopic composition of coccolith calcite (Chauhan & Rickaby, 2024).
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Figure 12: Coccolith length and Central Area major axes from the coccoliths of C.
braarudii grown under varying pH conditions. Dimensions from the coccoliths of
highest pH (pH 8.8) and lowest pH (pH 7.6) and intermediate pH (pH 8.2) are
displayed. At least 60 coccoliths were measured for each treatment, and only the
longest axes (the major axis) of the coccoliths, and their central areas were
measured (see Supplementary Information for a schematic). It is evident that
coccoliths are the largest in size at pH 8.2, with the smallest central area, while
coccoliths are the smallest at pH 8.8 with the largest central area. These generally
look “incomplete” (see Fig. 11). Coccoliths at pH 7.6 are slightly smaller than those
at pH 8.2 and have slightly larger central areas. These generally look “blocky” (see




Fig. 11). Similar measurements were made for G. huxleyi and C. carterae, but no
variations between treatments were found.

Coccolith malformations have been reported many times previously (Kleijne,
1990; Trimborn et al., 2007; Ziveri et al., 2014; Kottmeier et al., 2022), however,
the mechanisms that dictate the possibility and severity of malformations have
not been discussed (Shetye et al., 2023). This is perhaps because the causal
mechanisms that drive malformations in coccoliths can be deeply engrained in
other biological processes. For instance, both nitrogen and phosphorous
limitations have been associated with malformations in coccoliths, despite any
obvious relationship to the calcification process (Yang et al., 2004; Langer et al.,
2023a). Similarly, absence of silicon, presence of germanium, or cytoskeletal
inhibition have been associated with malformations in coccoliths, even though
calcification only requires calcium and carbonate ions, and the process is confined
to the coccolith vesicle (Durak et al., 2017; Langer et al, 2021, 2023b). In the
present study, changes in pH may disrupt Q e and cause coccolith
malformations, in agreement with previous (Langer et al., 2006; Rickaby et al,
2010; Kottmeier et al., 2022; Shetye et al., 2023). Notably, incomplete coccoliths

in C. braarudii were observed due to carbon limitation at low CO, levels.

Implications for marine biogeochemistry

Cellular elemental ratios of carbon, nitrogen and phosphorous (C:N:P, or the
Redfield ratio) can vary at different levels: cellular (macromolecular), species
(individual), and ecological (ecosystem) (Moreno & Martiny, 2018). However, they
are fundamentally important to understanding the link between cellular
biochemistry and marine biogeochemical cycles (Daines et al, 2014). While
extensive research has been conducted on Redfield ratios of G. huxleyi (for a

recent review, refer to Sheward et al., 2023), few studies have focused on other




coccolithophore species, particularly under varying pH/CO, conditions (Rickaby

et al., 2010; Krug et al., 2011; Thangaraj et al., 2023; Wu et al., 2023).

In this study, we observed an increase in the POC:N ratios across all three species
with increasing CO,, suggesting a potential change in the ratio of organic carbon
to nitrogen export to the ocean, at least at an individual level (Fig. 7a; Rost &
Riebesell, 2004). Although these observations are likely to differ based on strain-
specific tolerances to higher CO, conditions, general inferences can be made. N:P
ratios decreased for C. braarudii and G. huxleyi but increased for C. carterae,
indicating species-specific effects on elemental stoichiometry that could influence
the food quality of higher trophic levels and the biogeochemical cycles of N and P
(Augueres & Loreau, 2015). Although changes in N:P ratios varied between species,
both N and P production rates decreased across all species at high CO, levels,
possibly due to declining growth rates at low pH (Fig. 9¢,d). Both C. carterae and
G. huxleyi exhibited a CO, and/or pH optimum, aligning with their respective
growth rate optima. However, such an optimum in N and P production rates was
not observed for C. braarudii. Additionally, N and P production rates in C.
braarudii were low, suggesting that the contribution of this species to N and P
biogeochemical cycles is significantly lower than that of C. carterae and G. huxleyi.
Given the importance of C. braarudii in polar oceans and of G. huxleyi worldwide,
changes in N and P quotas and production rates in these open ocean species will
seriously impact biogeochemical cycling of N and P (Westbroek et al., 1993;
Daniels et al., 2014). It is worth noting that N and P production rates for G. huxleyi
and C. carterae also decreased at the highest pH (lowest CO,) levels, indicating a
potential decline in their contribution to N and P cycling under artificially

enhanced ocean alkalinity scenarios (Bach et al., 2019).

Carbon to chlorophyll a ratios are an important variable for global biogeochemical

models as this ratio can be used for normalising light-limited and light-saturated




photosynthetic rates from chlorophyll a, and carbon, respectively (Geider, 1987).
Satellite-based estimates for primary productivity and growth rates are often
estimated through Chlorophyll a measurement (Westberry et al., 2008). Although
changes in C:Chla ratios due to temperature and light have been documented
previously, changes due to pH and CO,, especially for coccolithophores have not
received much attention (Geider, 1987; Westberry et al., 2008; Geider et al., 2009).
This study showed that C:Chla ratios stayed consistent for C. braarudii and G.
huxleyi, suggesting that this ratio may only change in relation to temperature and
light-related effects on carbon fixation and light capture. However, C. carterae
exhibited a decrease in C:Chla ratios with increasing CO,, suggesting that the
assessment of primary production in coastal areas, especially during C. carterae

blooms may be compromised.

Despite C. braarudii displaying lower growth rates than other coccolithophore
species under all CO,/pH conditions, its POC production rates were the highest
amongst all species (due to its large cell size), peaking at ~11 pmol CO,KgSW.
Conversely, POC production rates for C. carterae remained relatively stable with
changing CO, up to 35 nmol KgSW, potentially due to the compensatory effects
of increasing cell size and decreasing growth rates. However, at the highest CO,
concentrations, POC production rates for C. carterae dropped sharply due to the
decline in growth rates outweighing any increase in cell size. G. huxleyi displayed
the lowest POC production rates, owing to its small cell size (Fig. 6a). This species
exhibited relatively stable POC production rates under most CO, concentrations,
except at the highest levels, when POC production rate dropped. PIC:POC ratios
and PIC production rates have received much attention in coccolithophore-related
physiological studies, as they release carbon dioxide in the short term and
contribute to long-term carbon burial through vertical calcite flux (Rost &

Riebesell, 2004b). Although species-specific PIC:POC ratios have been described




as a predictor of sensitivity to low pH and ocean acidification (Gafar et al., 2019c¢),
our study revealed species-specific changes in PIC:POC ratios and PIC production
rates as a consequence of pH changes (Fig. 5, 6b). While PIC:POC ratios show a
broad CO,/pH optimum for C. braarudii, they show a consistent decline with
increasing CO, in G. huxleyi. Due to the low PIC:POC ratio of C. carterae, any
changes in this ratio with increasing CO, were indistinguishable in this study. PIC
production rates were highest for C. braarudii, corresponding to its high PIC
quotas, with maximum rates at ~11 pmol CO, KgSW, corresponding to changes
in growth rates and POC quotas. However, PIC production rates for C. carterae

and G. huxleyi were low due to the low PIC quotas for both species.

Given the relative importance of G. huxleyi and C. braarudii in calcite export
(Tyrrell & Merico, 2004; Daniels et al., 2014, 2016), it is evident through this and
many previous studies that PIC production will decrease with increasing CO,
(Krumhardt et al., 2017). These changes are likely to come into place with reduced
N and P export, as shown in this study. Smaller species are generally numerically
more abundant than larger species, however, their contribution to biogeochemical
cycles is smaller. Moreover, it was evident through the findings of this study that

cell size plays a major role in determining per cell quotas of C, N and P.

Changes in the community size structure are likely to play a role in shifts within
coccolithophore-related nutrient export. Moreover, changes in seawater carbonate
chemistry will affect ecological niches occupied by different species and affect
coccolithophore biodiversity in future oceans (Kdase & Geuer, 2018). However, as
mentioned earlier, strain-specific CO, optimum likely mean that certain strains
may perform better under higher CO, scenarios (Rickaby et al., 2016), that is, for
strains with a CO, optimum at higher CO, levels than present-day oceans, we may
witness an expansion in their biogeographical niche in higher CO,/lower pH future

oceans.




Previous assumptions based on studies dominated by G. huxleyi must be
reconsidered to incorporate the diversity in coccolithophores (Geisen et al., 2004;
Wheeler et al., 2023). Studies investigating coccolithophore responses to changing
carbonate chemistry conditions must emphasise the carbonate chemistry
conditions of the isolation site. Furthermore, this diversity must be incorporated
into earth system models using coccolithophore abundance data to understand
global niche partitioning between species, consequential changes in nutritional
regimes for higher trophic levels and calcite production rates (Terrats et al., 2023).
Supplementary Information

This supplementary section provides information on methodology of coccolith
measurements and detailed description of the results obtained in this study has

been provided separate to the main text to maintain clarity.




Conclusion

The objective of this thesis was to improve our understanding of coccolithophore
biology and its implications on physiology and chemistry, while emphasising
species-specific responses to environmental changes. To gain a holistic
understanding of coccolithophore biology, I used a multidisciplinary approach,
utilising stable isotopes, proteomics, and physiological measurements of growth,
photosynthesis, calcification, and elemental stoichiometry. The results
highlighted innate differences in coccolithophore species, where size-dependent
dynamics, biological requirement for calcification and environmental habitat drive

species-specific responses to changes in seawater pH and CO, concentrations.
Summary of Key Findings

Chapter 1: Size-Dependent Dynamics of the Internal Carbon Pool Drive Isotopic

Vital Effects in Calcifying Phytoplankton

In the first chapter, I showed that the stable isotopic composition of coccolith
calcite and organic matter changes with varying carbonate chemistry (pH and CQO,).
In agreement with previous studies, I showed that large and heavily calcifying
species such as C. braarudii and C. leptoporus are carbon limited under low CO,
concentrations. This carbon limitation drives large kinetic isotope effects in
ABCcoeconm anNd ABCore. On the other hand, under non-CO,-limiting conditions, both
species show a consistent isotopic value, despite changing CO, levels, suggesting
long carbon residence times in the internal carbon pool, allowing for isotopic
equilibration of the intracellular carbon. This may be a consequence of the large
size, allowing for a larger internal carbon pool, along with high carbon demand

for calcification and organic matter fixation.




