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Abstract

Photosynthesis by marine diatoms contributes significantly to the global car-
bon cycle. Due to the low concentration of CO, in seawater, many diatoms
use extracellular carbonic anhydrase (eCA) to enhance the supply of CO, to
the cell surface. While much research has investigated how the requirement
for eCA is influenced by changes in CO,, availability, little is known about how
eCA contributes to CO,, supply following changes in the demand for carbon.
We therefore examined how changes in photosynthetic rate influence the re-
quirement for eCA in three centric diatoms. Modeling of cell surface carbonate
chemistry indicated that diffusive CO, supply to the cell surface was greatly
reduced in large diatoms at higher photosynthetic rates. Laboratory experi-
ments demonstrated a trend of an increasing requirement for eCA with in-
creasing photosynthetic rate that was most pronounced in the larger species,
supporting the findings of the cellular modeling. Microelectrode measure-
ments of cell surface pH and O, demonstrated that individual cells exhibited
an increased contribution of eCA to photosynthesis at higher irradiances. Our
data demonstrate that changes in carbon demand strongly influence the re-
quirement for eCA in diatoms. Cell size and photosynthetic rate will therefore
be key determinants of the mode of dissolved inorganic carbon uptake.

KEYWORDS
bicarbonate uptake (HCO3), CO, diffusion, diatom, diffusive boundary layer (DBL), dissolved
inorganic carbon (DIC), external carbonic anhydrase (eCA)

INTRODUCTION

Diatoms are a diverse group of phytoplankion and
are particularly prominent in productive marine waters
where they are often the dominant photoautotrophs.
This results in their significant contribution to marine
biogeochemical cycles (Falkowski et al., 2004), as

much as 40% of marine primary productivity (Nelson
et al., 1995) and up to 20% of global primary produc-
tivity (Armbrust, 2009). To support photosynthesis, di-
atoms acquire dissolved inorganic carbon (DIC) from
seawater, and like many other marine phytoplankton,
they are strongly reliant on CO,-concentrating mech-
anisms (CCMs) to maintain high photosynthetic rates
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due to the low CO, concentration in present-day oceans
(Tortell, 2000). Carbon dioxide (the substrate for carbon
fixation by the enzyme ribulose-1,5-bisphosphate car-
boxylase/oxygenase, RuBisCO) makes up <1% of DIC
in seawater (Zeebe & Wolf-Gladrow, 2001). Oceanic
CO, concentrations range between ~10 and 25uM
(typically around ~10uM in temperate waters), which is
significantly lower than the >50 M required to saturate
diatom RuBisCO and to prevent the competing oxy-
genase reaction due to RuBisCO's low specificity for
CO, (Hopkinson et al., 2016). Although CO, is often the
preferred substrate for uptake, the other forms of DIC,
bicarbonate (HCOj) and carbonate (CO%‘), are present
in seawater at concentrations greatly exceeding CO.,.
Many phytoplankton can therefore utilize HCOg, either
by direct uptake of HCOj or via the conversion of HCOZ
to CO, (Martin & Tortell, 2006; Rost et al., 2003). The
enzyme extracellular carbonic anhydrase (eCA) cata-
lyzes the otherwise slow interconversion of HCO; to
CO, at the cell surface of phytoplankton, and the CO,
generated can then be taken up for photosynthesis
by diffusion (Shen & Hopkinson, 2015; Wolf-Gladrow
& Riebesell, 1997). Consequently, there are three pri-
mary routes for DIC uptake by diatoms: (i) diffusive
entry of CO, from the low concentration of CO, in sea-
water, (i) direct HCOj5 uptake, and (iii) eCA-catalyzed
CO, diffusion (Figure 1). As the uncatalyzed conversion
of HCOj3 to CO, is slow, models indicate that the diffu-
sion of CO, alone is unable to support the rates of pho-
tosynthesis exhibited by larger phytoplankton species
(Reinfelder, 2011; Wolf-Gladrow & Riebesell, 1997).
Many diatoms have the capacity to operate all three
uptake routes; however, there is considerable variabil-
ity among species in the relative proportions of DIC
taken up as CO, or HCO; (Martin & Tortell, 2008).
Carbon dioxide entry into diatoms occurs via passive
diffusion due to the relative permeability of the plasma
membrane to this small uncharged molecule, whereas
uptake of the much more abundant HCOj requires the
activity of dedicated membrane transporters (Nakajima
et al., 2013). Although eCA appears to be ubiquitous in
centric diatoms (Shen & Hopkinson, 2015), the pres-
ence of eCA in many other taxa, such as pennate di-
atoms, haptophytes (Nimer et al., 1994, 1997; Rost
et al., 2003), and dinoflagellates, (Nimer, Brownlee,
& Merrett, 1999; Nimer, Ling, et al., 1999; Rost
et al., 2006) is much more variable. This suggests that
eCA is particularly important for photosynthetic CO,
uptake in centric diatoms.

There is significant diversity in diatom size and mor-
phology, ranging over three orders of magnitude in cell
diameter and five orders of cell volume (Wu, Jeans,
et al., 2014). Larger cells have a lower surface area to
volume ratio, and modeling studies predict that the dif-
fusive boundary layer (DBL) around large cells is likely
to restrict the diffusion of nutrients and CO, to the cell
surface (Finkel et al., 2009). Diffusive uptake of CO, can
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FIGURE 1 Routes for DIC uptake by diatoms. The three
primary routes for DIC uptake by diatoms: (1) CO, diffusion, (2)
direct HCOj3 uptake, and (3) eCA-catalyzed CO, diffusion. CO,
entry occurs by passive diffusion due to the permeability of the
plasma membrane to this small uncharged molecule, whereas
HCOj uptake requires the activity of dedicated membrane
transporters. The enzyme extracellular carbonic anhydrase

(eCA) catalyzes the otherwise slow conversion of HCO; to CO,,
increasing the cell surface CO, concentration for subsequent
photosynthetic uptake. To investigate changes in the flux of DIC at
the cell surface we positioned microelectrodes directly against the
frustule, as close to the plasma membrane as is physically possible
without damaging cells and impacting cell physiology.

only occur if the cell is able to maintain an inward gra-
dient for CO,, across the plasma membrane, which is a
much greater problem for a large cell with a significant
DBL (Gavis & Ferguson, 1975; Reinfelder, 2011; Wolf-
Gladrow & Riebesell, 1997). Therefore, larger diatoms
overcome diffusive limitation of CO, either by direct
HCO; transport or by use of eCA to increase the supply
of CO, at the cell surface. There is an energetic cost
associated with direct HCO; transport by dedicated
transporters, whereas movement of CO, across the
plasma membrane occurs by diffusion, and eCA only
represents a relatively small proportion of the cellular
nitrogen budget (0.1%—-0.3% of total cellular nitrogen;
Shen & Hopkinson, 2015). The photosynthetic capac-
ity of larger diatoms would deplete CO, substantially
at the cell surface in the absence of eCA, leading to
CO, limitation (Riebesell et al., 1993). Carbon dioxide
diffusion in smaller diatoms (with associated smaller
DBLs) is sufficiently rapid so as not to deplete cell sur-
face CO,, even in the absence of eCA (Wolf-Gladrow &
Riebesell, 1997). Consequently, for larger diatoms the
energetic benefit of reducing the CO, gradient within
the DBL relative to the surrounding bulk seawater may
outweigh the costs of producing eCA. External car-
bonic anhydrase is present in some smaller diatoms,
although evidence suggests that it is only induced to
support photosynthetic CO, uptake at very low DIC
concentrations (Hopkinson et al., 2013; Samukawa
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et al., 2014). The small diatom Chaetoceros muelleri
has been observed to increase eCA activity with de-
creasing DIC in culture, which may help contribute to
this species's reported dominance and persistence in
phytoplankton blooms (Smith-Harding et al., 2017).

