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Membrane permeabilities to CO; and HCOj;™
constrain the function of CO; concentrating
mechanisms that algae use to supply inorganic
carbon for photosynthesis. In diatoms and green
algae, plasma membranes are moderately to highly
permeable to CO; but effectively impermeable to
HCO;3; . Here, CO; and HCOj3; membrane
permeabilities were measured using an 180.
exchange technique on two species of haptophyte
algae, Emiliania huxleyi and Calcidiscus leptoporus,
which showed that the plasma membranes of these
species are also highly permeable to CO. (0.006-
0.02 cm - s ) but minimally permeable to HCO3; .
Increased temperature and CO; generally increased
CO; membrane permeabilities in both species,
possibly due to changes in lipid composition or COy
channel proteins. Changes in CO; membrane
permeabilities showed no association with the
density of calcium carbonate coccoliths surrounding
the cell, which could potentially impede passage of
compounds. Haptophyte plasma-membrane
permeabilities to CO, were somewhat lower than
those of diatoms but generally higher than
membrane permeabilities of green algae. One
caveat of these measurements is that the model
used to interpret '®O-exchange data assumes that
carbonic anhydrase, which catalyzes 18O-exchange, is
homogeneously distributed in the cell. The
implications of this assumption were tested using a
two-compartment model with an inhomogeneous
distribution of carbonic anhydrase to simulate '*O-
exchange data and then inferring plasma-membrane
CO; permeabilities from the simulated data. This
analysis showed that the inferred plasma-membrane
CO; permeabilities are minimal estimates but
should be quite accurate under most conditions.
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Marine phytoplankton are highly diverse and
include cyanobacteria and eukaryotic members from
distinct, deeply diverged evolutionary lineages (Falk-
owski et al. 2004). When these lineages diverged,
oceanic COy concentrations were sufficiently high
to saturate carbon fixation rates by RuBisCO, the
slow, low-affinity yet ubiquitous enzyme that cat-
alyzes entry of COg into the Calvin cycle (Raven
1991, Tcherkez et al. 2006). However, COs concen-
trations subsequently declined driving evolution of
COgq concentrating mechanisms (CCMs) that work
to elevate the concentration of COs around
RuBisCO accelerating COs fixation rates (Raven
et al. 2011, 2012). CCMs appear to have evolved
independently in many phytoplankton lineages and
likely have different functional architectures.
Despite this, nearly all CCMs employ two primary
components: bicarbonate transporters and carbonic
anhydrases (Reinfelder 2011). CCMs must operate
under the biophysical constraints imposed by lipid
membranes, namely that small, uncharged mole-
cules like COq easily pass through lipid bilayers,
whereas lipid bilayers block passage of charged
molecules like HCO3™.

In eukaryotic phytoplankton, the structure and
molecular components of the CCM have been most
well studied in the model diatom, Phaeodactylum tri-
cornutum, providing an example of how CCMs func-
tion (Hopkinson et al. 2016, Matsuda et al. 2017).
Phaeodactylum tricornutum actively imports


https://orcid.org/0000-0002-0844-0794
https://orcid.org/0000-0002-0844-0794
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjpy.13017&domain=pdf&date_stamp=2020-06-15

2 BLANCO-AMEIJEIRAS ET AL.

bicarbonate into the cell via membrane-embedded
transporters and COq passively diffuses into the cell
through membranes. The inward COs gradient is
driven by active export of HCOs~ from the cyto-
plasm and into the chloroplast, combined with the
action of intracellular carbonic anhydrase that works
to equilibrate COy and HCOs~ (Hopkinson et al.
2011). Once in the chloroplast, HCO3™ is trans-
ported into the acidic thylakoid membranes, appar-
ently being directed to the portion of the thylakoid
that penetrates the pyrenoid, a proteinaceous com-
partment where the bulk of cellular RuBisCO is
located. A carbonic anhydrase in this pyrenoid-pene-
trating thylakoid catalyzes the conversion of HCOs™
to COg, which then diffuses out into the pyrenoid
where it is fixed by RuBisCO (Kikutani et al. 2016).
Confinement of RuBisCO to a discrete compart-
ment is necessary to maintain an efficient CCM,
since COy easily diffuses through membranes. While
the details of CCM function are likely different in
other phytoplankton, the CCM of P. tricornutum
illustrates the complicated interplay between DIC
forms (CO9 and HCOs3 ) as interconverted by CA,
diffusive and active fluxes, and spatial segregation
that combine to form a functional, efficient CCM.
Haptophyte CCMs are not as well understood as
those of diatoms or cyanobacteria, due in part to
the lack of a genetic manipulation system. However,
physiological and genetic studies of haptophyte
CCMs, primarily in the coccolithophore Emiliania
huxleyi, have shown they acquire both COs and
HCO3  from the environment (Rost et al. 2003)
and possess carbonic anhydrase to facilitate DIC
processing (Elzenga et al. 2000, Rost et al. 2003,
Soto et al. 2006). Many haptophytes have a pyrenoid
where the bulk of carbon fixation presumably takes
place using RuBisCOs with generally lower Kps
(~15—24 uM COy) than diatoms (Heureux et al.
2017). These characteristics indicate haptophytes do
not need to elevate internal COs concentrations as
high as diatoms do to saturate photosynthesis.
Despite this, photosynthesis is often not fully satu-
rated with DIC at ambient COs, suggesting that hap-
tophytes may operate weak CCMs (Reinfelder 2011).
Coccolithophores, a type of haptophyte, also must
acquire and process DIC to build the coccoliths that
cover their exterior. It is unclear to what extent car-
bon acquisition and processing for photosynthesis
and calcification are coupled in coccolithophores.
Although there has long been speculation that COs
is produced by calcification and used to support
photosynthesis, there has been little experimental
evidence that support this (Monteiro et al. 2016).
Since CCMs orchestrate DIC flows in phytoplank-
ton cells, they have an important influence on the
*C isotopic composition of fixed carbon. The "°C
signature of bulk organic matter and individual con-
stituents are important archives used to help inter-
pret modern and paleo-oceanic  conditions
including COy concentrations (Bidigare et al. 1999,