Conversely, G. huxleyi and G. oceanica, being comparatively lightly calcifying and
smaller in size, show a high degree of kinetic fractionation in both A®C g and
A¥Ococconn This is due to the high surface area to volume ratio, which permits large
fluxes of CO, to diminish any isotopic equilibration of the internal carbon pool.
On the other hand, A®C. values for both species showed consistent values
despite changing carbonate chemistry, possibly due to negligible Rayleigh
fractionation in the organic matter, due to the aforementioned high carbon fluxes
and constant replenishment of the internal carbon pool. These observations
suggested that small species, with a lower carbon demand due to their smaller
size and calcification requirements, and due to the small size of the internal
carbon pool due to their small size, the flux of carbon going into and out of the

cell is high, and the residence time of carbon in the internal carbon pool is short.

Finally, C. carterae displayed a high degree of isotopic equilibration in its internal
carbon pool through A®Cgy.oin and A¥Cgy values that were proportional to the
changes in CO, concentration and through consistent A®Ocpcqin  Values
representing lack of kinetic isotope effects. This may be due to the large internal
carbon pool size as a consequence of a large cell size, but also low carbon demand
due to low calcification requirements. I demonstrated that isotopic gradients
between A“Ciocomn = A®™Ococonn VAlues and APCepcan - APCorg Values serve as
quantitative indicators of carbon residence time within the intracellular carbon
pool. This residence time significantly influences the physiological dynamics of
carbon regulation in coccolithophores, with the size of the internal carbon pool
directly proportional to the size of the coccolithophore cell. Furthermore, certain
species, such as C. carterae and C. leptoporus showed evidence of elevated

intracellular pH that directly or indirectly assisted to minimise CO, leakage.




Preliminary Investigations into the Intracellular Carbonate Chemistry of

Coccolithophores: A step in the right direction?

I attempted to quantify the size of the internal carbon pool by measuring the time
it takes to isotopically equilibrate the internal carbon pool during a pulse chase
experiment. For this, I utilised a novel *C spike pulse chase technique that would
allow the quantification of internal carbon pools using standard isotopic ratio
mass spectrometers (IRMSs). I attempted this technique on the three key species
identified in Chapter 1, that is, C. braarudii, C. carterae and G. huxleyi. However,
this technique failed to detect the presence of a carbon pool. This could have been
due to many reasons: the small concentration of spike used (~80 %o); possibly
inadequate sampling requiring higher frequency of sampling; the acid-labile
carbon pool may have been washed during the acidification step that was
necessary to remove coccolith calcite to be able to accurately measure the isotopic

composition of the organic matter.

I also attempted to quantify the intracellular pH conditions and the pH buffering
capacity of those three coccolithophore species using a fluorescent dye SNARF-
AM. Although intracellular pH changes showed a linear relationship with changes
in extracellular pH conditions for G. huxleyi and C. carterae, the trend was less
apparent in C. braarudii. Moreover, absolute intracellular pH values were not
possible as dye loading was not uniform between species and replicates.
Moreover, a drift in the fluorescence ratio was observed with time, suggesting the
need for experiments of a shorter duration. This work highlighted that quantifying
intracellular pH conditions in coccolithophores is essential as coccolith
calcification is believed to produce H* ions, which must be expelled out of the cell
in order to avoid excessive intracellular acidification. The ability to maintain a

consistent intracellular pH may differ between species, as some species (e.g., C.




braarudii) are more susceptible to coccolith malformations under low pH,
possibly due to the changes in Q ... Moreover, quantification of the intracellular
pH conditions is necessary to understand the mechanisms of isotopic
fractionation that lead to different species having their unique isotopic
compositions. Investigating such mechanisms will improve the accuracy and

reliability of coccolith calcite for the use of paleoenvironmental reconstruction.

Chapter 2: Contrasting Stress Response to Environmental pH Determines the

Fate of Coccolithophores in Future Oceans

This chapter utilised proteomics and physiological measurements to quantify
differences in pH sensitivity between coccolithophore species. Proteomic analysis
revealed that the number of significantly changed proteins roughly correlated
with the decrease in growth rates under pH stress. Through the changes in cellular
proteome, it was apparent that pH changes in the environment had caused
oxidative stress in the cell, possibly due to changes in membrane potential in the
chloroplasts and mitochondria. Consequently, reactive oxygen species (ROS)-
scavenging proteins, and proteins related to oxidative stress management and
cellular repair were upregulated. Broadly, heightened activity was evident in ion
transport, oxidative stress management, DNA repair and cell cycle control
proteins, signalling proteins, protein folding, degradation and repair proteins in
C. braarudii and G. huxleyiunder changing pH conditions. C. braarudii was highly
sensitive to pH stress, showing significant changes in several mitochondrial,
photosynthetic, biosynthetic proteins in addition to those mentioned above. This
suggested that cellular activity in general was upregulated in C. braarudii, possibly
in an attempt to restore cellular homeostasis. However, upregulation of these
cellular pathways came at additional substrate and energetic costs, which was

reflected in the decline in growth rates, as energy was probably being diverted to




cellular damage repair instead of cell division and DNA replication to obtain

cellular homeostasis.

The upregulation of “standard” metabolic pathways in C. braarudii suggested
heightened stress under non-optimal pH conditions and an inability to
dynamically regulate metabolic processes during stress. The high pH sensitivity
of C. braarudii might stem from its poor ability to establish pH homeostasis,
triggering further cellular changes. Consequently, ion channels, oxidative stress-
related proteins, and macromolecular damage repair mechanisms were
upregulated. These molecular alterations were reflected in physiological changes
such as growth and respiration rates. This correlation highlighted the importance
of growth dynamics in C. braarudii and its response to environmental stress,
aligning with Raven’s cost-benefit analysis (Raven, 1984). That is, under “typical”
growth conditions (pH ~ 8.0 - 8.2), C. braarudii maximises spending its energetic
and nutritional resources into cell growth and division., whereas under stress
conditions, such as those stimulated in this thesis, the organism prioritises its
survival, and may conduct molecular changes to acclimate to the new conditions
(such as higher ion channel activity). Such changes, however, have an impact on
the cellular elemental quotas, which are likely to affect biogeochemical cycles in

the open ocean under future climate scenarios (Chapter 3).

In contrast to C. braarudii, C. carterae exhibited very low sensitivity to changes in
pH possibly due to the high variability observed between replicates for this species
in all pH conditions, and due to its resilience to environmental changes. Under
alkaline conditions (pH 8.8), this species did not show any significant changes in
proteomics, while only 9 proteins were significantly changed under acidic
conditions (pH 7.6). Most of the significant changes were downregulations in the

photosynthetic machinery, possibly as a consequence of higher CO, availability,




allowing the cell to redirect its resources to cell growth. Indeed, small increases in
growth rates were observed, although these were statistically insignificant. An
upregulation of carbonic anhydrase was also observed under high pH conditions,
possibly as a response to low CO, levels. The lack of changes in the proteome of
C. carterae is likely evidence of its high resilience to environmental change. Given
the coastal nature of this species, it likely experiences large fluctuations in
temperature, salinity, and carbonate chemistry, which potentially aided in its

adaptation.

Growth rates for G. huxleyi where the highest at pH 7.6, and lowest at pH 8.8,
possibly due to pH stress and CO, availability. This observation was in contrast to
the growth rates observed for the G. huxleyi strain used in Chapter 1, where
growth rates increased with increasing pH. Such disparity might be a consequence
of strain-specific pH optima, which depends on the carbonate chemistry at the
site of isolation of a specific strain. Proteomic changes in G. huxleyi were
intermediate, with larger changes observed under alkaline conditions (pH 8.8)
compared to acidic conditions (pH 7.6). Although proteomic changes in G. huxleyi
aligned with those observed in C. braarudii, unique observations were also made.
An upregulation in ion transport, protein folding and repair, and oxidative stress
management was observed, in alignment with changes in C. braarudii. However,
an upregulation of isocitrate lyase was also observed at pH 8.8, which was unique
to this species. Isocitrate lyase bypasses several steps in the TCA cycle and can be
utilised for carbon conservation. The upregulation of this enzyme suggests an
increased effort from G. huxleyi to mitigate carbon limitation under alkaline
conditions. Moreover, proteolytic enzymes such as 26S proteasome, Derlin, heat-
shock proteins, and protein synthesis-related ribosomal proteins exhibited
downregulation but several PPlases and peptidases were upregulated, suggesting

unique ER mechanisms for recycling damaged proteins. These cellular




adjustments in G. huxleyi likely facilitate resource allocation based on necessity,

enhancing its ecological success in modern oceans.

These observations underscore the multifaceted impact of environmental
perturbations on organisms. This is especially true for pH, which influences CO,
concentrations, changes in trace metal speciation and ion homeostasis within
cells. The biochemistry of a cell depends highly on pH homeostasis, as both the
mitochondrion and the chloroplast rely on proton gradients for ATP production.
Moreover, the activity of biomolecules such as proteins depends heavily on

intracellular pH.

Chapter 3: Species-specific Variability in Coccolithophore Physiology under

Changing Seawater pH and Its Impact on Marine Biogeochemical Cycles

Environmental changes, particularly pH stress, trigger biochemical adjustments
crucial for organismal adaptation. As seen in Chapter 2, these alterations impact
various cellular processes, including nucleic acid synthesis, protein metabolism,
lipid peroxidation, and carbohydrate metabolism, particularly in the case of C.
braarudii. These cellular modifications lead to shifts in elemental stoichiometry,
as reflected by changes in C:N and N:P quotas and affect nutrient export from the
surface oceans to higher trophic levels and the broader nutrient biogeochemical
cycles. In chapter 3, we observed a tight coupling between growth rates and cell
sizes in C. braarudii, where alterations in these parameters resulted in
corresponding shifts in cellular elemental stoichiometry, i.e., changes in POC, PIC
and PON quotas were correlated with growth rates and cell sizes. Correspondingly,
elemental ratios changing with changing pH, with increasing C:N ratios with
increasing CO,, decreasing N:P and C:P ratios with increasing CO,, suggesting
higher carbon export under ocean acidification conditions, but lower N and P

contributions from C. braarudii. However, despite evident stoichiometric changes




in C. braarudii and fluctuations in its PIC:POC ratio, stable isotopes in Chapter 1
remained unchanged with varying pH. This indicateed that while the quantity of
carbon fixed as organic or inorganic carbon may fluctuate, its isotopic
composition remains equilibrated due to prolonged residence time in the internal

carbon pool.