Using the isotope disequilibrium technique to dis-
criminate between HCO; and CO, uptake, Martin and
Tortell (2008) reported high variability in both direct
HCO; uptake and eCA expression among 17 marine
diatoms with different cell morphologies. The fraction
of HCOj transport ranged from 40% to 95% of total
DIC uptake, and a 10-fold range in eCA catalytic en-
hancement was observed. No correlation was deter-
mined between eCA activity and cell size or carbon
demand:supply; however, a positive correlation was
observed between eCA activity and HCO; uptake.
Similar correlations have been recorded in marine dia-
tom studies using membrane-inlet mass spectrometry
(MIMS), leading to the proposal that the primary role
of eCA is not to enhance cell surface CO,, but to assist
HCO; uptake by scavenging CO, leaking out of the cell
(Burkhardt et al., 2001; Trimborn et al., 2008, 2009).
However, a detailed study of the effects of eCA on cell
boundary layer chemistry in Thalassiosira pseudonana
and T. weissflogii supported the proposed role of eCA
in CO, supply (Hopkinson et al., 2013). This study de-
termined that eCA activity specifically responded to low
CO, rather than to changes in pH or HCO3 and that
the rates of eCA activity were optimal for maintaining
cell surface CO, concentrations near those in the bulk
seawater solution. In contrast, model simulations of the
proposed alternative role for eCA in the recovery of dif-
fusive CO, loss during HCO; uptake determined that
eCA had minimal effects on this process (Hopkinson
et al., 2013). More recently, eCA activity in six-centric
diatoms spanning a broad range of cell sizes was as-
sessed (Shen & Hopkinson, 2015). Carbon fixation
rates were quantified with and without an eCA inhibitor
to assess the contribution of eCA to carbon acquisi-
tion. No relationship was established between the ex-
tent of eCA inhibition on reducing photosynthetic rates
and cell size; however, photosynthesis in the smallest
diatoms (<4 pm radius) was only affected at a very low
CO, concentration (1.2puM). In contrast, photosynthe-
sis was negatively affected in some of the larger di-
atoms tested at typical seawater CO, concentrations
(8.5uM) when eCA was inhibited. However, it has been
suggested that among-species comparisons may ham-
per discrimination between cell size and other covary-
ing factors. To account for this potential complication
Malerba et al. (2021) evolved a 9.3-fold difference in
the cell volume of Dunaliella tertiolecta using artificial
selection. The authors found that larger D. tertiolecta
cells upregulated CCMs, which enhanced DIC uptake
with higher CQO, affinity and eCA activity.

Although it is proposed that eCA activity acts to al-
leviate the depletion of CO, within the DBL, there is

a paucity in direct measurements of carbonate chem-
istry within the DBL surrounding phytoplankton cells.
Microelectrode measurements of the DBL surround-
ing multicellular organisms such as the coralline mac-
roalgae Sporolithon durum and calcifying macroalgae
Halimeda discoidea demonstrated a significant rise in
pH associated with photosynthetic uptake of DIC (de
Beer & Larkum, 2001; Hurd et al., 2011). Similarly, mi-
croelectrode measurements of pH at the cell surface
of the large diatom, Coscinodiscus wailesii demon-
strated significant light-activated increases in pH (Kihn
& Raven, 2008; Liu et al., 2022), and the smaller diatom
Thalassiosira weissflogii also exhibited light-activated
pH increases at the cell surface (0.4units higher
than surrounding bulk seawater pH), measured with
a cell-bound, pH-sensitive fluorescent dye (Milligan
et al., 2009). Using microelectrodes to simultaneously
measure pH and cog— at the cell surface of the large
diatom Odontella sinensis, Chrachri et al. (2018) ob-
served rapid and substantial increases in both mea-
sured parameters that were light-activated during
photosynthesis. By applying eCA inhibitors during mi-
croelectrode measurements, the authors showed that
carbonate chemistry in the microenvironment around
this large diatom is strongly influenced by photosyn-
thetic DIC uptake and that eCA plays a major role in
this process. The light-activated elevations in pH and
CO%‘ were significantly decreased following inhibition
of eCA, showing definitively that the primary role of
eCA is to increase the supply of CO, to the diatom cell
surface by catalyzing its conversion from HCO3.

Many previous studies of eCA activity in phytoplank-
ton have demonstrated that the activity of the enzyme
is induced by low concentrations of CO,, in seawater
(Burkhardt et al., 2001; Chen & Gao, 2003; Elzenga
et al, 2000; lIglesias-Rodriguez & Merrett, 1997;
John-Mckay & Colman, 1997). These experiments
are typically performed at saturating light to facilitate
comparison between species (Chrachri et al., 2018;
Martin & Tortell, 2006; Moroney et al., 1985; Rost
et al.,, 2003). However, this means we have limited
knowledge of the contribution of eCA to photosynthe-
sis under lower light levels. In nature, light fluctuates
both temporally and spatially, and light availability has
long been shown to affect phytoplankton biomass in
the oceans (Mitchell et al., 1991; Ryther, 1956). This is
important since the growth and photosynthesis of di-
atoms commonly proceed under the condition of light
limitation when photosynthetically driven carbon de-
mands are likely at their lowest (Mitchell et al., 1991;
Raven & Falkowski, 1999; Sunda & Huntaman, 1997).
Indeed, light intensity has recently been shown to
control the magnitude of pH elevation at the cell sur-
face of the large diatom Odontella sinensis (Chrachri
et al., 2018). Similarly, progressive increases in light
intensities from 15 to 180umol photons - m=2- s~
resulted in sequential pH elevations within the cell
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surface boundary layer of Chlamydomonas sp., fol-
lowed by a decrease in pH after 2min due to photo-
inhibitory processes (Liu et al., 2022).

We therefore investigated the contribution of eCA to
photosynthesis in three centric diatom species of con-
trasting cell sizes under a range of ecologically relevant
irradiance levels at typical seawater DIC values. We
selected strains of Coscinodiscus granii, Thalassiosira
punctigera, and Skeletonema dohrnii that were isolated
from the western English Channel (Station L4). These
genera have previously been shown to possess eCA
(Shen & Hopkinson, 2015; Chen & Gao, 2003; Martin
& Tortell, 2008; Nimer et al., 1998; Nimer, Brownlee, &
Merrett, 1999; Nimer, Ling, et al., 1999; Rost et al., 20083;
Trimborn et al., 2009). We determined optimal irradiance
levels for growth and measured rates of photosynthetic
O, evolution in the presence and absence of eCA in cul-
tures and at the single-cell level. We aimed to establish
whether larger diatom species, with associated larger
DBLs, exhibit greater requirements for eCA and the ex-
tent to which these requirements were dependent on the
relative demand for DIC driven by changes in irradiance.

