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THESIS ABSTRACT

Diatoms are arguably the most ecologically successful group of eukaryotic microalgae in
aquatic systems. Fixing 25-50% of the 50 billion tonnes of organic carbon generated in the
oceans annually, they dominate marine primary productivity. Although inorganic carbon is
plentiful in the oceans, 90% is present as HCO3™ and <1% present as CO., the substrate for
carbon fixation by ribulose-1,5-bisphosphate carboxylase/oxygenase (RUBISCO). RUBISCO
has a low affinity for CO and all known RUBISCOs are sub-saturated at present day levels.
Carbon concentrating mechanisms (CCMs) act to increase the concentration of CO; at the
active site of RUBISCO. In microalgae, including some diatoms, one such mechanism involves
the dehydration of HCO3™ at the cell surface by external carbonic anhydrase (CAext), maintain
a high equilibrium of CO; available for uptake at the plasmamembrane. Since H* exchange
with water is slow, a pH buffer is necessary to maintain high catalytic rates. It has been
suggested that the silica frustule may act as a buffer for CAex: in diatoms and that CAex: activity
is modulated by the silica content of the frustule. The overall objective of this thesis was to
determine the role of the frustule in CAex activity, overall CCM function and photosynthesis
in the cosmopolitan marine diatom Chaetoceros muelleri. Chapter 1 investigated the role of
CAext in inorganic carbon (C;) acquisition and photosynthesis over the course of growth in C.
muelleri. Whilst CAext activity increased over time in response to CO2 depletion, the role that
it played in C; acquisition for photosynthesis was variable. Specifically, CAex-mediated Ci
supply increased between the first two sampling points, but was negligible later in the growth
phase, where C; acquisition was likely by direct uptake of HCO3 by anion exchange
transporters at the cell surface. Chapter 2 explored the impacts of silica limitation, which
produces poorly silicified frustules, on CAext activity, overall CCM function and
photosynthesis. Silica-limited C. muelleri cells had less heavily silicified frustules and were

twice the size of their silica-replete counterparts. Although CAex: activity did not differ between

Vi



silica treatments when the difference in cell size was accounted for, overall CCM function was
greater in silica cells. Since larger cells are more prone to CO2 limitation the increase in cell
size, rather than frustule silica content, likely regulates CAex: activity in C. muelleri. Since the
operation of a CCM may act as a sink for excess light energy, Chapter 3 explored the effects
of silica limitation on photoprotective mechanisms and the production of harmful reactive
oxygen species. Silica-limited C. muelleri cells were found to be more prone to photoinhibition
than silica-replete cells, likely as a consequence of a downregulation of the CCM.
Photoprotective mechanisms were upregulated in silica-limited cells. The upregulation of these
mechanisms likely protected silica-limited cells from the production of harmful reactive
oxygen species. In general, the physiological flexibility displayed by C. muelleri in response
to Ci and silica availability likely contributes to the observed dominance of bloom-forming
diatoms in coastal environments and may give them a competitive advantage under future

climate scenarios.
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Chapter 1: General Introduction



1.1 GLOBAL IMPORTANCE OF PHYTOPLANKTON PHOTOSYTHESIS

Phytoplankton are unicellular photoautotrophs that may exist as single cells, or in chains or
colonies. They are found in all aquatic environments where the prevailing physico-chemical
properties, such as light, nutrient availability, temperature, pH and alkalinity, support their
growth (Armbrust 2009) and are fundamental contributors to global carbon cycling. Despite
accounting for a mere 0.2% of Earth’s total photoautotrophic biomass (Field et al. 1998) they
are responsible for an estimated 40% of total global primary productivity (Falkowski 1994).
Over geological timescales oxygen production by early unicellular marine photoautotrophs
oxygenated the Earth’s atmosphere, giving rise to the evolution of aerobes (Falkowski et al.
1998, Sanchez-Baracaldo 2015). Phytoplankton-derived organic carbon is either consumed by

other organisms or, in marine systems, exported to the deep ocean (Azam 1998).