Pagani 2014). Consequently, a better understanding
of CCMs has been sought for paleo-oceanographic
considerations.

CCM structure is closely linked to the permeabil-
ity of membranes to COy and HCO3 . Because COq
is a small, uncharged molecule, it easily passes
through membranes (Gutknecht et al. 1977, Missner
et al. 2008), though the exact permeability of mem-
branes to COs can be modified by lipid composition
and COg channels such as certain aquaporins
(Endeward et al. 2014). The ability to passively move
through membranes makes diffusive influx of COs
an energetically cheap way to acquire COs, but cre-
ates challenges for the CCM’s ultimate purpose of
concentrating GOy around RuBisCO. To minimize
diffusive loss of CO9, RuBisCO is often confined to
a small compartment (the pyrenoid or car-
boxysome), which in the case of cyanobacteria is
covered in a protein shell and resists passive COq
efflux (Rae et al. 2013, Turmo et al. 2017). In con-
trast, HCO3™ is charged and so cannot passively dif-
fuse through membranes. HCOj3  transit across
membranes requires an active transporter (Romero
et al. 2004, Parker and Boron 2013), expending
energy, but a positive aspect of this inability to pass
through membranes is that high concentrations of
HCOg3™ can be built up in the cell. High concentra-
tions of HCOs™ can then be equilibrated with COq
in confined spaces via CA to generate high COsq
concentrations, as occurs in cyanobacterial and
eukaryotic CCMs (Raven 1997, Price et al. 2008,
Kikutani et al. 2016).

The overall permeability of cellular membranes to
COgy and HCOg™ can be affected by both the mem-
brane’s protein and lipid composition. Lipid bilay-
ers are generally highly permeable to COgy, but high
cholesterol content has been shown to substantially
reduce COy permeability in animal membranes (Itel
et al. 2012). Although somewhat controversial, it
appears that some transmembrane channels, primar-
ily certain aquaporins, facilitate COo diffusion
through membranes (Verkman 2002, Endeward
et al. 2014). A tobacco aquaporin (AQP1) has been
shown to increase membrane permeability to COq
in vitro and repression of this aquaporin reduced
stomatal conductance indicating it helps supply COq
for photosynthesis (Uehlein et al. 2003). Similarly,
over-expression of a diatom aquaporin led to
increased COgy permeability of the plasma mem-
brane suggesting the protein helps facilitate COsq
influx for carbon fixation (Matsui et al. 2018).

The permeability of phytoplankton membranes to
COgy and HCO3™ has been measured in several spe-
cies of diatoms and green algae (Tu et al. 1986,
Siiltemeyer and Rinast 1996, Hopkinson et al
2011), but has not yet been directly measured in
any haptophyte taxa. Here we report direct mea-
surements of plasma-membrane permeability to COq
and HCOg3™ in two species of haptophytes, the coc-
colithophores  Emiliania  huxleyi and  Calcidiscus
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leptoporus. The effects of varying temperature
and COy on membrane permeabilities are also
assessed.

MATERIALS AND METHODS

Experimental organisms and culture conditions. Two com-
monly occurring marine coccolithophores were obtained
from the Roscoff Culture Collection: FEmiliania huxley:
RCC1258 (a pelagic strain isolated off the Portuguese coast
in 1998) and Calcidiscus leptoporus RCC 1130 (a pelagic strain
isolated off the South Africa coast in 2000). Cultures were
maintained in enriched natural seawater media prepared
from 0.2 um filtered natural seawater (Acropak filtration car-
tridge), amended with Aquil nutrients, trace metals, and vita-
mins (Price et al. 1988), and sterilized by autoclaving.
Incubations were performed in 1L polycarbonate bottles at
both 14 and 22°C in temperature controlled, lighted incuba-
tors (Percival Scientific) equipped with cool white fluorescent
tubes (Alto II"™ Technology), where photosynthetically active
radiation (PAR) was 220 4 32 umol photons - m2 . s
under a 14:10 h light:dark cycle. Emiliania huxleyi and C. lepto-
porus are cosmopolitan species found under a wide range of
environments conditions. The temperatures and light levels
employed here are within those commonly experienced in
these species’ natural habitats (Renaud et al. 2002, Read
et al. 2013).