MATERIALS AND METHODS

Phytoplankton strains and culture
conditions

Coscinodiscus granii (strain PLY8536), Thalassiosira
punctigera (strain PLY8538), and Skeletonema dohr-
nii (PLY612) were obtained from the Plymouth Culture
Collection of Marine Microalgae. All strains were iso-
lated from seawater samples collected from station
L4, western English Channel. Coscinodiscus granii
was isolated in November 2020; T. punctigera was
isolated in March 2017; and S. dohrnii was isolated in
June 2003. Stock cultures were maintained in aged
filtered sterile seawater with /2 media with 100pM
silicate (Guillard & Ryther, 1962) under irradiance of
50 pmol photons- m™2- s™" at 18°C and a photoperiod of
16:8h light:dark. All cultures were transferred to fresh
medium every week to ensure that cells remained in
their mid-exponential growth phase. Cell size was cat-
egorized according to cell diameter. Measurements
were conducted using a Nikon Diaphot 300 inverted
light microscope (Tokyo, Japan). Image acquisition
was obtained with a compact USB camera (ThorCam
DCC1545M, ThorLabs, New Jersey, USA), and we cali-
brated the pixel counter against a hemocytometer grid.

Modeling cell surface CO, drawdown
External carbonic anhydrase equilibrates CO, and

HCO; at the cell surface. Consequently, a good metric
for the importance of eCA is the extent of CO, drawdown

(relative to bulk solution CO, concentrations) in the ab-
sence and presence of eCA. A model describing the
cell surface CO, drawdown required to support varying
rates of photosynthesis as a function of cell size, with
and without eCA, was developed based on previous
work by Shen and Hopkinson (2015; assuming spheri-
cal cell shapes with a size range of 1-100pum radius).
To calculate net photosynthetic rates (NP), the diatom
cellular carbon content (Q,) versus size relationship of
Menden-Deuer and Lessard (2000) was converted from
a function of volume to a function of radius (assuming
spherical geometry). Next, the growth rate (1) from Wu,
Campbell, et al. (2014; which was derived specifically
for centric diatoms) was converted to a function of ra-
dius. Finally, using x=NP/Q_, a size scaling relation-
ship for NP was derived as: NP=0.122xR%*2* where
NP is in pmol- cell™"- day™ and R (radius) is in um.
This served as the reference NP rate and various pho-
tosynthetic rates were assessed and scaled to this rate
(from zero to x2). We next calculated the contribution of
eCA versus no eCA to CO, drawdown as a function of
cell size. Briefly, Shen and Hopkinson (2015) previously
measured eCA activity (expressed as the first order
rate constant for eCA-catalyzed CO, hydration, k) in
six centric diatoms (spanning nearly the full range of
cell sizes for centric diatoms: equivalent spherical ra-
dius 3—67 um). External carbonic anhydrase activity at
low CO, (5pM) was observed to closely follow a power
law as a function of the shape radius (R, ,,.), Which is
used in calculating diffusive fluxes to the cell surface
(Marchetti & Cassar, 2009; Pasciak & Gavis, 1975),
where k,=6.64x10""x (R 263 The model was

shape)
solved in Matlab.

Growth rates at four irradiance levels

To determine the optimal growth irradiance for each
of the phytoplankton species, we conducted growth
experiments at four irradiance levels: 25, 50, 100,
and 300pmol photons- m™2- s™'. Stock cultures of
each diatom species were inoculated at low density
into aged filtered sterile seawater with f2 media with
100 1M silicate, in triplicate sterile polystyrene cell cul-
ture flasks with vented polyethylene lids. Replicates
were positioned on a shelf at varying distances from
a white actinic light source (Sylvania ToLEDo 2700Im
27W LED Tube Light, Budapest, Hungary) to achieve
photon flux densities (PFD) of 25, 50, and 100 pumol-
photons- m™2- s™', measured with a photosynthetically
active radiation (PAR) sensor (LI-250 A Light Meter,
LI-COR Biosciences, USA). A separate white actinic
light source was used to achieve a PFD of 300pumol
photons - m™2- s (Kessil A360 X Tuna Sun, California,
USA). All growth experiment replicates were maintained
at 18°C under a photoperiod of 16:8h light:dark. The
replicates were sampled every 2days for cell counts,
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which were conducted using a Sedgewick Rafter count-
ing chamber (Coscinodiscus granii and Thalassiosira
punctigera) and a Neubauer improved hemocytometer
(Skeletonema dohrnii). Maximum specific growth rates
were calculated using data from the exponential growth
portion of the growth curve using the following formula:

_ InXy — InX,

H="1 1

where p is the maximum specific growth rate - day‘1
and X, and X, are the cell counts at times t, and t,,
respectively.

Effect of eCA inhibition on photosynthetic
rates of O, evolution in culture
populations

We conducted photosynthetic O, evolution experi-
ments using 4-mL volume closed oxygen respiration
vials (Oxvial4) connected to a Firesting O, optical oxy-
gen meter (Pyroscience, Aachen, Germany). A two-
point calibration was performed using 0% and 100%
air-saturated solutions. Thirty g - L' sodium dithionite
was used to produce a 0% O, solution, and an aquar-
ium pump was used to bubble air into H,O to pro-
duce a 100% O, solution. Data were recorded using
the accompanying O, logger software with units of
umol O, L™ selected. We used a combination of blue
and white light-emitting diodes (LEDs; Cairn Research,
OPTOLED LITE 4141, Kent, UK) as light sources to
activate photosynthesis. The LEDs were positioned
at opposing angles around the respiration vial at a
distance far enough away so as not to raise the inter-
nal temperature of the culture sample in the respira-
tion vial. Irradiance intensities were adjusted with an
integral controller and measured with a PAR sensor
prior to the experiments (LI-250 A Light Meter, LI-COR
Biosciences, USA). As this measurement approach re-
quires relatively high biomass, stock cultures for each
diatom species (which were maintained under irradi-
ance of 50 pmol photons- m=- s~") were inoculated into
aged filtered sterile seawater with f/2 media with 100 uM
silicate, in five sterile polystyrene cell culture flasks with
vented polyethylene lids per species. The five repli-
cates were concentrated and pooled together when the
cells were in their exponential growth phase, and three
replicate subsamples (each 3mL) were taken for imme-
diate measurement. We made paired measurements
of respiration in the dark followed by photosynthesis-
driven [O,] increase in the light in the presence (control)
and absence (eCA inhibition) of eCA at three irradiance
intensities (25, 50, and 300pumolphotons- m=2- s7)
during 5-min light:dark cycles. We used 10puM benzo-
lamide (BZA) to inhibit eCA activity (a member of the
sulphonamide class of CA inhibitors). Acetazolamide

(AZ) and/or dextran-bound acetazolamide have previ-
ously been used as inhibitors in eCA activity studies.
Hopkinson et al. (2013) found that 50 pM AZ completely
inhibited eCA activity in Thalassiosira pseudonana and
T. weissflogii. We previously showed that 100 M AZ
effectively inhibited the eCA-dependent increase in cell
surface pH in Odontella sinensis (Chrachri et al., 2018).
The same study also determined that inhibiting eCA
with 10pM BZA gave the same reduction in A pH
change as 100pM AZ. Previous work has also con-
firmed that this class of CA inhibitor has no detectable
effect on internal CA (iCA) and is therefore not perme-
able to the plasma membrane (Hopkinson et al., 2013).
For the present study, BZA was kindly provided by Dr
Juha Voipoi (University of Helsinki), from an original
stock synthesized by Dr E.R. Swenson (University of
Washington, Seattle, WA, USA).