Phytoplankton cells, grazed upon by herbivorous zooplankton, form the basis of coastal and
open ocean food webs (Armbrust 2009). Furthermore, it is estimated that 10-50% of carbon
fixed by phytoplankton in the marine environment is consumed by bacteria (Azam et al. 1983).
Dissolved and/or particulate organic matter exuded by phytoplankton cells is an important
component of microbial food webs in the ocean (Fuhrman 1999). In particular, the dissolved
organic matter released by dying phytoplankton cells provides an important energy source for
marine bacteria and heterotrophic flagellates (Alldredge et al. 1993, Giordano et al. 1994,
Fuhrman 1999). A significant cause of phytoplankton mortality, viral lysis results in the
bursting of cells and release of dissolved organic matter (Fuhrman 1999). In addition, living
phytoplankton cells are known to release dissolved and particulate organic matter that supports
the growth of bacterial population (Alldredge et al. 1993, Giordano et al. 1994). A large

proportion of the organic matter released by phytoplankton cells is consumed by bacteria



(Fuhrman 1999). These bacteria are predated upon by heterotrophic flagellates, thereby
returning some of the phytoplankton-derived organic carbon to the food web via the ‘microbial
loop’ (Azam et al. 1983). For this reason, the carbon fixed by phytoplankton plays an important

role in driving marine food webs (Falkowski et al. 2000, Armbrust et al. 2004).

The organic carbon that is not consumed in the photic zone is exported to the ocean interior by
the sinking of aggregated dead cells and organic matter in the form of marine snow, where it is
either consumed by deep-sea organisms or sequestered for centuries to millennia (Bowler et al.
2010). Approximately 1-3% of organic carbon produced annually by phytoplankton is exported
to the deep sea, with greater export in the polar regions (De La Rocha and Passow 2007). This
flux of organic carbon to the deep ocean, known as the ‘biological carbon pump’, is estimated
to have reduced atmospheric CO> concentrations by 150-220 ppm (Falkowski et al. 2000),and
thus playing an important role in regulating global climate over geological
timescales(Falkowski et al. 1998, Falkowski et al. 2000, Fung et al. 2005). As a consequence,
phytoplankton haveevolved physiological strategies to respond to fluctuations in CO:

concentrations.

1.2 THE ENZYMATICS OF CARBON LIMITATION IN PHYTOPLANKTON

Inorganic carbon (Cj) is plentiful in the marine environment and is generally not thought to be
limiting to phytoplankton photosynthesis (Reinfelder 2011). Rather, it is typically an
insufficient supply of light, nitrogen and/or phosphorus that constrains primary production in
phytoplankton communities (Raven 1994). Additionally, in some areas of the oceans low

concentrations of trace metals may limit phytoplankton photosynthesis. In particular, severe



limitation of photosynthesis is associated with iron limitation in large areas of the equatorial
Pacific, north-east subarctic Pacific and Southern Oceans (Martin and Fitzwater 1988, Kolber
et al. 1994, Behrenfeld et al. 1996, Watson et al. 2000). However, whilst the concentration of
Ci itself is not usually limiting, a range of abiotic and biotic factors have the potential to cause

photosynthetic carbon limitation in marine phytoplankton.

In the oceans Ci is found as bicarbonate (HCOs"), carbonate (CO32) and carbon dioxide (CO2)
(Zeebe and Wolf-Gladrow 2001). At the alkaline pH (8-8.3) found in the oceans, the C; pool is
predominantly comprised of the ionic forms, with 90% present as HCOg3", over 9% as CO3s*
and less than 1% as CO: (Figure 1.1) (Raven 1994, Riebesell 2000). This relatively low
concentration of COy, the sole substrate for the carbon fixing enzyme ribulose-1,5-
bisphosphate carboxylase/oxygenase (RUBISCO), has the potential to result in carbon
limitation for phytoplankton photosynthesis. RUBISCO is the central enzyme involved in
photosynthetic carbon fixation. During photosynthesis CO; is transported, actively or by
diffusion, to the active site of RUBISCO where it is converted to organic carbon. In marine
environments CO> is present at 12-15 uM (Beardall and Giordano 2002). In contrast to the low
concentration of COz in marine environments, microalgal RUBISCOs show a poor affinity for
CO2 with half-saturation constants (Kos) of 14.5-186 uM (Beardall and Giordano 2002,
Heureux et al. 2017). As a consequence, in the absence of a means for concentrating CO> at

the active site, all microalgal RUBISCOs are sub-saturated at present day CO: levels.