The seawater carbonate system was manipulated through
continuous bubbling with air/COy mixtures of either 1,000
or 150 ppm COy, without direct modification of culture dis-
solved inorganic carbon (DIC) or alkalinity conditions. Cul-
ture media was bubbled for at least 12 h before cell
inoculation. To ensure that bubbling was sufficient to achieve
equilibrium between the bubbled air/CO, and the media
DIC systems, culture pH was measured on the total hydrogen
ion scale using Thymol Blue (Zhang and Byrne, 1996) and
compared with expected values for equilibrium. All pH values
reported are on the total hydrogen ion scale for use in seawa-
ter DIC calculations (Zeebe and Wolf-Gladrow 2001). Initial
and final DIC concentrations were also measured for all cul-
tures. DIC concentrations were measured using a membrane
inlet mass spectrometer (MIMS; PFEIFFER Vacuum) by acidi-
fying 0.2 pm filtered (Millipore syringe filter unit) media
samples to pH ~4.5 using 20 mM of citric acid buffer and
making 4 standard additions of 500 pM DIC.

Cells were acclimated to experimental COy manipulations
at 14°C for at least eight generations and were acclimated to
22°C for at least five generations in diluted semi-continuous
batch cultures (cell density was maintained below 70,000 cell
- mL™" for Emiliania huxleyi and 15,000 cells - mL™" for
Calcidiscus leptoporus). After acclimation, three biological repli-
cates of experimental cultures were incubated for each spe-
cies at target environmental conditions as described above,
and cells were harvested in the exponential growth phase.
Culture densities and sizes were tracked daily using a
Beckman Coulter Z2 Coulter Particle Counter and Size
Analyzer. Presence of unwanted prokaryotes and eukaryotes
was not detected in the cultures during routine examination
using a light microscope (OLYMPUS BH-2).

Membrane permeabilities. Membrane ]l)ermeabilities to COq
and HCOs  were measured with an '®O-exchange method
using MIMS (Tu et al. 1978, Hopkinson et al. 2011). In this
approach, DIC is labeled with '®0O, which is gradually
exchanged for '°0 in water as COs/HCO;3  undergo hydra-
tion/dehydration cycles. The enzyme carbonic anhydrase
(CA) catalyzes COy hydration/HCOs  dehydration and so
accelerates the rate of '®O-exchange. Cells typically contain
intracellular CA, which can only be accessed by extracellular

COy and HCO3  (and so accelerate 180 removal) if these
species can pass through the membranes separating internal
CA from extracellular "O-labeled DIC. Assays are conducted
in the dark to minimize active inorganic carbon transport.

The time course of '®O removal is monitored by MIMS
and COy and HCOs™ membrane permeabilities can be deter-
mined by quantitative analysis of this data. Details of the
model used to interpret the data are found in Hopkinson
et al. (2011), but key features of the model are that it treats
the inside of the cell as a single homogeneous compartment
containing CA, separated from external, labeled '*0-DIC by a
membrane as illustrated in Figure 1. All fluxes are treated as
first order with respect to COy/HCOs™ concentrations. The
rate constants describing COs and HCO3™ fluxes into the cell
(cellular transfer coefficients: f, f,) include the effects of (a)
transfer through the diffusive boundary layer (feppr, fo-pDBL)
and (b) transfer through the membranes separating CA from
the external environment (fepm, fo-m). The effect of the diffu-
sive boundary layer can be calculated assuming the cell is
spherical (Pasciak and Gavis 1974):

fDBL =4nRD

where R is the radius of the cell and D is the diffusion coeffi-
cient for either COs (to calculate f.ppr), or HCO3™ (to calcu-
late f,pgr)-

Knowing f.ppr, and f,ppr, the membrane permeability can
then be determined by considering the overall cellular trans-
fer coefficient as the result of two transfer processes in series:

111
fe  fe-DBL  feem
Jem
p, =l
A

where P, is the membrane permeability to COy and A is the
cell surface area (Hopkinson et al. 2011). Analogous equa-
tions can be used to calculate the membrane permeability to
HCOg3™.

bulk solution surface

Fic. 1. Diagram of the model used to interpret '*O-exchange
data. "®O-labeled COs and HCO; ™ in the bulk solution (moni-
tored by MIMS) must first pass through the cell’s diffusive bound-
ary layer to the cell surface (fppr, fonpr). Then, COs and
HCO;3 ™ must pass through the cell membrane (fo,, fiom) to enter
the cell where carbonic anhydrase is present, accelerating '*O-ex-
change with '°O in water. The combined effect these two pro-
cesses (f, f,) can be measured by quantitative analysis of 'O-
exchange data.
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To conduct the '®O-exchange assay, the chamber of the
MIMS was loaded with assay buffer consisting of DICHree arti-
ficial seawater with 20 mM Tris buffer matching the pH of
the culture conditions (pH 7.78 for 1,000 ppm COs cultures
and pH 8.26 for 150 ppm COj cultures). 2 mM '*O-,"*C- DIC
(98% '3C, 97% '80) was added to the chamber and allowed
to undergo uncatalyzed hydration/dehydration for ~10 min
to determine the background rate of hydration/dehydration.
Although preliminary experiments indicated these coccol-
ithophore species expressed little to no extracellular CA,
50 pM dextran-bound acetazolamide (DBAZ) was added as
an extra precaution to inhibit any extracellular CA activity.
An aliquot of the experimental cultures was concentrated by
gentle (<5 in Hg) vacuum filtration onto a 3 um polycarbon-
ate membrane filter (Whatman Cyclopore), resuspended in
assay buffer, and a portion of the cell suspension was added
to the MIMS chamber after the 10 min background period.
®0-exchange in the presence of cells was then monitored for
~15 min. The cell density was calculated using a Beckman
Coulter Z2.