We performed least-squares regression on the dark
respiration phase (decrease in O, concentration) and
light-driven photosynthetic O, evolution O, trace data
to generate slope values. Gross photosynthetic rates of
O, evolution were calculated using the formula:

O, evolution =rate of oxygen increase —dark respiration

Single-cell microelectrode
measurements of [0,], [H*], and pH

lon-selective pH microelectrodes were fabricated
as previously described (de Beer et al., 2008; Han
et al., 2014). Briefly, borosilicate glass capillaries
(length 100 mm, outer diameter 1.5mm, inner diameter
1.17mm) were pulled to a fine point (outer diameter
~12pm, inner diameter ~2pM) using a P-97 micropi-
pette puller (Sutter, Novato, CA, USA). The capillar-
ies were heated at 225°C for 3h, then salinized by
exposure to N,N- dimethyltrimethylsilylamine vapor at
225°C for 1h. The filling solution was 100mM NaCl,
20mM HEPES (pH7.2), and 10mM NaOH, and the tip
was filled by gentle suction with hydrogen ionophore
I—cocktail A (Sigma) containing hydrogen ionophore
I (10.0% wt), 2-nitrophenyl octyl ether (89.3% wt),
and sodium tetraphenylborate (0.7% wt). The refer-
ence electrode was filled with 3M KCI. Data were re-
corded using an FD223a amplifier (World Precision
Instruments Europe, Hitchin, UK) with pClamp soft-
ware (Molecular Devices, CA, USA). Each pH mi-
croelectrode was calibrated using buffered artificial
seawater standards (10mM HEPES) adjusted to
pH7.0, 8.0, and 9.0 by the addition of HCI or NaOH.
The pH, g in each seawater standard was determined
using a Seven Excellence pH meter (Mettler Toledo,
Leicester, UK). The slope of the calibrated electrodes
ranged from 56 to 59mV/pH unit (Appendix S1 in the
Supporting Information: Figure S1). Oxygen measure-
ments were performed using a Firesting O, optode
with a tip diameter of 50pum (Pyroscience, Aachen,
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Germany). A two-point calibration was performed
using 0% and 100% air-saturated solutions as per the
Oxvial4 respiration vials (see above), and data were
recorded using the accompanying O, logger software
in units of umol O, - L™". Relative rates of photosynthe-
sis were estimated from O, measurements using the
method of Revsbech et al. (1981), which assumes that
for a cell at steady state, the rate of O, evolution in
the light is equivalent to the initial rate of the decrease
in O, concentration at the start of the dark period. As
the decrease in O, represents the combination of O,
diffusion away from the cell and O, uptake by respira-
tory consumption, our calculation represents gross
photosynthetic rate (rather than net). The effect of
respiration on the cell surface O, concentrations ap-
pears to be very small, as previous measurements of
cell surface O, around other large diatoms (Odontella
sinensis) in the dark were nearly identical to the bulk
seawater (Chrachri et al.,, 2018). Diatom cells were
placed on a glass-bottomed microscopy dish (35mm
diameter) in approximately 2.5 mL of aged and filtered
seawater enriched with f/2 media with 100 uM silicate
and observed using a Diaphot 300 inverted light mi-
croscope (Nikon). The cells were illuminated at 50 and
200 umol photons - m™2- s™" using a blue LED (Cairn
Research, OPTOLED LITE 4141, Kent, UK), which was
selected due to rapid photo-bleaching sensitivity of
the O, optode when exposed to a white light source.
(Some preliminary measurements were first made with
a white LED to ensure no differences in photosynthetic
rates and light-activated O,/pH elevations were ob-
served between the two light sources.) Measurements
were made in a temperature-controlled room (20°C) to
ensure constant temperature in the microscopy dish
which was periodically monitored with an optical tem-
perature minisensor (TPR430, Pyroscience, Aachen,
Germany). The pH microelectrode and O, optode
were positioned directly against each diatom cell on
opposing sides against the silica frustule, using two
MP-285 micromanipulators (Sutter, Novato, CA, USA)
in order to achieve simultaneous measurements. The
cells were perfused with aged and filtered seawa-
ter prior to measurements to ensure that carbonate
chemistry and dissolved [O,] were at typical seawater
values, and eCA inhibitor treatments were added by
perfusion during experiments at a flow rate of approxi-
mately 1mL- min~". A previous similar study predeter-
mined that the microscopy dish did not have a major
influence on the formation of the diffusive boundary
layer surrounding diatom cells nor on the underly-
ing physiological processes (Chrachri et al., 2018).
Microelectrode measurements were performed only
on the larger of the three diatom species that were
tested in culture population O, evolution experiments
(Coscinodiscus granii and Thalassiosira punctigera).
This was due to a size mismatch between the small-
est diatom, Skeletonema dohrnii (9.3 pm diameter) and

the tip size of the O, optode (50pum), which was too
large to obtain [O,] measurements at the required spa-
tial resolution for a small cell of this size (Appendix S1:
Figure S2).

In addition to single-cell experiments in the presence
and absence of eCA under ambient seawater conditions
(i.e., pH ~8.1, DIC ~2mM), we conducted measurements
with Coscinodiscus granii single cells at lower pH and
higher [CO,]. (See Appendix S1 for methods and inor-
ganic carbon system parameter calculations.) We mea-
sured light-activated elevations in [O,] in two groups
of C. granii single cells in the presence and absence
of eCA in seawater with CO, elevated to an estimated
value of 52.5uM (pH7.65, achieved by bubbling ambi-
ent seawater with 100% CO, gas): (1) ambient seawater
culture (inoculated at pH8.1) and (2) high CO, culture
(inoculated at pH7.65, acclimated for 48h). We then es-
timated the extent to which photosynthetic O, evolution
was inhibited by BZA in single cells at higher [CO,].

RESULTS

Photosynthetic rate influences diffusive
supply of CO, to the cell surface

To better understand the potential requirement for
eCA during photosynthesis, we employed a cellular
model to simulate CO, drawdown at the cell surface
as a function of photosynthetic rate and cell size.
Photosynthetic rates were based on measurements of
4C-DIC incorporation into the biomass of six centric
diatoms (equivalent spherical radius 3—67 pm) in the
presence and absence of eCA, incubated at 18°C at
a light intensity of 200 umolphotons- m=2- s (Shen
& Hopkinson, 2015). This served as the reference
photosynthetic rate (P,,,=1.0), and various rates were
assessed and scaled to this rate (from zero to x2).
In the absence of eCA, the simulation demonstrates
that an increase in cell size or relative photosynthetic
rate increases the theoretical CO, drawdown at the
cell surface (indicative of a limiting diffusive supply
of CO,; Figure 2a). For all cell sizes and photosyn-
thetic rates, the CO, deficit is effectively abolished
by the activity of eCA (Figure 2b). However, in the ab-
sence of eCA, the consequences of a change in pho-
tosynthetic rate differ significantly with cell size. For a
small cell (cell radius of 5pum, similar to Skeletonema
dohrnii), the deficit in CO, supply at higher photosyn-
thetic rates (P, 1.5) is only slightly greater than at
low photosynthetic rates (P, 0.5, modeled decrease
in cell surface CO, is 0.3pM compared to 0.1 pM). In
contrast, for a large cell (50 pum cell radius, similar to
Coscinodiscus granii), the CO, deficit is substantially
greater at high photosynthetic rates compared to low
photosynthetic rates (decrease in cell surface CO, is
10 pM compared to 3uM). Thus, high photosynthetic
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FIGURE 2 Model simulations of cell surface CO, drawdown as a function of cell size and photosynthetic rate. (a) Simulation showing
the theoretical deficit in CO, concentration at the cell surface due to limitation in the diffusive supply of CO,,. In the absence of eCA, CO,
drawdown increases substantially with photosynthetic rate. The effect is pronounced in large cells, but much less apparent in small cells.