C. braarudii displayed a heightened susceptibility to coccolith calcite
malformations, a phenomenon well-documented in prior studies. For example,
Kottmeier et al. (2022) demonstrated that inhibiting proton channels in C.
braarudii led to malformations by impairing its ability to expel protons from the
intracellular space, potentially altering the calcium carbonate saturation state of
the coccolith vesicle. While coccolith malformations at low pH in Chapter 3 of this
thesis can arise from similar mechanisms, those observed at high pH cannot be
attributed to protons alone. Rickaby et al. (2010) reported coccolith
malformations in high DIC conditions despite pH being constant, indicating that
carbonate chemistry plays a significant role. It is conceivable that alterations in
carbonate chemistry impact CAP (coccolith-associated polysaccharide) chemistry,
thereby influencing CAP-calcite interactions. Considering the low uronic acid
content in the CAP of C. braarudii, changes in internal calcium carbonate

saturation state may modulate the carboxyl group's calcium binding capacity.

G. huxleyi demonstrated a distinct response compared to C. braarudii. Two
different strains of G. huxleyi used in this thesis exhibited varying growth rate
preferences in relation to pH and/or CO, levels. This variability may stem from
differing carbonate chemistry conditions at their respective isolation sites, as
suggested in Chapter 2. While substantial changes in cellular processes were
observed in G. huxleyi with pH fluctuations via proteomics (Chapter 2), elemental

quotas remained relatively stable. This aligns with prior studies where elemental




quotas or the Redfield ratio for G. huxleyi changed by less than 30% due to varying
CO, levels (Sheward et al., 2023). However, elemental production rates decreased
significantly with increasing CO,, reflecting declining growth rates. This implies
potential changes in carbon, nitrogen, and phosphorus export from G. huxleyi
under lower ocean pH scenarios. The main driver of changes in elemental
production rates were changes in growth rates, as elemental quotas for POC, PIC,
PON and POP did not change significantly with pH. From a biogeochemical
perspective, alterations in carbon export rates are pivotal in the carbon cycle, and
this thesis elucidates species-specific differences in PIC and POC production rates
and their responses to increasing CO, levels. While these findings generally align
with previous research, it is essential to acknowledge species-specific and strain-
specific differences. For example, while the G. huxleyi strain PLY 837 used in
chapter 3 exhibited continually decreasing PIC:POC ratios with increasing CO,, in
line with its decreasing growth rates, the same may not hold true for the other
strain RCC 1731 used in chapter 2. Previous studies by Langer et al. (2009) and
Rickaby et al. (2016) demonstrated how different strains of G. huxleyi exhibited

diverse responses to changing pH and CO, levels.

C. carterae exhibited unique responses across all three chapters of this thesis.
Stable isotopes of C. carterae in Chapter 1 indicated a high degree of isotopic
equilibration within the internal carbon pool. In Chapter 3, C. carterae displayed
notable fluctuations in cell sizes, driving changes in elemental quotas and,
consequently, C:P and N:P ratios. Furthermore, the strong correlation in elemental
stoichiometry with cell sizes challenges the growth rate hypothesis (Elser et al.,
2003), where elemental ratios, especially POP, are suggested to be proportional to
growth rates. This is because higher growth rates go hand in hand with the amount
of RNA. PIC:POC ratios remained largely unchanged with increasing CO, in C.

carterae. Moreover, growth rates exhibited minimal variations over a wide pH




range, with reduced rates observed only under the lowest pH conditions. These
observations support the hypothesis proposed in the Chapter 1, suggesting that
the internal chemical buffering capacity of C. carterae, allowing for equilibrated
oxygen isotopes and minimal changes in cellular proteome, may be attributed to
its habitat characteristics. Specifically, its coastal habitat, subject to diverse
environmental conditions, likely drove genetic adaptations enabling it to cope

with environmental changes more effectively.

Concluding remarks

The findings of this thesis provide valuable insights into the varying sensitivity of
coccolithophore species to changes in seawater pH. G. huxleyi demonstrates
remarkable adaptability to a wide range of environmental pH conditions, owing to
its physiological plasticity and genetic diversity. Despite fluctuations in cellular
processes, as evidenced through proteomic changes, G. huxleyi maintained stable
N and P stoichiometry. Moreover, the susceptibility to external pH changes in this
species was evident through the large kinetic isotope effects in its coccolith
calcite, and through changes in intracellular pH. The effect of these changes was
also evident through its consistently declining PIC:POC ratios. However, despite
these changes, G. huxleyi showed marginal changes in its elemental stoichiometry,
suggesting the likelihood of its dominance and consistent biogeochemical

contributions in the future oceans.

In contrast, C. braarudii exhibited high sensitivity to pH changes, leading to
significant alterations in cellular processes, growth rates, coccolith morphology
and elemental stoichiometry. Stable isotopes suggested long carbon residence
times, but proteomic analysis showed the detrimental effect of pH on the cellular
homeostasis of C. braarudii. Changes in ambient pH clearly resulted in altered

membrane potential, causing the upregulation of various ion transporters.




Changes in membrane potential of the mitochondria and chloroplasts also
resulted in overproduction of ROS, which caused downstream effects on a host of
cellular processes. These processes potentially led to changes in elemental
stoichiometry, however, these were mostly correlated with growth rates and cell
size. On the other hand, C. carterae displayed the highest resilience among the

studied species, likely attributed to its coastal habitat characteristics.

These findings have significant implications for global biogeochemical processes.
Species such as C. braarudii, which are large and heavily calcifying, may face
marginalisation under lower pH conditions, potentially restricting their ecological
niche. In contrast, the physiological plasticity and genetic diversity of G. huxleyi
may enable it to adapt to future ocean scenarios. Despite potential
biogeographical changes, the pre-existing high resilience of C. carterae suggests
its ecological niche is unlikely to contract. However, adjustments in habitat
preferences may still occur as C. carterae, like any species, would inhabit
conditions closer to its optimum. Overall, these findings emphasise the
importance of understanding species-specific responses to environmental
changes, particularly in the context of ocean acidification, for predicting the

future dynamics of marine ecosystems.

Future directions

While the internal carbon pool measurements and intracellular pH experiments
faced setbacks, this thesis underscores the critical importance of understanding
the carbonate chemistry conditions within the coccolith vesicle for
comprehending biocalcification in coccolithophores. Although isotopic evidence
from chapter one allows for indirect analyses of the conditions inside the
coccolith vesicle, there is room for further exploration. Understanding isotopic

fractionation in coccolith calcite and organic matter as a function of light:dark




cycles, which dictate the onset and cessation of calcification and cellular growth
may have profound impacts on our understanding of the regulation of carbon
within a coccolithophore cell. Furthermore, for a complete understanding of
intracellular carbonate chemistry conditions within coccolithophores, much work
is needed to understand the processes that dictate calcium import into the cell,
how this sis managed to avoid cell toxicity, and measuring the magnitude of
calcium flux into the cell before, during and after calcification (dawn, G1 phase
and dusk) will be highly important to further our understanding of carbonate

chemistry dynamics within the cell.

Moreover, utilising knowledge of internal biological and chemical processes is
essential for predicting physiological and, consequently, biogeochemical changes,
which can be validated through empirical evidence. Understanding species
succession in response to climate and ecological changes require further work. As
chapter 3 elucidated, strain-specific responses are not only evident in G. huxleyi,
but also in other species such as C. braarudii. These findings highlight the
possibility of an expansion of biogeographical niches of those strains that are pre-
adapted to higher CO, lower pH waters, such as those found in upwelling areas.
These changes will come into effect, on top of species-specific tolerances to
environmental changes. Chapter 2 demonstrated the differences in sensitivities of
three coccolithophore species to changing pH. Such differences are likely to
exacerbate the shrinking diversity that may plague future oceans, as more resilient
species may outcompete less resilient species, even in their own ecological niche.
This knowledge could inform the development of numerical cell models to
elucidate the dynamics of various intracellular processes in coccolithophores.
Additionally, these models could address longstanding inquiries regarding the
applicability of stable isotopes for paleoclimatic purposes, understanding the

biochemical mechanisms underlying changes in alkenones and elemental




stoichiometry, and pinpointing the processes involved in coccolith calcification.
The inferences drawn in this thesis regarding changes in CAP chemistry and

activity due to external carbonate chemistry require validation.




Supplementary Information: Chapter 1

Introduction

The supplementary material includes detailed methodology, results, eight figures
(S1(a-f), S2, S3) and three tables. The methodology contains details about seawater
preparation, dilute batch culturing, measurement of growth rate, use of Dickson
standards for the measurement of carbonate chemistry parameters, and coccolith
calcite cleaning for stable isotope analysis. The results and Fig. S1(a-f) explain and
display the data obtained in this study with previously published studies for
APCoccotitn, A Ococconn @ APCy,, Fig. S2 displays the change in coccosphere diameter
with changing CO,/pH and Fig. S3 displays individual data points for growth rates
used in this study. Fig. S4 shows individual data points for A®C oot A®Ococcolitns
and APCyycvalues used in this study (Fig. 2, main text). Fig. S5 shows §C g - 8*Cpyc
vs uxV/CO,xSA. Fig. S6 displays the Scanning Electron Micrographs for the five
species studied here with changing CO,/pH. Table S1 contains the u,,, PIC, POC,
coccosphere diameter and surface area to volume ratio under pre-industrial
conditions obtained from published literature. Table S2 contains §“C and 6 '*O for
inorganic calcite used for quantifying vital effects in coccolith calcite compared
to the inorganic calcite values. Table S3 contains gradients for A®Cgocomn VS.