1.0

0.9 4

0.8 1

0.7 4

064 =+

0.5 1 H

0.4 4

0.3 5

Proportion in lmmolL"! C;

0.2 4

0.1 1

0.0 T +
5.5 6 6.5 T 1.5 i 3.5 9 9.5 10 10.5

Figure 1.1. The proportion of the forms of C; found in marine systems as a function of pH (at
20°C and a salinity of 35%o). At the alkaline pH of the oceans (8-8.3) the C; pool is comprised

of ~90% HCO3", ~9% CO3% and less than 1% CO.. Redrawn from Beer et al. (2014).

Despite its abundance HCO3™ does not readily diffuse across cellular membranes (Young et al.
2001). In addition, the uncatalysed conversion of HCO3™ to CO: at the pH range of the ocean
is relatively slow (Zeebe and Wolf-Gladrow 2001). Conversely, while CO- can diffuse across
cellular membranes more readily than HCO3 (Wolf-Gladrow and Riebesell 1997, Young et al.
2001), its supply at the cell surface is restricted by its diffusion kinetics in water (Wolf-Gladrow
and Riebesell 1997, Reinfelder 2011). The diffusion of CO; in water is approximately 10* times
slower than in air (Granum et al. 2005). In addition, the movement of CO: is slow in the area
directly surrounding the cell, known as the diffusive boundary layer (Granum et al. 2005).
Uptake of CO at the cell surface may result in depletion of CO. in the diffusive boundary layer,

creating a concentration gradient relative to the surrounding medium (Riebesell et al. 1993,



Shen and Hopkinson 2015). Since the diffusive boundary layer is unstirred, the molecular
diffusion of COzto the surface of the cell is slow. Consequently, the diffusion kinetics of CO>
in seawater mean that carbon acquisition by passive CO» diffusion alone is usually insufficient
to meet the needs of RUBISCO (Raven 1994, Granum et al. 2005). The diffusion problem is
exacerbated by the fact that RUBISCO is a bifunctional enzyme that is able to fix CO, in
carbon fixation and Oz in photorespiration. CO and Oz compete for binding at the active site
of RUBISCO. The chemical species bound by RUBISCO is regulated by the CO2:0 present
at the active site, with a higher ratio favouring carbon fixation. Conversely, a low CO2:0,
favours photorespiration and can inhibit carbon fixation (Lorimer 1981). The process of
photorespiration involves the uptake of O, and eventual loss of fixed carbon, making the

process wasteful in terms of net carbon gain (Reinfelder 2011).

The inefficient nature of RUBISCO is attributed to its evolution in a non-photorespiratory
atmosphere, where COz concentrations were much higher and Oz concentrations lower than
present day (Moroney and Somanchi 1999, Hetherington and Raven 2005). Under such
conditions, RUBISCO was likely to have been CO, saturated (Hetherington and Raven 2005).
As a consequence oxygenase activity was likely to have been repressed, with high CO;
concentrations at the active site of RUBISCO favouring carboxylase activity (Hetherington and
Raven 2005). However, under present day conditions, where CO; in the marine environment
is sub-saturating for RUBISCO, there is the potential for oxygenase activity to outcompete
carboxylation. To compensate for the low concentration of CO> in the marine environment and
the inefficient nature of RUBISCO under present day atmospheric conditions many microalgae
have evolved carbon dioxide concentrating mechanisms (CCMs) (Giordano et al. 2005,
Reinfelder 2011, Raven et al. 2017) to elevate the concentration of CO; at the active site of

RUBISCO, promoting photosynthetic carboxylation over photorespiration (Raven et al. 2008).