Simulations assume a spherical cell. P =

relative photosynthetic rate. The decrease in CO, concentration is shown in uM. (b) In the

presence of eCA, which enhanced the catalysis of the equilibrium between HCO; and CO,, the CO, deficit is effectively abolished for all cell

sizes at all photosynthetic rates.

rates greatly increase the requirement for eCA in
large cells, but the increase in eCA requirement is
much less in small cells. The results illustrate the
importance of including photosynthetic rates when
considering the supply of DIC to the cell surface, as
low photosynthetic rates greatly reduce the require-
ment for eCA, even in very large cells. Photosynthetic
rate is, therefore, likely to be a key determinant of the
mode of DIC uptake utilized by different species, and
we must consider how the CCM operates under opti-
mal conditions for growth, rather than solely at satu-
rating irradiance.

Coscinodiscus granii and Thalassiosira
punctigera exhibit optimal growth at lower
irradiances

We selected three centric diatom species that exhib-
ited a broad range of cell sizes and that were isolated
from the same geographical location (station L4, west-
ern English Channel). Coscinodiscus granii (strain
PLY8536), Thalassiosira punctigera (strain PLY8538),
and Skeletonema dohrnii (strain PLY612) exhibited
mean cell diameters of 68.8+11.56 pm, 41.1 +3.29 um,
and 9.3+0.4pm respectively (n=10 cells + SD). We
next established the optimal irradiance for growth,
measuring maximum specific growth rates for each
species at a range of irradiance levels from 25 to
300 pmolphotons- m™2- s~'. Growth rates of the larger
species (C. granii and T. punctigera) were signifi-
cantly higher at lower irradiances. The maximum spe-
cific growth rate (SGR) for C. granii was observed at
50 pmolphotons- m™2- s™' (mean SGR 0.77+0.06- d™'

compared to 0.55+0.02 at 300 umol photons- m™2- s7";
see Appendix S1: Figure S3a). Conversely, S. dohr-
nii exhibited higher growth rates at higher irradiance,
with the highest growth rates observed at 300pmol
photons - m™2- s (1.24- d™'; see Figure S3c). Among
species, S. dohrnii exhibited significantly higher growth
rates relative to C. granii and T. punctigera at all light
intensities (see Appendix S1: Tables S1 and S2).

The larger species used for our analysis therefore
show optimal growth at lower irradiances than the
smaller Skeletonema dohrnii. As all three diatoms
were isolated from the western English Channel, we
investigated the irradiance (photosynthetic active
radiation, PAR) recorded alongside each observa-
tion of these species in the long-term phytoplankton
time-series at station L4 between the years 2011 and
2017 (Widdicombe & Harbour, 2021). At the sampling
depth of 10m, PAR associated with all observations
of these species was generally low (<48 umol photons
-m~2-s7"), although it was noticeable that Skeletonema
sp. were also found at higher irradiances. Ninety-five
percent of Coscinodiscus granii observations occurred
when PAR <48 pmolphotons- m=2- s~!, whereas 35% of
Skeletonema sp. observations occurred when PAR >48
(up to 378) pmolphotons- m™2- s™' (see Appendix Si:
Figure S4).

The contribution of eCA to photosynthesis
differs with irradiance

We next examined whether the requirement for eCA
in each species differed between high and low irra-
diances. Rates of photosynthetic O, evolution were
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measured in stirred 3-mL cultures (ambient DIC and
pH) at three irradiance levels (25, 50, and 300pumol
photons- m=2- s‘1), both in the presence and absence
of eCA activity (10pM BZA). In all three species, photo-
synthetic rate increased with increasing irradiance, with
Coscinodiscus granii and Thalassiosira punctigera
showing a three-fold increase between low and high
irradiance. Therefore, short-term increases in irradi-
ance lead to increased rates of photosynthesis in these
larger species, although measurements of growth indi-
cate that longer term exposure to high irradiances is not
advantageous.

Photosynthetic O, evolution by the two larger spe-
cies exhibited strong sensitivity to the inhibition of
eCA, particularly at the highest irradiance. Application
of 10pM BZA to Coscinodiscus granii at 300 pmol
photons- m™- s™' significantly decreased O, evolu-
tion rates by 57%+0.89% compared to control cul-
tures (Figure 3a). At lower irradiance levels the extent
of inhibition was lessened but was still significantly
lower than that of the control cultures (photosynthetic
rates decreased by 37%=+4.9% and 23%+5.90%
at 50 and 25pumolphotons: m™2- s7', respectively).
Photosynthesis in Thalassiosira punctigera was also
significantly reduced by the inhibition of eCA at all ir-
radiance levels, although the extent of inhibition did
not differ so markedly between low and high irradi-
ance (50%+4.26% reduction in photosynthetic O,
evolution at 300 pmolphotons- m™2- s™' compared to
42%+9.91% at 25 umolphotons- m=2- s™") (Figure 3b).
In contrast to the larger species, inhibition of eCA did
not result in a significant decrease in O, evolution in
Skeletonema dohrnii. A decrease of 19% +4.12% was
observed at the highest irradiance, but this was not sig-
nificantly different compared to the untreated control
(Figure 3c).

Coscinodiscus granii (diameter: 68.8 pm)

Thalassiosira punctigera (diameter: 41.1 pm)

Single-cell measurements of
photosynthetic O, evolution

Accurate measurements of photosynthetic O, evolu-
tion using either O, electrode or MIMS approaches
usually require illumination of a population of cells
at high cell density with vigorous stirring. However,
many phytoplankton cells are sensitive to mechanical
agitation, including large centric diatoms, which may
influence the estimation of photosynthetic rate. We,
therefore, sought to corroborate our findings using mi-
croelectrode approaches to measure photosynthetic
rates in single cells in the absence of rapid stirring
and high cell densities. We positioned an ion-selective
pH microelectrode and an O, optode against the
frustules of Coscinodiscus granii and Thalassiosira
punctigera to measure O, evolution and cell surface
pH, which increases substantially during eCA activ-
ity (see Appendix S1: Figure S5). We did not include
Skeletonema dohrnii in these analyses, as we were
unable to obtain measurements of O, evolution from
these much smaller cells using the O, optode. Cells
were illuminated at low and high irradiance levels (50
and 200 pmol photons- m™2- s7") for 5min, separated
by 5-min dark phases. At the onset of illumination and
at either irradiance level, we observed rapid increases
in cell surface [O,] and pH that were more substantial
at the highest irradiance level for both diatoms. For
C. granii, the mean elevation in cell surface [O,] at
irradiances of 50 and 200 umol photons- m™2- s~ was
20.13+5.64 and 36.61+7.38pmolO,- L, respec-
tively (Figure 4a,b). The rise in cell surface [O,] was
strongly inhibited by the addition of 10 pM BZA, with
significant decreases of 33% +12% and 54% + 15%
at the low and high irradiance levels, respectively.
The increase in cell surface pH was also greatest at