A®Ococconn aANA APCope VS. APCeoeonn that are used in the discussion.
Methods:

Seawater: TRIS buffer, and ammonium chloride were omitted from the major
nutrient stock. Cu was omitted from the trace metal stock to avoid toxicity as the
reagent-grade chemicals that were used to prepare the SOW contained trace
amounts of Cu. Additionally, 6.25 x 10° M Ni and 1 x 10®* M Se were added and

1/10" of the original EDTA concentration was used.

Dilute batch cultures: Initial cell densities for the main experiment being
approximately 400 cells mL"! for C. braarudii, 120 cells mL"* for C. leptoporus, 80
cells mL! for G. oceanica, 120 cells mL"' for C. carterae, and 65 cells mL" for G.
huxleyi. The cell densities at the time of harvest did not exceed ~5000 cells mL™*
for C. braarudii, 6000 cells mL" for C. leptoporus, 20,000 cells mL"* for G. oceanica,
10,000 cells mL* for C. carterae, and 50,000 cells mL"* for G. huxleyi. These cell

densities were adopted based on recommendations by previous literature to avoid




substrate limitation (e.g., major nutrients), and to constrain a drift in the DIC
concentration to not more than 5% (Langer et al., 2006; LaRoche et al., 2010;
Rickaby et al., 2010; Paleoceanography & 2015, 2015).

Growth rate: The standard practice for measuring specific growth rate in
coccolithophores is through cell counts at two points during exponential growth
(e.g., Dedman et al., 2023; Langer et al.,, 2006). However, in the case of C.
leptoporus, we encountered severe cell clumping in the experiments conducted at
high [CO,] (>30 umol kg'), which made accurate cell counts challenging.
Furthermore, due to the dilute nature of our experiments, the coulter counter

produced large errors in cell counts at dilute cell concentrations.

Therefore, we used in vivo log change in chlorophyll fluorescence per unit time
to measure growth (See Chapter 18, Andersen, 2005). Previously, absorbance at
specific wavelengths (750 nm), referred to as "optical density" or "turbidity," has
been used to measure growth in bacterial and algal cultures (Toennies & Gallant,
1949; Shuler, 1992). However, turbidity measurements can overestimate growth
due to the presence of loose coccoliths. Consequently, we determined chlorophyll

fluorescence to be the optimal parameter for measuring growth.

Although concerns have been raised about the reliability of fluorescence
parameters for estimating growth, specifically regarding the potential for pigment
concentration changes with culture age and environmental conditions (Nicholls et
al, 1978; Healey, 1978; Griffiths et al., 2011); these factors were effectively
eliminated in our study. Our experimental cultures were acclimatised for 14 or
more generations, and growth measurements were performed in very dilute
cultures. Therefore, the influences of nutrient limitation, environmental changes
(e.g., pH), and culture age on chlorophyll fluorescence were negligible.
Additionally, separate experiments demonstrated a linear relationship between
chlorophyll fluorescence and cell counts in G. huxleyi, particularly at low cell

concentrations (data not shown).

Dickson standards: The alkalinity measurements of the Dickson standards
yielded a precision of 17.28 umol kg* and an accuracy of 16.72 umol kg for Batch
197 (n = 13). The precision for pH was 0.03. For Batch 126, the precision for
alkalinity was 14.75 umol kg, with an accuracy of 131.02 umol kg and an average
alkalinity of 2191.527 ymol kg* (n = 30). The precision for pH was 0.04. It should

be noted that the deviation from the absolute value of the Dickson standard Batch




126 (TA = 2322.55 + 0.38 umol kg!) may be due to its bottling over 10 years ago.
Its use was necessitated by supply-chain issues caused by COVID-19. However, the
precision of the standard is high, enabling relative comparisons to be made

between species and experiments.

Calcite cleaning for isotopic analysis: the harvested cell pellet was
centrifuged, resuspended in a solution of 4.5% NaOCl and 0.625 % v/v Triton X-
100 buffered with 0.03 M NaHCO, (same reagent as the one used for DIC in the
seawater, therefore, same isotopic composition as that of DIC) for 30 minutes to
remove the organic matter. After this, the sample was centrifuged and washed
three times to remove any traces of NaOCl and/or organic matter and oven dried
at 40°C.

Data Availability: All data are available through Zenodo at:

https://zenodo.org/doi/10.5281/zenodo.8265649

Results:

The A®Cocconn aNd A®Ococnn Values for all species at pre-industrial conditions
(i.e., [CO,] between 10-20 umol kg!) aligned with the findings of Ziveri et al. (2003),
where A®Oc,...in became more depleted for species having progressively larger cell
sizes. Moreover, in agreement with Ziveri et al. (2003), A*¥Ococcoin fOr species C.
carterae, and C. leptoporus were lighter than that of inorganic calcite (A™Oorganic
e, Calcite in equilibrium with H,O and DIC), whereas A"®Ocq.oi, fOr smaller sized
species (G. huxleyi and G. oceanica) were heavier than A®Oy,ganic caie- C- braarudii
exhibited near-inorganic A“%Oc..w Values. These observations agree with all
previous findings (Dudley et al., 1986; Ziveri et al., 2003, 2012; Rickaby et al., 2010;
Hermoso et al., 2014, 2015, 2016b,a; Hermoso, 2015; McClelland et al., 2017). The
isotopic compositions also agreed with the observations of McClelland et al.
(2017), where vital effects at pre-industrial conditions became more depleted as
the PIC:POC ratio increased between species. However, an exception to both
McClelland’s and Ziveri’s observations was C. carterae, which exhibited more
depleted A®Ococcnn than C. braarudii and C. leptoporus under pre-industrial
conditions despite having a smaller coccosphere size. Additionally, C. carterae

showed depleted isotopic composition despite having the smallest PIC:POC ratio.

When comparing the results of the study with previously published work, a

high degree of agreement in the general trend was observed for C. braarudii and



https://zenodo.org/doi/10.5281/zenodo.8265649

C. leptoporus in A®Ciyonm aNd A®¥Ocqeonn Values (Fig. S1, Supplementary Material;
Rickaby et al. 2010; Ziveri et al. 2012; Hermoso 2015; Hermoso et al. 2016).

The data for G. huxleyi and G. oceanica were generally consistent at CO, below
20 pmol kg!with (Rost et al., 2002; Rickaby et al., 2010; Hermoso et al., 20164a;
McClelland et al., 2017). However, differences in A®Ccocoin a0d A®Ococeqin trends
were observed, especially above CO, of 20 pmol kg'for G. huxleyi and G. oceanica.
The magnitude of change in isotopic values with changing CO, reported in this
study is significantly higher than most previous studies. Moreover, A®Ccomn fOT G.

oceanica did not change with increasing CO, for Rickaby et al. (2010).

Tables
Table S1: u,,, PIC, POC and Coccosphere diameter under pre-industrial conditions.
Species Uop® PIC: | PIC POC Coccosphe | Surface
POC | (pg C|(pg C cell |re Area to
b cell?)e | 1)ad diameter Volume
(um ) Ratio®’

C. carterae 13.5 0.17 | 21.5 202+17.8 11.98+1.63 | 0.5+0.28
G. huxleyi - 0.5 7.2 35.6+2.4 6.13+0.32 | 0.98+0.19
G. oceanica 3.5 1.10 | 24.5 85.2+1.5 8.53+0.6 0.70+0.19
C. braarudii 21.05 | 1.2 347 445+]13.2 21.03+1.9 | 0.29+0.1
C. leptoporus | 16.3 2.2 157.6 | 372+5.7 13.42+1.3 | 0.45+0.17

*This study.

"Taken from McClelland et al. (2017).

‘Taken from Gafar et al. (2019b).

“Note that the POC values reported here are relative only. These are not absolute values.
‘Please note that coccosphere diameter was used for volume and surface area estimation
in this study as we were not able to obtain true cell sizes (i.e., naked cells) through the
coulter counter. This is because upon acidification of the sample, the coulter counter
produced large errors in the cell count and cell volume (possibly due to increased
decalcified coccolith debris, and possible cell shrinkage upon acidification).

‘Large discrepancy in published values.

'SA:V ratios have been calculated using coccosphere diameter as a proxy for cell size.




Table S2: §°C and § %0 forinorganic calcite.

CO, COy* 8" Civore 8"*Osow 8" nore SlsoEquilibrium 8" Nore (pH)
(p.mOI (p.mOI (%0 (%o (%o Calcite (%o
KgSW 1) | KgSW ) | pH | VPDB)® SMOW)¢ | VPDB)¢ (%0 VPDB)* | VPDB)%¢
52.98 47.16 76 |1 0 -0.72 0.995 -0.55
42.06 59.33 7.7 |1 0 -0.72 0.995 -0.58
33.3 74.45 78 |1 0 -0.72 0.995 -0.62
26.29 93.15 79 |1 0 -0.72 0.995 -0.66
16.23 144.45 8111 0 -0.72 0.995 -0.78
12.68 178.85 821 0 -0.72 0.995 -0.87
9.86 220.42 831 0 -0.72 0.995 -0.97
7.62 270.18 84 |1 0 -0.72 0.995 -1.09
5.86 329.06 85 |1 0 -0.72 0.995 -1.23
4.47 397.82 8.6 |1 0 -0.72 0.995 -1.39
3.38 476.87 8.7 11 0 -0.72 0.995 -1.58
2.53 566.13 88 |1 0 -0.72 0.995 -1.80
1.87 664.92 891 0 -0.72 0.995 -2.03
1.37 771.84 9 1 0 -0.72 0.995 -2.29

*This study.

"Calculated according to Romanek et al. (1992).

8050w (%0 SMOW) is taken as 0 %o as all isotopic values are corrected for changes in §"0.

dCalculated according to Kim & O’Neil (1997).
¢Calculated according to Zeebe (1999).