6



1.3 CARBON DIOXIDE CONCENTRATING MECHANISMS (CCMs) IN MARINE
MICROALGAE

In marine environments, most CCMs enable organisms to utilise HCO3™ for photosynthesis. In
phytoplankton, HCOz™ in the environment is made accessible for photosynthesis by one of two
processes; the active uptake of HCO3™ by transporters across the plasmalemma and/or the
catalysis of HCOz™ dehydration to CO> by an external carbonic anhydrase (CAext) enzyme,

followed by active transport at some other membrane (Young et al. 2001, Giordano et al. 2005).

This thesis investigates the use of CAex: in the indirect utilization of HCOs'".

1.3.1 Indirect Uptake of HCOz: External Carbonic Anhydrase (CAext)

Ubiquitous in living organisms, carbonic anhydrase (CA) is a zinc metalloenzyme that

catalyses the reversible conversion of HCO3™ and COs:

CO2 + H,0 <> HCO3z + H* (1.1)
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Figure 1.2. The processes by which HCOgz™ in the marine environment may be made accessible

for photosynthesis in phytoplankton. (1) HCOs" is taken up by active transport (<) across the
plasmalemma. (2) (a) HCO3™ may be actively transported across internal membranes and
converted to CO2 by an intracellular (cytosolic or chloroplastic) carbonic anhydrase (CA);
and/or (b) HCO3z may be converted to CO- via dehydration by external carbonic anhydrase
(CAex) in the periplasmic space. (3) The CO derived by these processes is then transported,
actively or passively (-*), to the active site of RUBISCO. Redrawn from Badger and Price

(1994) and Giordano et al. (2005).

In some aquatic photoautotrophs, including phytoplankton, external carbonic anhydrase
(CAext), located in the periplasmic space or embedded in the plasma membrane (Nimer et al.
1997), catalyses the dehydration of HCO3™ to CO». This reaction acts to improve the supply of
CO: available for uptake at the cell surface (Nimer et al. 1997, Elzenga et al. 2000, Reinfelder
2011). CAext Use as a means for increasing the supply rate of CO2 by dehydration of HCO3™ at

the cell surface has been identified in a wide variety of freshwater and marine algal taxa



including the chlorophytes (Elzenga et al. 2000, Young et al. 2001), prymnesiophytes (Elzenga
et al. 2000), dinoflagellates (Berman-Frank et al. 1994, Berman-Frank et al. 1995) and diatoms
(Morel et al. 2002, Martin and Tortell 2008), in laboratory cultures and natural populations

(Berman-Frank et al. 1994, Berman-Frank et al. 1995, Martin and Tortell 2006).