Skeletonema dohrnii (diameter: 9.3 pm)
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FIGURE 3 The impact of eCA inhibition on photosynthetic O, evolution. (a) Rates of photosynthetic O, evolution in Coscinodiscus
granii cultures at three irradiance levels. eCA was inhibited by the addition of 10 uM BZA. Inhibition of eCA resulted in a significant inhibition
of photosynthetic O, evolution at all irradiances, with the greatest level of inhibition at the highest irradiance level. (b) Inhibition of eCA

in Thalassiosira punctigera resulted in a significant inhibition of photosynthetic O, evolution at all irradiances. (c) Inhibition of eCA in
Skeletonema dohrnii did not result in a significant inhibition of O, evolution at any irradiance. n=3 for all species tested.
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FIGURE 4 Microelectrode measurements of photosynthesis in single Coscinodiscus granii cells. (a) Representative trace from a
single C. granii cell showing cell surface O, during alternating light/dark periods. Two different irradiances were applied (50 and 200 pmol
photons - m™- s7"). The shaded area indicates the addition of 10uM BZA, which has a major impact on photosynthetic O, evolution at the
higher irradiance. The arrow denotes that O, concentration was largely at equilibrium at the maximum rate of photosynthesis. (b) Mean
change in the cell surface O,. Error bars show + SD. (c) The trace shows microelectrode measurements of cell surface pH from the
C. granii cell shown in (A). Following illumination, the activity of eCA leads to a substantial rise in cell surface pH, but this increase is
reduced in the presence of 10uM BZA. (d) Mean change in [H*] at the cell surface. Error bars show + SD.
the higher irradiance, with a mean decrease in [H*] irradiances of 50 and 200 pumolphotons- m=2- s re-

of 2.69+0.27nM (Figure 4c,d). The addition of 10pM
BZA inhibited the decrease in cell surface [H*] by
30% + 10% and 56% + 18% at the low and high irradi-
ance levels, respectively.

For the smaller Thalassiosira punctigera cells, light-
dependent elevations in cell surface [O,] were not as
substantial as for Coscinodiscus granii, with mean in-
creases of 6.84+4.0 and 12.78+5.28pumol O, L™ at

spectively (Figure 5a,b). When eCA was inhibited, light-
activated elevations in [O,] at the cell surface decreased
significantly by 32%+15% and 38% +9% at the low
and high irradiances, respectively. The decrease in cell
surface [H*] was 1.40+0.27 nM at the higher irradiance
(Figure 5c¢,d). 10 pM BZA inhibited the decrease in cell
surface [H*] by 54% +11% and 50%+18% at the low
and high irradiance levels, respectively.

85UB017 SUOWILLIOD A1) 8|t [dde 8y} Ag peuseno a8 S9(ole O ‘8s J0 SejnJ Jo} Akeid 7 8uljUO /8|1 UO (SUONIPUD-PUE-SWLB) W00 A8 |1 Afe.d 1 jpuluoy/:SAny) SUORIPUOD PUe SWis | 8y} 89S *[120z/T0/c0] Uo Ariqiauliuo A8|im ‘EoiBojoig sute  feuoeN Aq 9TYET Ad(/TTTT 0T/10p/woo A8 1M ARIq pul|Uo//Sdny Wol) pepeojumod ‘0 ‘L T8862ST



10 KEYS ET AL.
Thalassiosira punctigera (diameter: 41.1 um)
PAR (pmol photons m*s™")
o50 200 HCHN 50 TGN 200 MCHN 50 HCM 50
1 (@) B <CA activity (b)
-t 10 um BZA [ eCA inhib.
40 -
= =
=
3 240 - %
o~ O 30 -
o o
S 235 é
= 230 - ©
8 2 (n=3)
10
225 - ﬁ
220 . ’ . : 0 Iil
0 500 1000 1500 2000 2500

Time (sec)

PAR (umol photons m*s™)

6.1 700 50 JCHN 700 I 50 MM .
! ©)

10 ym BZA

- 6.8
8.16

T
=
o

7.2

8.14 +
7.4

Cell surface pH

8.12 +

8.10 - 8.0

T T T T 8.2
0 500 1000 1500 2000 2500

Time (sec)

(Nu) H @oeuns |20

PAR (umol photons m2 5'1)

0
=4 (n=3)
o
&=
)

3

5 2

(2]

©

o

<
-3 4

50 200

PAR (umol photons m? s™)

FIGURE 5 Microelectrode measurements of photosynthesis in single Thalassiosira punctigera cells. (a) Representative trace from
asingle T. punct/gera ceII showmg cell surface O, during alternating light/dark periods. Two different irradiances were applied (50 and

200 pmol photons - m™2

s7"). The shaded area |nd|cates the addition of 10uM BZA, which has a major impact on photosynthetic O,

evolution at both irradiances. The arrow denotes cell surface O, concentration had not fully reached equilibrium at the higher |rrad|ance in
T. punctigera, which may have led to an underestimation of the rate of photosynthesis at this irradiance. (b) Mean change in the cell surface
O,. Error bars show + SD. (c) The trace shows microelectrode measurements of cell surface pH from the T. punctigera cell shown in (a).
Following illumination, the activity of eCA leads to a substantial rise in cell surface pH, but this increase is reduced in the presence of 10pM

BZA. (d) Mean change in [H™] at the cell surface. Error bars show + SD.

The steady-state concentration of O, at the sur-
face of a photosynthesizing cell is determined by the
combination of the rate of photosynthetic O, evolution
and the rate at which O, diffuses away from the cell.
When the light is turned off, the instantaneous rate of
the decrease in O, is a measure of the rate at which O,
diffuses away from the cell, which is equivalent to the
rate of photosynthetic O, evolution if these processes
have reached equilibrium (Revsbech et al., 1981). We

therefore estimated the extent to which photosynthetic
O, evolution was inhibited by BZA in each species at
the different irradiances. We observed a 26% +2.95%
decrease in photosynthetic rates in Coscinodiscus
granii at 50pmolphotons: m™2: s~ when eCA was
inhibited, while at 200pmolphotons- m2 photo-
synthetic rates decreased by 53% +4.7% (Figure 6a).
For Thalassiosira punctigera, photosynthetic rates de-
clined by 30% +4.9% at 50 pmolphotons- m=2- s™" and
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FIGURE 6 Rates of photosynthetic O, evolution calculated from microelectrode measurements. (a) Mean rates of photosynthetic O,
evolution in Coscinodiscus granii estimated from single-cell microelectrode measurements. Data are shown relative to the untreated control
(eCA present) and following perfusion with 10 M BZA (eCA inhibition) at two irradiances. n=6 cells. (b) Measurements as in (a) but in
Thalassiosira punctigera cells. n=3 and 5 cells for 50 and 200 pmol photons - m=2-s7, respectively.
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FIGURE 7 Comparison of the contribution of eCA to photosynthesis measured by different techniques. (a) Inhibition in the rate of
photosynthetic O, evolution in Coscinodiscus granii caused by the application of eCA inhibitors (10 M BZA). Data from cultures (3-mL vial)
are compared with microelectrode measurements of single cells. (b) As in (a) but for Thalassiosira punctigera.

by 50%+4.15% at 200pmolphotons- m=2- s~ when
eCA was inhibited (Figure 6b). Thus, eCA contributes
significantly to photosynthetic O, evolution in both dia-
toms at both irradiances.