Table S3: Gradients for A™Ccocconn VS. A®Ococconn aNA APCore VS. APCoecomn Values as

calculated usin,

the formulas provided in the discussion:

Species ABCoccnitn VS A*Ococcatitn ABCore VS. ABCeoccntitn
C. carterae 5.63 1.02
G. huxleyi 2.66 0.51
C. leptoporus | 5.42 1.15
G. oceanica 2.82 0.41
C. braarudii | 4.04 0.65
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Figure S1: Comparing stable isotopes for C. braarudii, C. leptoporus, C. carterae,

G. huxleyi, and G. oceanica with data from previously published studies: (Rost et al.,
2002; Rickaby et al., 2010; Ziveri et al., 2012; Hermoso, 2015; Hermoso et al., 2016a; McClelland et

al., 2017)
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Figure S2: Coccosphere diameter (um) for C. braarudii (=), C. leptoporus (e), C.
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Figure S6: Scanning Electron Micrographs of G. huxleyi, G. oceanica, C. leptoporus,
C. carterae, and C. braarudii (top to bottom), with decreasing CO, and increasing
pH (left to right). Horizontal bars on the bottom left of each species represent scale
bars equivalent to 2 um.
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Introduction:

This supplementary section provides detailed information on the methodology
used for measurement of Net photosynthesis and Dark respiration rates, in-
solution protein digestion of samples for proteomic analysis. Furthermore,
detailed description of the results obtained in this study has been provided

separate to the main text to maintain clarity.
Methodology:
Measurement of Dark Respiration and Net Photosynthesis (Barton et al., 2019)

Measurement of dark respiration and gross photosynthetic rates were taken on a
minimum of 3 biological replicates per species for each treatment. A Clark-type
oxygen electrode was used as part of a Hansatech Oxytrace+ system (Hansatech
Ltd, King’s Lynn, UK) to measure net oxygen evolution rate in the light (net
photosynthesis) and oxygen consumption in the dark (dark respiration).
Measurements were made at 17°C with a light intensity of 80 ymol m? s! to
simulate regular growth conditions. To obtain a good signal to noise ratio, cultures
were concentrated by gentle centrifugation at 500g for 5 minutes at 17°C and
transferred into fresh media (of the respective pH treatments) and cultures were
acclimated in the dark at 17°C for 15 minutes prior to the measurements based
on previous recommendations (Barton et al 2020). Stock cultures from early
exponential phase were used to ensure minimal deviation from the target
carbonate chemistry conditions and to avoid substrate limitation. The drift in the
oxygen signal caused by oxygen consumption by the electrode was corrected for
by subtracting the blank rate measured on sterile media after every 3 runs under
the same conditions (temperature, pH, duration). The final unit for net

photosynthesis and dark respiration were mol O, cell! hr.
In-solution protein digestion (adapted from Dedman et al., 2023)

Cultures were harvested during early exponential phase to avoid significant
deviations from the targeted carbonate chemistry conditions and to avoid nutrient
limitations. Cells were harvested by centrifugation at 4000g for 15 minutes at 4°C

and the supernatant was discarded. Pellets were flash frozen and stored at -80°C




until further processing. To extract proteins for shotgun proteomic analysis,
pellets were thawed at room temperature and resuspended in 1mL of 20mM Tris
HCI (pH 7.5) and lysed by alternating between sonication on ice (30 seconds) and
vortexing (2000 rpm, 15 seconds) 5-6 times. The concentrations of proteins within
the lysate were measured on a NanoDrop before being stored at -80°C until further
processing. In-solution trypsin digestion was carried out according to (Dedman et
al., 2022). In brief, proteins were denatured in a 4 M urea and 100 mM ammonium
bicarbonate solution at room temperature with shaking at 650rpm for
reduced with 10mM

carboxyethyl)phosphine (TCEP) for 30 minutes at room temperature and then

10 minutes. Subsequently, cysteines were tris(2-
alkylated with 50 mM iodoacetamide in the dark for an additional 30 minutes.
Proteins were pre-digested using LysC at a ratio of 1pug per 100 pug protein,
incubated for 2 hours at 37°C with shaking at 800 rpm. Urea concentrations were
then reduced to 2 M, and 2 mM CaCl, was added. Trypsin was added at a ratio of
2.5 pug per 100 pg of protein. The trypsin reaction occurred for 20 hours at 37°C
with shaking at 800 rpm and the reaction was halted by adding 5% formic acid.
Following this, the samples were desalted using a C18 column, dried overnight

with a speed-vacuum, and stored at -20°C until analysis.
Results:

Table S1: Absolute Growth rates, net photosynthetic rates, and dark respiration
rates. Note that the NP rates and DR rates are absolute values that have not been

divided by cell volume.

Dark Net Photosynt
Respiration Photosynthesis | hesis to
Growth Rate (fmol O, | Rate (fmol O, | Respiratio
Species pH | Rate (day') | cell! hour?!) cell! hour) n Ratio
C. carterae | 7.6 | 0.546+0.040 | 195.08+41.69 696.92+49.20 3.57+0.80
C. carterae | 8.2 | 0.585+0.020 | 254.44+39.37 629.48+6.64 2.47+0.38
C. carterae | 8.8 | 0.585+0.035 | 192.05+40.79 514.65+83.61 2.68+0.72
C. braarudii | 7.6 | 0.408+0.058 | 369.89+35.37 996.66+102.87 2.69+0.38
C. braarudii | 8.2 | 0.732+0.045 | 430.52+29.02 978.76+53.40 2.27+0.20
C. braarudii | 8.8 | 0.487+0.000 | 61.52+10.16 700.36+44.52 11.38+2.01
G. huxleyi 7.6 1 0.679+0.018 | 14.22+3.15 51.68+4.21 3.63+0.86
G. huxleyi 8.2 1 0.632+0.048 | 18.64+5.98 38.57+2.41 2.07+0.68
G. huxleyi 8.8 10.527+0.039 | 14.43+1.75 18.90+5.16 1.31+0.39

Cellular Stress Response.

Glutathione synthase exhibited a 1.04 LFC in C. braarudii at pH 7.6 and a 1.14 LFC
at pH 8.8. In G. huxleyi, Glutathione S-transferase displayed a 1.01 LFC




upregulation at pH 8.8, directly involved in detoxifying ROS within the cytosol
(Nebert & Vasiliou, 2004). Additionally, enzymes of the ascorbate-glutathione
cycle, such as ascorbate peroxidase showed significant upregulation at pH 8.8 in
G. huxleyi, and at both pH 7.6 and pH 8.8 in C. braarudii. G. huxleyi exhibited an
upregulation in thioredoxin (0.74 LFC) and downregulation in 6 thioredoxin-
domain containing proteins (-1.43 - -0.56 LFC) at pH 8.8. C. braarudii exhibited
upregulation of 6 thioredoxins (0.58 - 1.95 LFC) at pH 7.6 and upregulation of 9
thioredoxins (0.71 - 3.23 LFC) at pH 8.8. Moreover, peroxidase proteins were
significantly upregulated at pH 8.8, with up to a 1.79 LFC in C. braarudii and a
1.22 LFC increase in G. huxleyi.

Oxidative stress impeded DNA synthesis and hampered cell cycle progression.

G. huxleyi exhibited downregulation of a SMC (Structural Maintenance of
Chromosomes) hinge domain-containing protein (-3.88 LFC at pH 8.8) while in C.
braarudii, it was upregulated (1.24 LFC at pH 7.6). These proteins ensure proper
segregation of chromosomes under cell division (Cobbe & Heck, 2000). G. huxleyi
also exhibited a downregulation of exportin 1 (-2.56 - -0.92 LFC) and importin (-
0.74 LFC) at pH 8.8. Importin is a nuclear localisation signal receptor that regulates
nucleocytoplasmic transport and accumulates in the nucleus under oxidative
stress (Ray et al., 2012). Both C. braarudii and G. huxleyi exhibited downregulation
in RuvB like helicases and CTP synthase at pH 8.8. Specifically, CTP synthase was
downregulated by -7.8 LFC for G. huxleyi and two instances of -0.79 LFC in C.
braarudii. This protein is related to pyrimidine nucleotide biosynthesis and
participates in establishing genome integrity (Daumann et al, 2018). Protein
arginine N-methyltransferase was downregulated by -2.09 LFC at pH 7.6 and -1.21
LEC at pH 8.8 in C. braarudii, and by -1.23 LFC in G. huxleyi at pH 8.8. A
downregulation in arginine N-methyltransferases can directly impact the G1/S cell

cycle progression (Amici et al., 2021).

Ribosomal activity and protein processing were significantly impacted by pH-

induced oxidative stress.

RNA has a high susceptibility to chemical damage from ROS (Yan & Zaher, 2019).
Moreover, proteins are severely inhibited by changes in pH since their ionisation
state changes with pH (Whitten et al., 2005). Minor changes in RNA can seriously
impact normal cellular function (Wurtmann & Wolin, 2009). A considerable

proportion of protein groups that showed significant changes under pH stress in




the species studied here were related to RNA translation, protein degradation,
molecular chaperoning activity and protein transport. For instance, at least 70
proteins related to RNA translation, methylation, acetylation, or splicing were
downregulated (-4.51 - -0.48 LFC) in G. huxleyi at pH 8.8 with the largest changes
observed for KRR1 small subunit (-4.51 LFC), Sde2 N-terminal ubiquitin domain-
containing protein (-2.63 LFC), PCIF1 WW domain-containing protein (-2.35 LFC),
and WD40 repeat-containing protein SMU1 (-2.27 LFC). 6 RNA helicases were also
downregulated (-3.31 - -0.59 LFC). RNA damage has been considered trivial due to
the rapid turnover of mRNA. However, tRNA have much longer half-lives, and
therefore, damage to their function or structure can have lasting effects on the
cell (Deutscher, 2006). In the present study, 9 tRNA ligases were significantly
changed in G. huxleyi at pH 8.8. Out of these, two tRNA ligases, cysteine tRNA
ligase (0.74 LFC) and methionine tRNA ligase (0.6 LFC) were upregulated, while the
rest were downregulated. C. braarudii also exhibited downregulation of ribosomal
proteins, such as SAP domain-containing protein (-0.93 LFC) at pH 7.6 and small
ribosomal subunit protein eS1 (-1.52 LFC), ribosome biogenesis protein NOP53 (-
1.05 LFC), and RNA helicase (-1.02 - 0.80 LFC) at pH 8.8. Over 15 RNA-binding
proteins exhibited downregulation at pH 8.8, and 6 proteins at pH 7.6 in C.
braarudii. KOW domain-containing protein was downregulated at both pH 7.6 (-
1.02 LFC) and 8.8 (-1.23 LFC). RRM domain containing RNA binding protein was
upregulated at pH 7.6 (0.93 LFC), and 5 RRM domain proteins were downregulated
at pH 8.8 (down to -1.47 LFC). RNA Recognition Motif-containing proteins are
involved in most post-transcriptional gene expression processes (SenGupta,
2013). G. huxleyi exhibited significant downregulation in DNA (cytosine-5)
methyltransferase (-2.92 LFC) at pH 8.8. This enzyme plays a key role in gene
expression, catalysing the methylation of cytosine (Adams, 1995). C. braarudii
exhibited downregulation of a CCHC-type zinc finger nucleic acid binging protein
(-1.08 LFC), transcription elongation factor S-II (-3.45 LFC), and a helicase C-

terminal domain-containing protein (-3.01 LFC) at pH 8.8.