The expression of CAex: is typically modulated by the concentration of CO2 in the external
growth medium, although in some cases expression may be constitutive (Rost et al. 2003,
Moroney et al. 2011). In addition to the direct impact of CO2 concentration on CAex expression
and activity, a range of environmental parameters, such as light, temperature and pH have the
potential to regulate CCM activity (Beardall et al. 1998, Beardall and Giordano 2002). When
cells are grown under high CO2 conditions CAex: activity is often partially, or in some cases
fully, repressed (Williams and Colman 1993, Lane and Morel 2000). In the marine diatom
Thalassiosira weissflogii, the expression of CAext was immediately reduced upon the transfer
of cells from 100 patm CO2 to 750 patm CO2 growth medium, with a 10-fold decline in the
amount of protein expressed observed after 24 hours (Lane and Morel 2000). In some species,
CAext activity may be suppressed upon exposure to high CO2 conditions. For example, CAext
activity was decreased by 98% in the freshwater green alga Chlorella saccharophila cells grow
in 2% CO2 medium compared to those grown at air-equilibrium levels of CO, (Williams and
Colman 1993). Conversely, when T. weissflogii cells are transferred from 750 patm to 100
patm CO; the expression of the CAex protein increases after 5 hours, with a corresponding
increase in CAext activity (Lane and Morel 2000). Similarly, in the freshwater green alga
Chlamydomonas reinhardtii CAex: activity was induced by transfer to low CO> (0.035%; 350
patm) conditions, with a 10-fold increase approximately 6 hours after exposure (Bozzo and
Colman 2000). Whilst CAex: activity is typically induced by growth under low CO2 conditions,
variation in the occurrence and extent of this induction has been shown to vary between species.
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In a study by Rost et al. (2003) the CAex: activity observed in cultures of the marine diatom
Skeletonema costatum was 60-fold higher in cells grown at 36 ppm CO, (0.0036%) compared
to cultures grown at 1800 ppm (0.18%), suggesting regulation of CAex activity by CO>
concentration. However, CAex: activity in the marine flagellate Phaeocystis globosa remained
mostly constant over a range of CO2 concentrations, decreasing only 2-fold between cells
grown at 36 ppm (0.0036%) and 180 ppm (0.018%) CO3, before remaining relatively constant
up to 1800 ppm (0.18%) CO- (Rost et al. 2003). These results indicate that the CAex of P.
globosa may be constitutive rather than modulated by external CO, concentrations. In the
coccolithophorid Emiliania huxleyi CAex: activity remained consistently low in cultures grown
at 39 ppm (0.0036%), 180 ppm (0.018%), 360 ppm (0.036%) and 1800 ppm (0.18%) COo,
indicating that CAext plays a minor role in Cjacquisition in this species (Rost et al. 2003).
Inhibition of CAex resulted in a significant decrease in net photosynthesis in S. costatum and
P. globosa, with decreases of 58% and 19%, respectively in cells grown at 180 ppm (0.018%),
indicating CAext may play an important role in carbon acquisition for photosynthesis in the
species (Rost et al. 2003). Conversely, no difference in net photosynthesis was observed in E.
huxleyi when CAext Was inhibited, suggesting CAex: does not play a significant role in carbon
acquisition this species (Rost et al. 2003). These results suggest that CAext IS an important
component of many, but not all, microalgal CCMs, acting to improve the supply of CO; at the

cell surface when external concentrations are low.

1.3.2 Differences in the Need for CCMs Amongst Phytoplankton

Phototrophs differ in their need for a CCM, depending on the efficiency of C fixation by their
RUBISCOs. The catalytic efficiency of C fixation is determined by RUBISCO’s relative

selectivity factor (Srel), defined as:
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Srel = Ko0502 VmCO2/Ko5CO02VmO2 (1.2)

where Kos and Vi represent the half-saturation constants and substrate-saturated rates of
catalysis for carboxylase and oxygenase activity, respectively (Tortell 2000, Beardall and
Giordano 2002). Srel gives an indication of the ability of an organism’s RUBISCO to
discriminate between CO- and O and, thus, its ability to favour carboxylase over oxygenase
activity (Tortell 2000, Beardall and Giordano 2002). Higher Sre values indicate a greater
selectivity for CO2 and thus an enhanced ability to perform carboxylation over oxygenase
activity (Tortell 2000). As a consequence, organisms with high Sre Values are expected to have
less of a necessity for carbon acquisition using CCMs. There is good support for this
assumption as species with low Srel values, such as cyanobacteria, are found to have higher
measures of apparent CCM activity (Tortell 2000). In fact, cyanobacterial CCMs are
particularly active, increasing the CO2 concentration at the active site of RUBISCO up to 1000-
fold (Badger and Price 2003). Conversely, phytoplankton with higher Sre values, show lower
apparent CCM activity (Tortell 2000). Whilst diatoms generally have higher Sre values, and
lower apparent CCM activity, than cyanobacteria (Tortell 2000), a two-fold variation in Srel
was measured in 11 diatom species (Young et al. 2016). This variation in Srel, as well as similar
differences in a number of kinetic properties of RUBISCO observed between the 11 diatom
species, likely results in variation in CCM activity (Young et al. 2016). However, despite
variation in the abilities of different taxa to concentrate C; all phytoplankton have the potential
to benefit from the use of a CCM, if light and nutrient levels are sufficient to support
photosynthesis, given that no known RUBISCO is saturated at current day CO- levels (Raven
et al. 2008). To date, all cyanobacteria and most of the eukaryotic phytoplankton studied have

been found to use some form of CCM (Giordano et al. 2005).
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1.4 THE DIATOMS