Overall, the results from single cells agree broadly
from those obtained at the population level (Figure 7),
indicating that the single-cell measurements are a re-
liable measurement of photosynthetic activity and that
these large diatoms are not too adversely affected by

the stirring and high cell densities required for the
population level measurements. Direct comparisons
between the two techniques are hampered by diffi-
culties in replicating the irradiances experienced by
individual cells within the different experimental ves-
sels, which may have contributed to the apparent
discrepancy between Thalassiosira punctigera cul-
tures and single cells at 50 pmol photons- m™2- s,
Nevertheless, there is a broad trend of an increased

85UB017 SUOWILLIOD A1) 8|t [dde 8y} Ag peuseno a8 S9(ole O ‘8s J0 SejnJ Jo} Akeid 7 8uljUO /8|1 UO (SUONIPUD-PUE-SWLB) W00 A8 |1 Afe.d 1 jpuluoy/:SAny) SUORIPUOD PUe SWis | 8y} 89S *[120z/T0/c0] Uo Ariqiauliuo A8|im ‘EoiBojoig sute  feuoeN Aq 9TYET Ad(/TTTT 0T/10p/woo A8 1M ARIq pul|Uo//Sdny Wol) pepeojumod ‘0 ‘L T8862ST



12|

KEYS ET AL.

contribution of eCA to photosynthesis at higher pho-
tosynthetic rates (See Appendix S1: Figure S6).
This effect is most pronounced in the larger species,
although it should be noted that only a relatively small
range of species and cell sizes were examined in this
study.

We measured O, evolution in two groups of
Coscinodiscus granii single cells exposed to lower
pH and higher CO, (pH7.65, 52.5uM CO, estimated,
2.25mM total DIC estimated): 1) cells from an am-
bient seawater culture (inoculated at pH8.1) and 2)
cells from a high CO,, culture (inoculated at pH7.65,
acclimated for 48h). At the onset of illumination
(200 pmolphotons- m™2- s7"), we observed similar
rapid increases in cell surface [O,] compared to our
measurements in ambient seawater with typical DIC
values (pH 8.1, 2mM DIC). However, upon application
of 20puM BZA, the rise in cell surface [O,] was only
weakly inhibited, with decreases of 7.6% + 4% for cells
from the ambient seawater culture and 11.9% +9%
for cells pre-acclimated to high CO, seawater (See
Appendix S1: Figure S7a,b). Similarly, photosynthetic
O, evolution was only weakly inhibited by 20 uM BZA.
Photosynthetic rates decreased by 6%+ 10% in C.
granii single cells from the ambient seawater culture
and by 5.7%+5.9% in cells pre-acclimated to ele-
vated CO, (See Figure S7c).

DISCUSSION

Our cellular modeling shows that for small cells the
deficit between diffusive CO, supply and demand is
relatively low, even at high photosynthetic rates. In
contrast, photosynthetic rates have a major impact
on diffusive CO, supply to large cells. It is well es-
tablished that the boundary layer will influence CO,
diffusion to a large cell (Wolf-Gladrow 1997), but our
results demonstrate that we must also consider this
in the context of DIC demand. Although we only ex-
amined three species, our experimental data largely
support our modeling study, illustrating that eCA con-
tributes to photosynthesis in the two large centric dia-
toms at ambient pH and DIC, whereas it did not make
a significant contribution to photosynthesis in the
much smaller Skeletonema dohrnii cells. Moreover,
Coscinodiscus granii exhibited a greater reliance
on eCA to support higher photosynthetic rates at
increased irradiances, suggesting that the deficit in
diffusive CO, supply was met primarily by eCA. As
this effect was observed in single cells within a short
time period (minutes), our results demonstrate how
eCA can be used by C. granii to rapidly modulate DIC
uptake following changes in DIC demand. A similar
effect was also apparent in Thalassiosira punctigera,
although the increase in the contribution of eCA at the
higher irradiances was much smaller.

Although our results indicate a substantial require-
ment for eCA in two large diatom species, several
previous studies did not identified a clear relationship
between cell size and eCA activity in diatoms. No cor-
relation was seen between eCA activity and surface
area to cell volume ratio in a survey of 17 diverse di-
atom species (Martin & Tortell, 2008). Examination of
six centric diatoms with a cell radius between 3 and
67 um showed that eCA activity does increase with
cell size, although inhibiting eCA revealed no overall
relationship between cell size and the extent of inhi-
bition of photosynthesis (Shen & Hopkinson, 2015).
Moreover, this study only identified a significant de-
crease in photosynthetic rate of Thalassiosira punc-
tigera and Coscinodiscus wailesii due to inhibition of
eCA at low CO, conditions (0.5mM DIC, pH=8.4, CO,
1.2M) and not at ambient DIC (2mM DIC, pH8.2, CO,,
8.5uM; Shen & Hopkinson, 2015). This contrasts with
our results but may relate to the different techniques
used to assess photosynthesis (carbon fixation vs. O,
evolution).

Under ambient DIC conditions, we did not observe
a substantial contribution of eCA to photosynthesis in
Skeletonema dohrnii, although it is likely that eCA is
used by smaller diatoms under conditions where DIC
becomes depleted. Nimer et al. (1998) observed light-
dependent activation of eCA in S. costatum at an ir-
radiance of 100 umolphotons- m™2-s™", but only when
CO, was less than 5uM. Further work on S. costatum
showed that eCA was detectable by light activation
in cell cultures grown at 4upM CO, but not at 12 and
31uM CO,, with a 2.5-fold increase in eCA activity ob-
served at an irradiance of 210 compared to 30pmol
photons - m™2- s™' (Chen & Gao, 2003). This further
demonstrates the effect of irradiance on DIC demand,
even in small diatoms. Other work on smaller diatoms
also reported that eCA inhibition reduced photosyn-
thetic rates only at low CO, concentrations and not at
typical seawater values in the diatoms Thalassiosira
pseudonana, T. weissflogii, and S. costatum (Burkhardt
et al., 2001; Hopkinson et al., 2013; Rost et al., 2003).

Diatoms use multiple strategies to overcome the
diffusive supply of CO, to the cell surface (Tsuiji
et al., 2017), with different species increasing either
eCA activity or direct HCO; uptake when diffusive
CO, supply becomes limiting (Burkhardt et al., 2001,
Martin & Tortell, 2006; Trimborn et al., 2008). It is
important to note that our study has only examined
whether the requirement for eCA differs in response
to a change in DIC demand, and we have not exam-
ined whether there is also a change in the proportion
of DIC taken up as HCOj3. Although the application of
inhibitors to assess the contribution of eCA to diatom
photosynthesis has been used extensively (Burkhardt
et al., 2001; Elzenga et al., 2000; Iglesias-Rodriguez
& Merrett, 1997; Martin & Tortell, 2008; Moroney
et al.,, 1985; Nimer et al., 1998; Rost et al., 2003),
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this approach is subject to a number of key assump-
tions. The first of these relates to the specificity of
the inhibitor and its site of action. Acetazolamide and
benzolamide are assumed to act only on extracel-
lular CAs as they are poorly membrane-permeable.
Hopkinson et al. (2013) observed no detectable
inhibition of intracellular CAs by AZ or DBAZ in
Thalassiosira pseudonana or T. weissflogii in short-
term studies, supporting this assumption. Another
critical assumption is that the reduction in photosyn-
thetic rate caused by eCA inhibition is a direct mea-
sure of the contribution of eCA to total DIC uptake.
This approach requires that inhibition of eCA has no
impact on the other mechanisms of DIC uptake, i.e.,
that an alternative mechanism such as direct HCO3
uptake is not activated in order to compensate for the
lack of eCA activity. Our previous study using pH and
Cog‘ microelectrodes in the large diatom Odontella
sinensis provided some evidence to suggest that di-
rect HCO3 uptake was stimulated following inhibition
of eCA (Chrachri et al., 2018). If this is the case in
other species, then many studies that rely on eCA in-
hibition (including the current study) may have under-
estimated the contribution of eCA to photosynthetic
DIC uptake.