Changes to proteins caused by oxidative stress causes misfolding and improper
function. Misfolded or proteins damaged by ROS often form oligomeric complexes
and accumulate together as aggregates. Moreover, the cell may not be able to
degrade these atypical proteins (Chondrogianni et al., 2014). 11 proteins related
to proteolysis were significantly changed, with 6 proteins downregulated and 5

proteins upregulated (-1.41 to 1.28 LFC) in G. huxleyi at pH 8.8. For instance,




proteasome alpha-type subunit was downregulated (-2.48 LFC), while proteasome
activator PA28 C-terminal domain-containing protein was upregulated (1.13 LFC).
Others included aminopeptidases, carboxypeptidases, oligopeptidases, and
peptidases with 1, A2, M1, M14, M41, S9, S49, S53 domains. 2 Cullins were
observed to be downregulated (-0.87 LFC) and 14 proteins related to protein
transport (-4.01 to -0.67 LFC) and 8 protein kinases (-0.71 to -1.97 LFC) were
downregulated in G. huxleyi at pH 8.8. DnaJ/HSP40 (-5.11 LFC) and DnaK/HSP70
(-1.49 LFC) were significantly downregulated in G. huxleyi. HSP 40 and HSP 70
coordinate with 26S Proteasome for protein degradation, and their concurrent
downregulation suggests lower necessity for degradation of ubiquitinated
proteins. Downregulation in proteasome activity has been previously suggested
under oxidative stress. This is because oxidised proteins are not considered as
proper substrates for degradation, and in turn, inhibit the proteasome
(Chondrogianni et al., 2014). C. braarudii also exhibited significant changes in
peptidases. For instance, prolyl endopeptidase was significantly upregulated at
pH 8.8 (up to 1.54 LFC), and pH 7.6 (up to 1.12 LFC). Overall, 12 proteolysis-related
proteins such as peptidase S49 (1.93 LFC), and Peptidase S8/S53 (1.86 LFC) were
upregulated at pH 7.6 in C. braarudii. Additionally, 23 proteolysis-related
proteins, such as serine-type exopeptidase (3.02 LFC), and Peptidase S49 (2.14
LFC) were significantly upregulated at pH 8.8. However, this species showed the
largest downregulation in Cystatin domain-containing protein (-6.04 LFC), a family
of cysteine protease inhibitor at pH 8.8. Protein transport related proteins such as
GPI inositol-deacylase (2.29 LFC) and small COPII coat GTPase SAR1 (1.47 LFC)

were generally upregulated at pH 8.8 in C. braarudii.

J-domain containing proteins, which bind to HSP70 and are involved in protein
folding also exhibited significant changes under pH-induced stress conditions.
Four J-domain proteins were downregulated at pH 8.8 (down to -2.74 LFC) in G.
huxleyi and exhibited changes at pH 8.8 (-1.03 - 1.59 LFC) and pH 7.6 (-1.03 - 1.69
LFC) in C. braarudii. Other heat shock proteins such as HSP 90, HSP90 activating
protein and small HSPs were significantly downregulated in C. braarudii at pH 8.8.
Downregulation of these proteins suggests a reduced requirement for chaperone
activity under pH-induced stress conditions. Prefoldin, that is related to protein
folding, exhibited significant changes. 4 prefoldin subunits (1,3,4 and 6) were
downregulated (down to -1.22 LFC) at pH 8.8 in C. braarudii, whereas only
prefoldin subunit 6 (-1.41 LFC) was downregulated at pH 8.8 in G. huxleyi. T-




complex proteins involved in protein folding were significantly changed in G.
huxleyiunder alkaline conditions (pH 8.8). Interestingly, Derlin, which is found on
the endoplasmic reticulum membrane, and involved in degradation of misfolded
proteins was highly downregulated at both pH 7.6 (-6.66 LFC) and pH 8.8 (-7.16
LFC) in G. huxleyi, although it was highly upregulated under those pH conditions
in C. braarudii (4.57 LFC at pH 7.6, 4.77 LFC at pH 8.8), suggesting species-specific
responses to pH stress. C. carterae only exhibited an insignificant change in PUB
domain-containing protein, which links to ubiquitin-proteasome for protein

degradation and protein-tyrosine-phosphatase.

Ubiquitous proteins that are involved in several functions were significantly
changed in G. huxleyi and C. braarudii. For instance, 7 peptidyl prolyl cis-trans
isomerases (up to 2.3 LFC) were upregulated in C. braarudii at pH 7.6 and 10 (up
to 2.71 LFC) were upregulated at pH 8.8. G. huxleyi exhibited a downregulated in
7 PPlase (down to -1.91 LFC) and an upregulation in 12 PPIases (up to 1.28 LFC) at
pH 8.8. No such changes were observed in G. huxleyi at pH 7.6. Calcium binding
proteins such as calmodulin (-0.59 LFC) and calnexin (-1.92 LFC) were
downregulated at pH 8.8 in G. huxleyi In C. braarudii, calmodulin was
significantly changed at pH 7.6 (-0.66 - 1.39 LFC) and pH 8.8 (-1.10 - 1.34 LFC).
Moreover, a 0.77 LFC was observed for calreticulin at pH 8.8 in C. braarudii.
Several EF-hand domains-containing proteins were also significantly changed in
C. braarudii. For instance, at pH 7.6, 4 EF-hand domain containing proteins were
upregulated (0.85 - 1.4 LFC), whereas at pH 8.8, 5 of these proteins were
upregulated (0.58 - 2.19 LFC). Conversely, in G. huxleyi, out of the 6 EF-hand
domain containing proteins at pH 8.8, 5 were downregulated (down to -4.9 LFC).
However, 2 EF hand domain containing proteins were upregulated at pH 7.6 (up
to 2.35 LFC). 14-3-3 proteins that are regulatory players in the cell cycle and
regulate the activity of various enzymes, exhibited a downregulation at pH 8.8 in
G. huxleyi (-2 LFC) and C. braarudii (-2.17 LFC).

Several proteins related to amino acid and nucleotide biosynthesis were also
significantly changed. For instance, at pH 8.8, G. huxleyi exhibited an upregulation
in dihydroorotase (3.04 LFC) associated with the pyrimidine nucleobase
biosynthetic process. Homoserine kinase (0.67 LFC), tryptophan synthase beta
chain-like PALP domain-containing protein (0.89 LFC), and formamidase (4.81 LFC)
were also upregulated while others were downregulated. No such changes were
observed at pH 7.6 for G. huxleyi. On the other hand, C. braarudii exhibited




significant changes in amino acid biosynthesis at both pH 7.6 and pH 8.8. The
largest downregulation at pH 7.6 were observed for indole-3-glycerol-phosphate
synthase (down to -4.3 LFC) related to the tryptophan biosynthetic process, while
the largest upregulation was observed for Phosphoribosyl-AMP cyclohydrolase
domain-containing protein (1.65 LFC) related to histidine biosynthesis, and serine
hydroxymethyltransferase (1.13 LFC). At pH 8.8, C. braarudii exhibited changes in
proteins such as 5-proFAR isomerase (-2.17 LFC), Phosphoribosyl-AMP
cyclohydrolase domain-containing protein (2.08 LFC) related to histidine
biosynthesis, and serine hydroxymethyltransferase (1.59 LFC). Upregulation of
arginine biosynthesis was evident under stressed conditions in C. braarudii. L-
Arginine supresses oxidative stress by promoting glutathione synthesis and
therefore, minimises ROS-induced oxidative damage in the cell (Liang et al., 2018).
Consequently, arginine biosynthesis bifunctional protein ArgJ was upregulated at
pH 7.6 (0.67 LFC) and pH 8.8 (0.62 LFC). Several ubiquitous proteins involved in
signalling and general cellular activity were also significantly upregulated. For
instance, 7 peptidyl prolyl cis-trans isomerases (up to 2.3 LFC) were upregulated
in C. braarudii at pH 7.6 and 10 (up to 2.71 LFC) were upregulated at pH 8.8. G.
huxleyi exhibited a downregulated in 7 PPlase (down to -1.91 LFC) and an
upregulation in 12 PPlases (up to 1.28 LFC) at pH 8.8. Calcium binding proteins
involved in cellular signalling such as calmodulin, calnexin, EF hand domain, and

calreticulin also displayed significant changes.

pH-mediated ROS production enhances fatty acid biosynthesis, while pH

change promotes membrane transport.