Particulate inorganic carbon. The particulate inorganic car-
bon (PIC) content of selected coccolithophore cultures was
determined by measuring acid-labile Ca®" and assuming it
was derived from CaCOs. A 50 mL aliquot of culture was
gently filtered (<5 in Hg) onto a 3 um polycarbonate mem-
brane filter (Whatman Cyclopore) and stored at —20°C.
The filters were then immersed in 2 mL of 2% nitric acid
for 24 h to dissolve CaCOgs and the nitric acid was col-
lected. The concentration of Ca®" retained in the nitric
acid was measured using Inductively Coupled Plasma Mass
Spectrometry (Agilent 8800 ICP-QQQ-MS). Culture cell
numbers and size were determined using a Coulter Coun-
ter Z2 and PIC content was normalized to cell number or
surface area.

Two-compartment  simulation. A two-compartment model
was used to generate simulated '*O-exchange data to assess
the potential effects of subcellular compartments (chloro-
plast, mitochondrion) on inferred plasma-membrane COs
permeabilities. As diagrammed in Figure 2, the model con-
sists of the bulk solution, an outer compartment, and an
inner compartment. Both the compartments contain CA,
potentially with different activities (outer: k. inner: k),
and transfers between the bulk solution and the outer com-
partment are controlled by transfer coefficients (f., f,), as
are transfers between the outer and inner compartments
(fexs Jox). The size, surface area, and plasma-membrane
permeabilities for COy and HCOg~ were set to typical val-
ues measured for FEmiliania huxleyi. The inner compart-
ment’'s HCOg™ transfer coefficient (f,,) was set to a
constant low value (1 x 1072 cm® - s71) based on results
presented below showing that plasma-membrane HCOj3™
permeabilities are very low or indistinguishable from zero.
kee was varied from low values to values typically measured
in Emiliania huxleyi. f.« and k. were varied over several
orders of magnitude covering all relevant possibilities. The
"®0-exchange data simulated using this model was then
analyzed using the standard one-compartment model to
infer plasma-membrane permeabilities to COy and HCO3™
(Tu et al. 1978, Hopkinson et al. 2011).

RESULTS

Culture DIC conditions. As shown in Table 1, target
pH/COy concentrations were generally achieved,
although the low COgy treatments’ pH did not quite
reach target values. Nonetheless, there was clear sep-
aration between treatments and DIC conditions
were maintained throughout the culture period.

bulk solution

Fic. 2. Diagram of two-compartment model used to assess the
effects of an inhomogeneous CA distribution on inferred plasma-
membrane COy permeabilities.

Membrane permeabilities. ]SO-exchange experiments
were conducted to assess the permeability of hapto-
phyte membranes to CO, and HCOg3 . These experi-
ments were conducted in the dark to minimize active
inorganic carbon transport and isolate the effects of
passive fluxes across membranes allowing inference
of membrane permeabilities. Analysis of 1B0-ex-
change data showed that the one-compartment
model was able to fit the data well (Fig. 3). However,
a few samples were removed due to poor model fit,
generally when cell numbers or CA activity were low
leading to minimal acceleration of 80 removal after
cell addition. A total of 47 samples were analyzed to
determine membrane permeabilities among the two
species and four treatments (n = 3-10).

Cellular COq transfer coefficients (f.) were signifi-
cantly affected by species ANOVA, Fj,45 = 18.5,
(P<1x 107, temperature (ANOVA, Fs5 45 = 24.6,
P<1x107", and COs treatment (ANOVA,
Fs43 =53, P<0.05) as determined by one-way
analysis of variance (ANOVA). Post-hoc Tukey HSD
tests (Fig. 4A) confirmed that f. for Calcidiscus lepto-
porus was generally higher than that of Emiliania
huxleyi, and that C. leptoporus had especially high f.
in the high temperature and high COy treatment.

Membrane permeabilities (P.) were significantly
affected by temperature (ANOVA, F,40 = 19.5,
P<1x10% and COs treatment (ANOVA,
Fy40 =78, P<0.05), and there was a significant
interaction between temperature and COgo (ANOVA,
F440 = 0.01, P<0.05) as determined by ANOVA
analysis. In contrast to f;, membrane permeabilities
were not significantly different between species
(P> 0.05; Fig. 4B).

Cellular HCOgs ™~ transfer coefficients (f,) and
membrane permeabilities (P},) were near or below
the limit of detection for the method. Model param-
eters (including f,) are determined through opti-
mization of the model fit to '®O-exchange data. As
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TapLe 1. Culture DIC conditions. Reported values are means + standard deviations. pHe,,: expected pH given COq treat-

ment; t0: initial culture conditions; tf: final culture conditions

Treatments pH DIC (mM) COq (M)