Variability in response, requirement for
rapid modulation

Diatoms exist in diverse and highly variable environ-
ments where significant variability in DIC supply and
demand may be imposed by fluctuations in irradiance,
temperature, nutrient supply, and carbonate chemistry
of natural seawater (Broekhuizen et al., 1998; Kitidis
et al., 2012; Macintyre et al., 2000). However, many of
these parameters change relatively slowly, over time-
scales of hours to days. For example, changes in nutri-
ent loads typically occur over relatively longer periods
(days to seasons) in many marine systems (Holmes
et al., 1989). Likewise, due to seawater's capacity for
high levels of latent heat, temperature variations in
surface oceans occur primarily on daily to seasonal
timescales (Roberts et al., 2016). The concentration of
CO, in seawater can also fluctuate, driven by seasonal
changes due to physical processes or changes over
shorter timescales due to biotic influences, such as
CO, drawdown during a phytoplankton bloom. Carbon
dioxide concentrations in productive coastal waters
can range between 30 and 6 M (Kitidis et al., 2012;
Kranz et al.,, 2015), so enhanced eCA activity may
be particularly important at the end of phytoplankton
blooms when CO, concentrations can be significantly
reduced below typical concentrations. Diatoms can re-
spond to changes in CO, availability over these time-
scales by increasing their ability to utilize HCOg, via
increased eCA activity and/or increased direct HCOZ

uptake (Iglesias-Rodriguez & Merrett, 1997; Rost
et al., 2003). However, diatom cells must also respond
to changes in DIC demand over much shorter time-
scales. Phytoplankton are subjected to rapid changes
in both the intensity and spectral quality of light within
minutes, seconds, or even milliseconds (Schubert &
Forster, 1997). Changes in irradiance will have a near-
instant effects on rates of photosynthetic electron
transport and the demand for DIC to support carbon
fixation. There remains very little understanding of how
the activity of the CCM responds to changes in pho-
tosynthetic rates on these timescales. The magnitude
and frequency of the changes in irradiance encoun-
tered by phytoplankton cells in the surface ocean, par-
ticularly in areas of turbulent mixing or with intermittent
cloud cover, suggests that an ability to modulate DIC
uptake on these timescales is a primary requirement of
the diatom CCM.

Both of the larger diatoms in our study, Coscinodiscus
granii and Thalassiosira punctigera, appeared to be
better suited to conditions of low irradiance, exhibiting
optimal growth rates at 50 pmolphotons- m=2- s~'. This
corresponds with observations from the station L4 time
series, where both these species are predominately
found at low irradiances. In their natural environment
(i.e., standard seawater carbonate chemistry and low
irradiance), the requirement for eCA will be relatively
low in both species due to the lower rates of photo-
synthesis. However, the presence of eCA in these cells
ensures that the CO, concentration at the cell surface
does not become depleted, even if photosynthetic rate
and consequently DIC demand rapidly increase, due
to increased irradiance. Thus, eCA can be utilized
dynamically to meet the increased demands for DIC
uptake and prevent the limitation of DIC supply (Yan
et al., 2018).

Larger cell sizes in diatoms are associated with
lower maximum growth rates (when determined for
nutrient-replete cultures at a given irradiance level;
Geider et al., 1986). This has been attributed to a
reduced ability of large diatoms to harvest light effi-
ciently, due in part to the self-shading of pigments in
large cells (the package effect), which leads to a lower
photosynthetic rate per unit chlorophyll (Finkel, 2001;
Geider et al., 1986). However, energetic costs asso-
ciated with DIC uptake may also contribute to lower
maximum growth rates at high irradiances, as these
would be much greater in larger cells. Interestingly,
the proportion of total cellular nitrogen attributed to
RuBisCO for CO, fixation is also much greater in large
diatoms, which may relate to differences in the sup-
ply of CO, to RuBisCO in larger cells (Wu, Campbell,
et al.,, 2014). The combination of these factors may
mean that large diatoms are better suited to lower ir-
radiances. For example, a small number of non-CCM
macroalgal species exhibit exclusive CO, diffusive
uptake (Raven et al., 1995) with a corresponding low
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light spatial distribution in deep habitats or beneath
dense canopies where carbon demands of individuals
are lower (Cornwall et al., 2015; Hepburn et al., 2011;
Lovelock et al., 2020).

Elevated CO,

Ongoing increases in seawater CO, concentrations
are likely to become a feature of future oceans, though
cellular model simulations have indicated that eCA will
still be required by large diatoms even at elevated CO,,
albeit at a lower level of activity (Chrachri et al., 2018).
We confirmed this experimentally, with observations
(in the absence of eCA) of a marked decrease in the
level of inhibition of light-activated elevations in [O,]
and photosynthetic rates in Coscinodiscus granii sin-
gle cells when CO, was elevated. Increasing CO, in
the inorganic carbon system clearly resulted in restor-
ing affinity for CO, in the absence of eCA, though a
low requirement for eCA was evident. This may lead to
reduced energy demands on eCA resulting in resource
allocation to other cellular processes such as growth.
Observations of growth responses in a range of dia-
toms under elevated CO, showed a growth enhance-
ment of ~5% in small centric diatoms (Thalassiosira
pseudonana, T. guillardii, and T. weissflogii), while
growth rates increased by ~30% in the larger T. punc-
tigera and C. wailesii (Wu, Campbell, et al., 2014).
Additionally, a recent modeling study has suggested
that intermediate-size diatoms might benefit the most
from CO, enrichment, as the CO, supply to small cells
is not limiting under ambient CO, whereas larger cells
utilize a larger proportion of HCO3 uptake and, there-
fore, will not benefit as much from increased CO,
concentrations (Zhang & Luo, 2022). This model also
considers how the energetic cost of direct HCOj; uptake
may lead to lower growth rates in larger cells, but the in-
terpretation of these findings is complex, and it is clear
that a greater understanding of the operation of the dia-
tom CCM is necessary before we can accurately model
the response of individual species and communities to
changes in seawater CO,. Notably, a synthesis of the
effect of CO, enrichment on natural diatom communi-
ties demonstrated a shift to larger cell sizes in 12 out of
13 experiments in which cell size was reported, indicat-
ing that large cells respond positively to short-term CO,
addition (Bach & Taucher, 2019).

Summary

Our data support a role for eCA in enhancing the sup-
ply of CO, to the cell surface by rapidly catalyzing the
conversion of HCO; to CO,. We observed a trend of
increasing inhibition of photosynthesis with increasing
cell size and photosynthetic rate in the absence of eCA

among three diatoms of contrasting size, which sup-
ports the findings of our cellular model. Together, our
data indicate that the requirement for eCA is strongly
driven by changes in DIC demand, which has important
implications for future studies comparing the operation
of the diatom CCM among species or at different sea-
water carbonate chemistries.
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