ROS generated under altered pH conditions oxidise lipids with carbon-carbon
double bonds, such as unsaturated chains of fatty acids, leading to lipid
peroxidation and the formation of cytotoxins like aldehyde and malondialdehyde
(Fritz & Petersen, 2013). These cytotoxins can then disrupt protein structure and
impede proper cellular function (Catala, 2009). Aldehyde dehydrogenases were
notably upregulated at both pH 7.6 (1.05 - 3.04 LFC) and pH 8.8 (1.12 - 3.08 LFC)
for C. braarudii. Additionally, four-carbon acid sugar kinase nucleotide binding
domain-containing protein with aldehyde-lyase activity was upregulated (0.91
LFC) at pH 8.8. These enzymes metabolise aldehydes, and therefore mitigate
intracellular oxidative stress (Singh et al, 2013). Fatty acids are essential
components of membrane lipids and various proteins involved in fatty acid

biosynthesis showed significant changes. For example, enoyl-CoA hydratase (0.54




LFC), 3-oxoacyl reductase (0.77 LFC), and glycerol kinase (0.64 LFC) were amongst
many significantly upregulated in C. braarudii at pH 8.8. However, a
downregulation in 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase (-1.87
LFC) related to the terpenoid biosynthetic process was observed at pH 8.8 in C.

braarudii.

G. huxleyi also displayed significant upregulation in eight fatty acid biosynthesis-
related proteins at pH 8.8, including 3-oxoacyl reductase (2.08 LFC), Acetyl-CoA
carboxylase (0.6 - 1.5 LFC), and glycerol kinase (0.77 LFC). However, squalene
synthase (-2.4 LFC) and terpene cyclase/mutase family member (-1.86 LFC) related
to the triterpenoid biosynthetic process, and methyltransferase (-1.82 LFC) related
to steroid biosynthesis were downregulated. Four fatty acid desaturases were
downregulated (-1.91 - -6.51 LFC) in G. huxleyi at pH 8.8. Additionally, enzymes
related to fatty acid metabolism pathway were also significantly changed. These
included proteins such as Acetyl-CoA acyltransferase (0.76 LFC) and long chain
acyl CoA dehydrogenase (0.78 - 3.37 LFC) for C. braarudii at pH 8.8, and 3-
hydroxyacyl-CoA dehydrogenase (0.53 LFC) for G. huxleyi at pH 8.8. G. huxleyi also
exhibited significant upregulation of the GP-PDE domain containing protein
related to lipid metabolism at pH 7.6 (2.41 LFC) and pH 8.8 (1.22 LFC). Contrasting
changes between C. braarudii and G. huxleyi were also observed. For instance,
lipase-like domain containing proteins were downregulated (-5.14 LFC) at pH 8.8
in G. huxleyi, while such proteins were upregulated (1.28 LFC) in C. braarudii. No
significant changes were observed in the case of C. carterae. The downregulation
of Choline/carnitine acyltransferase (-0.94 LFC) and the upregulation of Acetyl-
CoA carboxylase (1.5 LFC) at pH 8.8 in G. huxleyi further indicates reduced fatty
acid oxidation in the mitochondria, and elevated fatty acid synthesis using
Malonyl CoA (Spinelli & Haigis, 2018).

pH-induced oxidative stress leads to cytoskeletal damage.

Microtubules and actin filaments are the key constituents of the cytoskeleton and
provide mechanical properties to the cell. These mechanical properties facilitate
intracellular signalling and control cellular shape (Salbreux et al., 2012). However,
actin and microtubules contain cysteine and methionine residues that are
susceptible to oxidative stress, and their oxidation reduces the ability of
microtubules to polymerise (Dalle-Donne et al, 2001; Nakao et al, 2023).
Consequently, the degree of polymerisation severely affects the mechanical

properties of actin microfilaments (Wakatsuki et al., 2001). Significant




downregulation of cytoskeletal proteins was evident in C. braarudii, actin (-1.67, -
1.42 LFC), F-actin capping protein subunit beta (-0.81, -0.62 LFC), TOG domain-
containing (-0.72, -0.66 LFC), and profilin (-0.98, -0.89 LFC) were notably
downregulated at pH 7.6 and 8.8, respectively. Conversely, dynactin subunit 6
exhibited an upregulation at pH 7.6 (1.19 LFC) and pH 8.8 (2.13 LFC). Dynactin
interacts with dynein that are responsible for the transportation of intracellular
cargo, and their upregulation indicates increased intracellular movement of
macromolecules (Schroer, 2004). KIF-binding proteins that facilitate microtubule
movements were also downregulated (-1.05 LFC) at pH 7.6 in C. braarudii. G.
huxleyi exhibited significant changes, albeit only under alkaline (pH 8.8)
conditions. For instance, actin (-1.01 LFC) and actin-related protein 5 (-2.04 LFC)
were downregulated, along with cofilin (-0.73 LFC), TOG domain containing
protein (-0.97 LFC), tubulin (-1.32 LFC), centrin (-0.72 LFC), and calponin-homology
domain containing protein (-1.17 LFC). Calponin bind to actin and are involved in
cytoskeletal movement and signal transduction (Korenbaum & Rivero, 2002). TOG
domain containing proteins bind to tubulin to regulate microtubule
polymerisation and mitotic spindle formation, and their downregulation under
varying pH suggests compromised cell division (Al-Bassam & Chang, 2011; Byrnes
& Slep, 2017). G. huxleyi also exhibited downregulation in ankyrin repeat domain
containing protein (-1.53 LFC) and 5 PDZ domain containing proteins (-1.27 - 0.7
LFC) under pH 8.8. Ankyrins are involved in the attachment of membrane proteins
to the cytoskeleton and anchor to specific ion channels in the plasma membrane
(Cunha & Mohler, 2009). Although not statistically significant, C. carterae
exhibited a 0.7 LFC and a -1.6 LFC in CLASP N-terminal domain containing protein
under pH 7.6 and 8.8, respectively. This domain regulates stability of microtubules

in the cytoskeleton and aids in cell division (Ambrose et al., 2007).
Photosynthesis.

Given the importance of pH regulation within the chloroplast, several pH sensors
have been reported in different types of photosynthesising organisms.
Coincidentally, many of these were significantly expressed by the three
coccolithophore species studied here (Fig. 3). ATP synthase (Hahn et al., 2018)
exhibited up to 2 LFC at pH 8.8 in G. huxleyi, and 1.73 and 0.77 LFC in C. braarudii
at pH 7.6 and 8.8, respectively. While an upregulation in ATPases was noted, their
subcellular location cannot be confirmed, and it is possible that the ATPases

detected were from the chloroplast, mitochondria, or both. Violaxanthin de-




epoxidase activity (Arnoux et al., 2009) was significantly upregulated in C.
braarudiiat pH 7.6 (0.88 LFC), and pH 8.8 (0.77 LFC). Plastocyanin (Sas et al., 2006)
exhibited significant upregulation (1.59 LFC) under alkaline conditions (pH 8.8) in
G. huxleyi. Finally, photosystem I (PSI)-fucoxanthin-chlorophyll a/c protein
complex (Nagao et al., 2019) exhibited significant changes in C. carterae when pH
7.6 was compared to pH 8.8 (-2.58 LFC). Under acidic conditions (pH 7.6), G.
huxleyi exhibited a downregulation of light harvesting proteins and Ferredoxin-
sulfite reductase, which are important electron carriers for photosynthesis. At pH
8.8, G. huxleyi exhibited downregulation in several photosynthetic proteins
including 19 light harvesting proteins (up to -5.86 LFC). An upregulation in
protochlorophyllide reductase (1.07 LFC), PsbP C-terminal domain (0.69 LFC), and
Photosynthesis system II assembly factor Ycf48/Hcf136 (0.66 LFC) was observed
at pH 8.8 in G. huxleyi, suggesting enhanced chlorophyll biosynthesis and
stabilisation of PSII photosynthetic machinery under stress (Bricker et al., 2013;
Kang et al., 2017). Contrary to G. huxleyi and C. carterae, C. braarudii exhibited
an upregulation in 20 light harvesting proteins (up to 4.62 LFC) at pH 7.6 and an
upregulation in 29 light harvesting proteins (up to 4.78 LFC) at pH 8.8. Other
photosynthetic proteins were generally upregulated at pH 8.8, except cytochrome
¢-553 (-0.91 LFC). Similar to G. huxleyi, PsbP C-terminal domain-containing protein
was upregulated at pH 7.6 (0.76 - 1.19 LFC), and pH 8.8 (0.66 - 1.46 LFC). At pH
8.8, C. braarudii saw a further upregulation of protochlorophyllide reductase (up
to 1.09 LFC), Glutamate-1-semialdehyde 2,1-aminomutase (2.13 LFC) and
photosynthesis system II assembly factor Ycf48/Hcf136 (1.71 LFC). Fructose-
bisphosphatase was upregulated at pH 7.6 (0.63 LFC) and pH 8.8 (0.71 LFC) in C.
braarudii, and by 0.56 LFC in G. huxleyi at pH 8.8. However, localisation of fructose
bisphosphatase in the chloroplast cannot be confirmed as it is involved in both
the Calvin cycle and gluconeogenesis in the mitochondria, where it interconverts
fructose-1,6-bisphosphate and fructose 6-phosphate and plays a key role in
metabolism by directing photosynthetically derived metabolites for carbohydrate

storage (Marcus et al., 1986).
Metabolism.

In the case of C. braarudii, glycolysis related proteins such as glucokinase (1.51
LFC) exhibited an upregulation, while glucose-6-phosphate isomerase (-0.67 LFC)
and phosphofructokinase (-0.96 LFC) exhibited a downregulation under alkaline

conditions. This change in enzyme activity indicates that the metabolite glucose




6-phosphate derived from glucokinase may enter the pentose phosphate pathway,
resulting in the generation of NADPH to maintain antioxidant capacity (Chen et
al, 2019). A similar change was also observed in glucokinase (1.18 LFC) and

glucose-6-phosphate isomerase (-0.84 LFC) at pH 7.6.