CO; (ppm) Temp (°C) pHexp t0 tf t0 tf t0 tf

150 14 8.39 8.26 £+ 0.02 8.26 + 0.03 1.90 £ 0.24 1.90 £ 0.02 8.3+ 1.3 82 £ 0.6
1,000 14 7.69 7.85 + 0.16 7.64 + 0.08 2.46 + 0.06 2.19 + 0.19 25.0 + 8.7 35.7 + 3.8
150 22 8.37 8.26 £+ 0.02 8.26 + 0.03 1.91 £+ 0.17 1.87 £+ 0.08 59 + 0.7 81+19
1,000 22 7.69 7.75 £+ 0.07 7.69 + 0.03 221 +£ 0.14 2.10 + 0.08 33.6 £ 4.0 36.4 £ 2.2
150 14 8.39 8.32 + 0.01 8.24 4+ 0.00 1.94 + 0.05 2.04 + 0.19 7.1+ 0.3 9.3 £ 0.8
1,000 14 7.69 7.68 + 0.13 7.59 £ 0. 2.24 + 0.34 2.22 + 0.04 39.8 + 5.7 49.1 + 12.0
150 22 8.37 8.31 + 0.07 8.28 £+ 0.04 1.80 £ 0.12 1.91 £ 0.03 54 + 0.2 6.6 + 2.6
1,000 22 7.69 7.70 £+ 0.07 7.55 £+ 0.04 2.42 + 0.03 2.61 + 0.07 34.6 + 5.7 53.0 £ 5.6

part of this procedure, the error in model parame-
ters for each sample is estimated through the extent
to which changing the model parameter away from
the best fit value increases model-data error. The
errors in individual determinations of f, were often
larger than the value of f,, indicating that its value
was not significantly different from zero, and in all
cases these errors were a substantial fraction of f,
averaging 170 + 470%. In contrast, fitting errors for
Jo averaged 5.4 + 4.5%. Consequently, the fitting
errors were propagated to calculate the mean and
standard deviations for f, and P;, as shown in Fig-
ure 5. For most treatments, the mean of f, and Py,
was not significantly different from zero and in all
cases f, and Py, are ~1,000-fold lower than f. and P..
No further statistical analyses were conducted
because in many cases samples converged to extre-
mely similar, low f, values, an artifact of optimiza-
tion. Conducting statistical analyses on these
artifactually similar values would give misleading
results.

Particulate inorganic carbon. PIC per cell was signif-
icantly affected by species (ANOVA, F,;7; = 22.5,
P <0.001) and COy (ANOVA, F4 7 = 5.3, P<0.05)
as determined by ANOVA analysis. However, post-
hoc Tukey HSD tests showed differences between
species were most notable among individual treat-
ments with PIC per cell being higher in the larger
Calcidiscus leptoporus (Fig. 6). PIC per unit surface
area was not significantly affected by species, COy,
or temperature as determined by ANOVA analysis.

Two-compartment model simulations. To assess the
implications of a potentially inhomogeneous distri-
bution of CA inside the cell, a two-compartment
model, containing different CA activities in each
compartment, was developed and used to simulate
180-6)(change data (Fig. 2). The simulated 180-ex-
change data were then analyzed with the one-com-
partment model (Fig. 1) that is used to analyze
actual data. Inferred membrane permeabilities were
compared with values used in the simulation. In the
two-compartment model, the outer compartment
represents the plasma membrane and cytosol, and
the second compartment, contained within the
outer compartment, represents a subcellular com-
partment such as the chloroplast or mitochondrion.

Comparison of the inferred plasma-membrane
COgy permeability with the value imposed in the sim-
ulation shows that the inferred permeability repre-
sents a minimal estimate of the actual value
(Fig. 7). In the simulations, the imposed plasma-
membrane permeability (outer compartment) was
held constant at 0.09 cm - sfl, in the middle of the
measured range, while the inner compartment’s CA
activity (kegx) and transfer coefficient (f.x) were
varied systematically. The transfer coefficient
combines surface area and membrane permeability
(fox = Pex x SAy);  therefore, variation in this
parameter can be interpreted as reflecting changes
in either component.

Simulations were run at four different CA activi-
ties for the outer compartment (k. = 50—400 - sh.
The inferred plasma-membrane COy permeability is
accurately recovered, with some noise due to opti-
mization vagaries, when CA activity is high in the
outer compartment (Fig. 7C and D). Under these
circumstances, most of the 80dabel is removed
within the outer compartment, masking the inner
compartment. Even when the outer compartment’s
CA activity is low, the presence of the inner com-
partment only alters the inferred plasma-membrane
permeability when the CA activity of the inner com-
partment (k) is high and when the transfer coeffi-
cient of the inner compartment (f.) is moderately
lower than the transfer coefficient of the outer com-
partment (Fig. 7A and B). When f is very low, the
inner compartment is effectively closed off and not
accessible to '®O-labeled DIC. Conversely, when fi.
is much higher than the outer compartment’s trans-
fer coefficient (f.), exchange between the inner and
outer compartment is fast relative to exchange
between the outer compartment and the bulk solu-
tion and so the two compartments are effectively
one. In this case, the permeability of the less perme-
able membrane, the outer membrane, is recovered
by the one-compartment model fit. Only when f., is
comparable to f. do the two compartments interact,
and the one-compartment fit is detecting a mixture
of the outer and inner compartment membrane
permeabilities. Nonetheless, the inferred plasma-
membrane permeability is always a minimal estimate
and under the range of parameters tested the
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Fic. 8. Examples of '®O-exchange data/model agreement in
(A) Emiliania huxleyi and (B) Calcidiscus leptoporus. Circles repre-
sent data points and lines are the model fit after addition of cells
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inferred permeability was at worst half that of the
actual permeability.