One-carbon metabolic pathway that plays a key role in nucleotide synthesis and
redox management exhibited significant changes in G. huxleyi and C. braarudii.
These included Serine hydroxymethyltransferase, Methylenetetrahydrofolate
reductase, and Methylenetetrahydrofolate dehydrogenase. Additionally, Letml
RBD domain-containing protein was upregulated in C. braarudii under pH 7.6
(1.29 LFC) and pH 8.8 (1.65 LFC). Letm1 partakes in mitochondrial homeostasis,
and its upregulation suggests a higher requirement for cellular homeostasis-
related proteins under stress (Li et al., 2019). Proteins related to polysaccharide
metabolism, biosynthesis, and interconversion also exhibited significant
upregulation under stressed conditions. For example, C. braarudii exhibited a
high change in Glycoside hydrolase family 19 catalytic domain-containing protein,
with a 5.52 LFC at pH 7.6 and a 5.96 LFC at pH 8.8. These proteins are ubiquitous
and take part in the catalytic machinery of a cell, breaking glycosidic bonds with
chitin. Glycoside hydrolase GH18 domain was significantly upregulated (1.33 LFC)
at pH 7.6 in G. huxleyi. Moreover, G. huxleyi exhibited an upregulation in phytase
like domain containing protein (2.29 LFC at pH 7.6, 1.4 LFC at pH 8.8). Ammonia
is a byproduct of many mitochondrial metabolic pathways, which is utilised by
the urea cycle. An increase in urease activity was evident in G. huxleyi and C.
carterae. Urease can also play a role in pH homeostasis by converting urea into
CO, and NH, (Krajewska, 2009).




Supplementary Information: Chapter 3

Introduction:

This supplementary section provides information on the methodology used for
measurement of coccolith length and central area major axis. Furthermore,
detailed description of the results obtained in this study has been provided
separate to the main text to maintain clarity.

Methods

Coccolith Major Axis

Schematic for measuring coccolith length and central area major axis. Only flat-
lying coccoliths were measured. If a coccolith was upside down, only the coccolith

length (coccolith major axis) was measured for that coccolith.
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Figure S9: Growth rates for G. huxleyi, C. braarudii and C. carterae obtained from
(a) linear regression of log-transformed chlorophyll fluorescence data, and (b) cell
counts.

Name
A Bach et al. 2011, EHSO 8.15-Morphotype B/C, G. huxleyi A Hoppe et al. 2011, NZEH, G. huxleyi A Milner et al. 2016, NIWA1108, G. huxleyi A Rokitta & Rost 2012, AC481, G. huxleyi
Bach et al 2011, NZEH, G. huxleyi Hoppe et al 2011, PLY B82/11, G. huxleyi A\ Miner et al. 2016, RCC1827, 6. husdeyi A\ Rokita & Rost 2012, NZEH, G. huieyi
A Bach et al. 2011, PLY B92/11, G. huxleyi A Iglesias-Rodriguez et al. 2008, NZEH, G. huxleyi A Moheimani & Borowitzka, 2011, CCMP 371, G. huxleyi A Rokitta & Rost 2012, RCC1216, G. huxleyi
A Bach et al. 2011, RCC963, G. huxleyi A Iglesias-Rodriguez et al. 2008, PLY B92/11, G. huxleyi A Muller et al 2015, EHBH 13.26-Morphotype A over-calcified, G. huxleyi A Rokitta & Rost 2012, RCC1217, G. huxleyi
A Bach et al. 2013, PLY B92/11, G. huxleyi A Johnson et al., 2022, RCC 1832, G. huxleyi A Muller et al 2015, EHSO 5.11-Morphotype B/C, G. huxleyi A Rost 2002, PML B92, G. huxleyi
Bach et al. 2013, RCC1212, G. huxleyi Jones etal. 2013, NZEH, G. huxleyi Muller et al 2015, EHSO 5.14-Morphotype A, G. huxleyi This study, PLY 837, G. huxleyi
chapter 2, RCC 1731, G_ huxleyi A onesctal 2013, PLY B92/11, G huxleyi A vieret al 2015, EHSO 5.30-Morphotype A, G. huxleyi A vonpassowetal. 2018, CHC342, G. huxleyi
de Bodt etal. 2010, AC481, G. huxleyi A Kottmeier etal. 2014, RCC1216, G. huxleyi A Muller et al 2015, EHSO 8.15-Morphotype B/C, G. huxleyi A von Dassow et al. 2018, CHC352, G. huxleyi
de Bodt et al. 2010, RCC1258, G. huxleyi Kottmeier et al. 2014, RCC1217, G. huxleyi Muller et al 2015, EHTB 11.15-Morphotype A over-calcified, G. huxleyi A von Dassow et al. 2018, CHC360, G. huxleyi
A Feng et al. 2008, CCMP371, G. huxleyi A Kottmeier et al. 2016, RCC1216, G. huxleyi A Muller et al. 2010 , Raune Fjord (Norway) 2005, G. huxleyi A von Dassow et al. 2018, CHC428, G. huxleyi
Feng et al. 2008, PLY Ba2/11, . hudeyi A Langer etal 2009, RCC_1212, G. huxleyi A vueretal 2015, EHSO 8.15-Morphotype BIC, G. huleyi A vonDassowetal 2018, CHC440, G huxleyi
A Feng et al. 2018, AC472, G. huxleyi A Langer etal. 2009, RCC_1216, G. huxleyi A Muller et al. 2015, EHTB 11.15-Morphotype A over-calcified, G. huxleyi A von Dassow et al. 2018, RCC1256, G. huxleyi
Feng et al. 2018, NIWA1108, G. huxleyi A Langer et al. 2009, RCC_1238, G. huxleyi A Muller et al. 2015, PLY B92/11, G. huxleyi A Y. Zhang et al. 2021, RCC1266, G. huxleyi
Fiorini etal. 2011, AC472, G. huxleyi Langer et al. 2009, RCC_1256, G. huxleyi Olson et al. 2017, CCMP2668, G. huxleyi Zhang etal. 2021, RCC1258, G. huxleyi
Fiorini etal. 2011, RCC1216, G. huxleyi Liuet al. 2024, RCC 1216, G. huxleyi Olson et al. 2017, CCMP371, G. huxleyi Zhang et al. 2021, RCC1266, G. huxleyi
Fiorini etal. 2011, RCC1217, G. huxleyi A McClelland, ehux_1216, G. huxieyi A osonetal 2017, CCMP374, G. hudeyi
Hermoso 2016, RCC 1129, G. huxleyi A McClelland, ehux_1256, G. huxleyi A Richier etal. 2011, RCC1216, G. huxleyi

Figure S10a: Legend for G. huxleyi in Figures 2, 6 and 8.

Name

. chapter 2, RCC 1198, C. braarudii

Claxton 2022, RCC 1198, C. braarudii
Hermoso 2015, RCC 1202, C. braarudii
Hermoso 2016, RCC 1202, C. braarudii
Kottmeier et al. 2022, PLY 182q, C. braarudii
Krug etal., 2011 (2), RCC 1200, C. braarudii
Krug et al, 2011, RCC 1200, C. braarudii
Langer et al. 2006, AC400, C. braarudii
Rickaby et al. 2010, 4762, C. braarudii

This study, RCC 1198, C. braarudii

Figure S2b: Legend for C. braarudii in Figures 2, 6 and 8.




Name

Casareto et al., 2009, Microalgae Corporation, Miyako Island, Japan, C. carterae
chapter 2, PLY 406, C. carterae

. Hermoso 2016, RCC 1401, C. carterae

. Liuetal. 2021, PCC 156, C. carterae

. Moheimani & Borowitzka, 2011, CCMP 647, C. carterae
This study, PLY 406, C. carterae

Wu et al_, 2023, western Bohai Sea, C. carterae

Figure S2c: Legend for C. carterae in Figure 2, 6 and 8.
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Figure S$3: A boxplot showing the slopes (coefficients) from linear fits of growth
rates versus CO, for G. huxleyi, C. braarudii, and C. carterae obtained from the
literature review. A negative value (y-axis) suggests that growth rates will decline
at higher CO, levels, while a positive value suggests they will increase. Grey
squares indicate coefficients generated from growth rates measured in this study.
Open diamonds represent mean coefficient for each species based on combined
growth rate data from the literature review. It must be noted that the confidence




in growth rate changes for C. braarudii and C. carterae are limited by the small
number of studies conducted. The median values (horizontal bars in each box)
suggest that all three species will show poorer growth under high CO, scenarios.
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Figure S4: (a) Variation in growth rates of the same strain depending on the
method of carbonate chemistry manipulation. Hermoso (2015) and this study
used acid/base addition to change pH and CO, under constant DIC, whereas
Hermoso et al. (2016) and Claxton (2022) changed carbonate chemistry through
DIC addition. (b) PIC:POC ratios for PLY 182g (Kottmeier et al., 2022) and RCC
1198 (This study) are different, despite being isolated from the English Channel.
Similarly, strain 4762 (Rickaby et al., 2010) is a different strain to RCC 1198, but
shows similar PIC:POC ratios, especially under typical culturing conditions (DIC =
2 - 2.5 mmol KgSW', pH 8.2). RCC 1200 and PLY 182g, although isolated from
different locations (Namibian coast and English Channel, respectively) show
similar PIC:POC ratios. These observations highlight the need to account for the
method of carbonate chemistry manipulation, site of strain isolation, and other
strain-specific differences when comparing coccolithophore responses to
changing carbonate chemistry.




Supplementary Information: Chapter 3
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Figure S5: (a) PIC (b) POC (c) PON and (d) POP quotas for G. huxleyi, C. braarudii
and C. carterae measured in this study. Note that (a), (b), and (c) are relative values.
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Figure S6: N:P ratios for G. huxleyi, C. braarudii and C. carterae from multiple
studies. Only two studies for G. huxleyi and one study for C. carterae reported N
and P quotas under changing CO; levels. Therefore, only these could be
implemented. Note that PON values obtained from this study are not absolute, as
an initial sample mass of 1mg was assumed for all samples (see methods).
Therefore, only the trends can be compared but not absolute values.
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Figure S7: POC:P ratios for G. huxleyi, C. braarudii and C. carterae from multiple
studies. Only two studies for G. huxleyi and one study for C. carterae reported P
quotas under changing CO:levels. Therefore, only these could be implemented. Note
that POC values obtained from this study are not absolute, as an initial sample mass
of 1mg was assumed for all samples (see methods). Therefore, only the trends can
be compared but not absolute values.

The data used in this study is provided on the next page.
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