DISCUSSION

Membrane permeabilities to COy and HCO3™ are
an important constraint on CCM function and
affect the carbon isotope composition of organic
matter, a widely used paleo-oceanographic tracer.
However, there have been few determinations of
COgy and HCO3  membrane permeabilities in algae
and none from haptophyte algae. To determlne
plasma-membrane permeabilities, we used an '*O-
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Fic. 4. (A) Cellular COy mass transfer coefficients and (B)
COy membrane permeabilities. The labels on the xaxis indicate
temperature (14 or 22°C) and COs (150 or 1,000 ppm) treat-
ments. Treatments with significantly different means, as assessed
with a Tukey HSD test, are labeled with a different letter.

exchange method in which intracellular CA r: 8pldly
removes '®O-label from DIC. In order for '®O-la-
beled DIC to encounter CA, it must pass through
intervening8 biological membranes such that the
extent of ~O removal in the bulk solution provides
a measure of membrane permeability. The model
used to analyze '®O-exchange data assumes that the
cell is a spherical, homogeneous compartment sur-
rounded by a single membrane (Fig. 1) and though
the model fits data from both species well (Fig. 3),
it is worth examining these assumptions. The
assumption that the cell is spherical is quite a good
approximation for the coccolithophore species
examined here, with the caveat that they are coated
in coccoliths forming a “coccosphere” surrounding
the cell. The potential effect of the coccosphere on
inferred membrane permeability will be discussed
below. However, it is unlikely that CA is homoge-
neously distributed inside the cell. Localization of
CAs in coccolithophores has been hindered by lack
of a genetic manipulation system, but in other
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C. leptoporus

E. huxleyi

Fic. 5. (A) Cellular HCO3  mass transfer coefficients and (B)
HCO3™ membrane permeabilities. The labels on the x-axis indi-
cate temperature (14 or 22°C) and COs (150 or 1,000 ppm)
treatments.

algae, such as diatoms and green algae, CAs are
found in diverse compartments including the cyto-
plasm, chloroplast, and periplastidal compartment
(Moroney et al. 2011, Matsuda et al. 2017). Conse-
quently, the '®O-exchange signal likely integrates
the effects of multiple intracellular CAs separated
from external, '®O-labeled DIC by a variable num-
ber of membranes (plasma, chloroplast, thylakoid,
etc.).

The effects of inhomogeneous CA distribution on
inferred plasma-membrane COy permeabilities were
explored by simulating '®O-exchange data in a
model in which intracellular CA was differentially
distributed between two compartments and analyz-
ing the simulated data using the standard model
that assumes a homogeneous distribution of CA.
This analysis showed that the inferred plasma-mem-
brane permeabilities are minimum estimates, but

A

PIC (pmol-cell)

o
S
(e

PIC (pmol-um-2)
o
S
>

C. leptoporus

E. huxleyi

Fic. 6. (A) PIC per cell and (B) PIC/SA. The labels on the x-
axis indicate temperature (14 or 22°C) and CO. (150 or
1,000 ppm) treatments.

they should be correct within approximately a factor
of two given that we explored a wide parameter
space (Fig. 7). It should be emphasized that this
analysis considers the effect of inhomogeneous dis-
tribution of intracellular CA, as opposed to extracel-
lular or periplasmic CA, on inferred membrane
permeabilities. The presence of extracellular CA
makes it extremely difficult to infer membrane per-
meabilities using the '"O-exchange method, which
is why an extracellular CA inhibitor (DBAZ) was
applied in the experiments.

We measured COs cellular transfer coefficients
and plasma-membrane permeabilities in two coccol-
ithophore species with significantly different cell
size, Emiliania huxleyi (6.6 & 0.4 pm diameter) and
Calcidiscus leptoporus (9.1 £ 0.8 pm diameter). Analy-
sis of the '®O-exchange data leads directly to deter-
mination of the COgy cellular transfer coefficient
(fo), a per cell measure of COg accessibility. This
parameter can be useful: given f. and the COy con-
centration the gross COy flux into the cell can be
calculated. However, it is difficult to compare these
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Fic. 7. Plasma-membrane COgy permeabilities inferred from simulated '®O-exchange data from a two-compartment model with inhomo-

geneous CA distribution. The actual COy permeability of the plasma membrane in the two-compartment model is 9 x 107 cm - s

values between species since larger cells will inher-
ently have larger f. values. Unsurprisingly, f. was lar-
ger in the larger coccolithophore species, C.
leptoporus, but more interestingly f. was affected by
both temperature and COs. f. was especially large at
high COs and high temperature. Extracting plasma-
membrane permeabilities from f. requires normal-
ization to cell surface area and accounting for the
effect of the diffusive boundary layer on COs transit
from the bulk solution to the cell surface (Fig. 1;
Pasciak and Gavis 1974). Accounting for the effects
of the diffusive boundary layer is especially critical
when membrane resistance to a compound is low,
as is the case for COq. For these coccolithophore
species, the diffusive boundary layer resistance
accounted for 22 £ 11% of the overall resistance to
COgy flux. CO9 membrane permeabilities in both
species were ~ 0.006 — 0.02 cm - s~ ' and were signif-
icantly higher at elevated CO9 and temperature, but
there were no differences between species. These
values are somewhat lower than permeabilities mea-
sured in diatoms, but approximately one order of
magnitude higher than in green algae (Table 2).
COs membrane permeabilities can be affected by
the lipid composition of the membrane and by pro-
teins embedded in the lipid membrane. The classic
model for permeability of pure lipid membranes
considers the membrane as a planar sheet of thick-
ness Ax through which a compound must diffuse at
a rate determined by the diffusion coefficient, D,,,
and in which a compound may be enriched or

TasLE 2. Comparison of algal membrane permeabilities to COq

depleted relative to the bulk solution, represented
by the partition coefficient, K, (Missner and Pohl
2009). In which case:

Ax

For a given compound, membrane permeability is
thought to be most affected by changes in D,
resulting from changes in the lipid composition that
alter membrane fluidity, with more fluid mem-
branes having higher D,,. Membrane thickness does
not vary greatly and K, is less affected by changes in
lipid composition (Gutknecht et al. 1977). Artificial
lipid bilayers are highly permeable to COs (0.35—
3.2 cm - s~ !; Gutknecht et al. 1977, Missner et al.
2008) and it was long assumed that biological mem-
branes would also be extremely permeable to COs.
However, recent work, especially on human cells,
has indicated that the intrinsic permeability of
biological membranes is often lower (Endeward
et al. 2014), most likely due to differences in lipid
composition between artificial lipid bilayers and bio-
logical ones. High cholesterol content of animal
membranes in particular has been identified as
potential factor reducing the diffusivity of COy by
reducing membrane fluidity (Itel et al. 2012). For
example, the intrinsic membrane permeability of
several human cell types appears to be ~ 0.01 cm -
s~', much lower than artificial lipid bilayers but
quite similar to the membrane permeabilities of

Species Taxa P, (ecm -s7h) Source

Emiliania huxleyi Cocco 1.0 £ 0.5 x 107L2 This study

Calcidiscus leptoporus Cocco 1.2+ 08 x 1072 This study

Phaeodactylum tricornutum Diatom 31 £04 x 10_? Hopkinson et al. (2011)
Thalassiosira weissflogii Diatom 2.4 £ 0.7 x 107‘Z Hopkinson et al. (2011)
Thalassiosira pseudonana Diatom 56 £ 1.1 x 1072 Hopkinson et al. (2011)
Thalassiosira oceanica Diatom 1.5+ 0.2 x 1072 Hopkinson et al. (2011)
Chlorella vulgaris Green Algae 8.6 x 107~ Tu et al. (1986)
Chlamydomonas reinhardtii Green Algae 1.34+04 x 1073 Siiltemeyer and Rinast (1996)
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coccolithophores determined as part of this study
and diatoms.

Membrane fluidity is highly sensitive to tempera-
ture and compensating modifications to lipid com-
position are commonly made to maintain
membrane fluidity. Membrane lipids in algae, as in
many other organisms (Hazel 1995), often shift
toward longer-chain, more saturated forms at higher
temperatures in an apparent attempt to maintain a
constant membrane fluidity (Hu et al. 2008, Pittera
et al. 2014). However, some microalgae such as dia-
tom Thalassiosira pseudonana show more complex
changes in fatty acid (FA) composition, with
decreased chain length and decreased saturation in
response to higher temperature (O’Donnell et al.
2019). Haptophyte membranes were more perme-
able to COy at higher temperature (22°C) than at
lower temperature (14°C; Fig. 4), which could be
explained either by an increase in membrane fluid-
ity that was not fully compensated for by changes in
lipid composition or a direct consequence of
changes in lipid composition. We are aware of no
published study of coccolithophore FA changes in
response to temperature. COs concentrations can
also affect membrane lipid composition of algae,
though the functional significance of this is not well
understood. In several algal species, very high COsq
concentrations (2%) led to more saturated mem-
brane lipids (Pronina et al. 1998, Sato et al. 2003),
which would be expected to decrease membrane
fluidity and permeability, opposite to the increased
membrane permeability at high COq found in Emil-
wania huxley: and Calcidiscus leptoporus. In E. huxley,
an increase in COg from 1 to 15 uM was accompa-
nied by an increase in the degree of saturation of
FA but a decrease in average chain length (Riebesell
et al. 2000). If the decrease in average chain length
observed in that E. huxleyi study was representative,
it could contribute to increased membrane fluidity
and permeability.

Proteins embedded in biological membranes,
such as channels and pores, can also alter mem-
brane permeability to compounds. For COy, certain
aquaporins and Rh proteins increase membrane
permeability to COs (Nakhoul et al. 1998, Endeward
et al. 2008). Aquaporins are most commonly known
as transmembrane water channels that help regulate
water flow through plant tissues (Chaumont and
Tyerman 2014), but this large protein family has
members that facilitate transmembrane fluxes of
other small molecules including glycerol, ammonia,
urea, and COs (Loque et al. 2005, Gomes et al.
2009). The Rh protein RhAG has been definitely
shown to function as an ammonia channel (Ripoche
et al. 2004), but it and other homologs may also
function as COy channels, including in algae such
as Chlamydomonas reinhardtii (Soupene et al. 2002,
Endeward et al. 2008). The coccolithophores stud-
ied here generally had higher membrane permeabil-
ities to COg when cultured under high COs

conditions (Fig. 4). Consistent with this pattern, a
COs permeating aquaporin in the diatom Thalas-
siosira pseudonana was up-regulated at high CO5 and
the Rh homolog in C. reinhardtii was up-regulated at
high COy (Soupene et al. 2002, Matsui et al. 2018).
Emiliania huxley: has at least six AQP homologs
(Matsui et al. 2018), so up-regulation of a CO4 per-
meating AQP is a potential explanation for
increased membrane COy permeability at high COo,
though no haptophyte AQPs have yet been func-
tionally characterized. One AQP, AQP2, was assessed
in E. huxleyi in high and low COs treatments and
showed no significant transcriptional response
(Bach et al. 2013). However, other AQPs, which
were not assessed, may contribute to COy perme-
ability. COg9 uptake becomes an increasingly impor-
tant fraction of total DIC uptake for photosynthesis
for E. huxley: and other eukaryotic marine phyto-
plankton as COs concentrations increase and pH
decreases (Rost et al. 2003, Kottmeier et al. 2016).
An increased membrane permeability may help
facilitate the increased COg transmembrane flux
under high COs, low pH conditions.

The estimated COs membrane permeabilities
include any barriers to COs flux other than the dif-
fusive boundary layer, which was explicitly
accounted for (Fig. 1). Coccolithophores are sur-
rounded by a coccosphere of calcium carbonate coc-
coliths, which could potentially impede COs flux
and affect observed membrane permeabilities. To
assess this possibility, we determined the PIC con-
tent per unit surface area (PICgy) of coccol-
ithophores (Fig. 6B) and used a linear model to
examine effects on membrane permeabilities. PICga
was not significantly affected (P> 0.05) by tempera-
ture (ANOVA, F, 49 = 0.1), or COy, variables that
affected COy membrane permeability, and so we
treated PICss as an additional independent variable
in a linear model to explain variation in membrane
permeability. PICsa did not have a significant effect
on membrane permeability (ANOVA, Fs;5= 0.3,
P =0.61), suggesting the coccosphere does not sub-
stantially impede COs diffusion. The coccosphere is
composed of loosely assembled coccoliths, which
frequently shed, and so it is likely that the gaps
between coccoliths and openings between coccolith
elements provide sufficient space for diffusion of
compounds to the cell surface. Even diatoms, whose
structurally rigid, nanoporous silica shell might be
expected to present a more substantial barrier to
diffusion than the coccosphere, have high observed
membrane permeabilities to COs (Hopkinson et al.
2011). Although the coccoliths do not appear to
affect COy diffusion, it is possible that they alter
CCM function in other ways. For example, the cal-
cium carbonate could serve as proton buffer for
external CA as has been demonstrated for the silica
frustule of diatoms (Milligan and Morel 2002).

The membrane permeability to COs also influ-
ences the fractionation between the isotopic
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composition of the ambient COg,q and photosyn-
thetically fixed organic carbon (g,). Because this
fractionation (hereafter, SP) is from theory
expected to correlate with the ratio of COg supply
to C demand via cell growth (Rau et al. 1996), it
has been employed to estimate both algal growth
rates in the ocean (Bidigare et al. 1999) as well as
to estimate atmospheric COg in the past (Pagani
2014). Cell membrane permeability sets the diffu-
sive COy supply into the cell. However, if carbon
acquisition in coccolithophores were dominated by
diffusive COy uptake with limited significance of
active HCOg™ transport to the site of photosynthe-
sis, as interpreted from some data (Rost et al.
2003), then the g, observed in culture experiments
would require a 100fold increase in cell mem-
brane permeability in low COy cultures to explain
the maintenance of modest, rather than very low,
€y (Stoll et al. 2019). The results from the first
direct permeability measurements of Emiliania hux-
leyi reported here provide no evidence for such
large variations in permeability, and suggest that
permeability may be lower, rather than higher,
under low COs treatments. Consequently, purely
diffusive models of coccolithophore carbon supply
may not provide a robust quantitative description
of g, On the other hand, the task of modeling ¢,
in multi-component cell models which simulate a
CCM is simplified by the ability to assume only
very limited variations in membrane permeability.
Likewise, the limited variation in membrane per-
meability among two coccolithophore species in
different experimental conditions, and the similar-
ity of coccolithophore and diatom membrane per-
meabilities, suggests that it may be robust to
assume that ancient strains of coccolithophores
had similar membrane permeabilities to their mod-
ern relatives. This latter assumption will also sim-
plify efforts to estimate past atmospheric pCOq
from determinations of g, in fossil algal biomark-
ers.

HCOs  membrane permeabilities were near or
below the detection limit for the '®0-exchange
method (<~1 x 107° cm - s7'), approximately
three orders of magnitude lower than COs perme-
abilities. Extremely low HCOs~ membrane perme-
abilities, in many cases indistinguishable from zero,
were also found in four species of diatom and green
algae suggesting this is a common feature among
algae (Tu et al. 1986, Hopkinson et al. 2011).
Charged species are generally not able to cross lipid
bilayers without protein pores, channels, or trans-
porters. Algae do have active transport mechanisms
for HCO3™ to support photosynthetic needs (Naka-
jima et al. 2013, Wang et al. 2015), but these are
not active in the dark when the '"®O-exchange assays
are conducted.

Here, we showed that the plasma membranes of
two coccolithophores are permeable to CO,, as
expected for a small, uncharged molecule, but

nearly impermeable to HCOs . COs membrane
permeabilities increased by at most ~ threefold
under high CO,, high temperature conditions, but
did not change by orders of magnitude, as has
been suggested in some models to explain varia-
tion in carbon isotopic fractionation of photosyn-
thetically produced organic matter assuming solely
diffusive acquisition of COs. Simulations showed
that inferred plasma-membrane CO, permeabilities
may be modestly affected (at most twofold) by the
internal distribution of CA when cytoplasmic CA
activity is low and CA activity in other subcellular
compartments is high. These new data provide
context for better understanding the COy concen-
trating mechanisms of haptophyte algae and the
mechanism by which carbon isotopic values are
imprinted on organic matter preserved in oceanic
sediments.
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