Diatoms, belonging to the Phylum Bacillariophyta, are the most abundant and diverse groups
of eukaryotic phytoplankton in marine systems (Bowler et al. 2010). As the dominant primary
producers in the marine environment, diatoms generate an estimated 25-50 % of the organic C
produced in the oceans (Nelson et al. 1995, Bowler et al. 2010, Granum et al. 2005). This
organic matter is rapidly consumed and fuels short-chain food webs that support commercially
important coastal fisheries (Armbrust et al. 2004). In the ocean, diatoms sink rapidly to the
ocean floor due to their heavy siliceous cell walls (Kooistra et al. 2003, Raven and Waite 2004).
Once there, diatom organic matter may either be consumed by deep-sea organisms or
sequestered into the ocean floor for hundreds to thousands of years (Armbrust 2009, Bowler et
al. 2010).. Diatoms are amongst the most successful groups of phytoplankton in the modern
oceans (Vardi et al. 2009). Their considerable success has been attributed by some as, at least

in part, due to their silicified cell wall (Hamm et al. 2003).

1.5 THE DIATOM FRUSTULE

The characteristic feature of the diatoms is their silicified cell wall, known as the frustule
(Armbrust et al. 2004). Diatoms have an absolute requirement for silicon in the formation of
the frustule (Brzezinski et al. 1990). Silicification of the frustule is tightly linked to the diatom
cell cycle, meaning that the growth of diatoms is highly dependent on the availability of silicon
in the growth medium (Brzezinski et al. 1990, Martin-Jézéquel et al. 2000). Under silica-
limited conditions the growth rate of diatoms is markedly reduced (Lewin 1955, Paasche
1973a). The frustules under these conditions are weakly silicified and poorly formed,

sometimes lacking structural components (Booth and Harrison 1979).
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The frustule surface is decorated with a series of nano-features, such as pores, channels, ridges,
spikes and spines, which are under genetic control (Hildebrand 2008, Armbrust 2009). These
features are species-specific, although some intraspecific heterogeneity has been observed
(Hale and Mitchell 2001, Hildebrand 2008). The frustule and its nano-features may play roles
in anti-predator defence (Hamm et al. 2003), nutrient uptake (Hale and Mitchell 2001, Mitchell
et al. 2013), buoyancy control (Raven and Waite 2004) and protection against UV radiation
(Ingalls et al. 2010). Additionally, frustules show morphological flexibility under fluctuating
environmental conditions, including salinity, affording diatoms the ability to acclimate to
changing environments (Leterme et al. 2010, Leterme et al. 2013). Besides investigations into
the potential roles of the frustule in nutrient uptake and buoyancy, there has been a paucity of

research into the physiological role of the diatom frustule (Milligan and Morel 2002).

1.6 APHYSIOLOGICAL ROLE FOR THE FRUSTULE: A BUFFER FOR CAext?

The rate of the CAex: reaction is limited by the proton-transfer step (step 2; Figure 1.2), which
is particularly slow in water (Silverman and Lindskog 1988, Milligan and Morel 2002). As a
consequence, a pH buffer is required to enhance catalytic rates. In the marine environment,
bicarbonate, borate and silicate have the potential to act as buffers for biological reactions
(Silverman and Lindskog 1988, Pocker 2000). However, the concentration of HCOs" in the
marine environment is insufficient for expression of full CAex activity (Milligan and Morel
2002). Additionally, the chemical properties of boric and silicic acid, namely that both are only
weak acids, make both likely to be ineffective buffers for the CAex reaction (Milligan and

Morel 2002).
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With these considerations in mind Milligan and Morel (2002) proposed that the polymerised
silica in the frustule, being more acidic than silicic acid and available in close proximity to the
diatom CAext, could act as a potential buffer for HCOs™ dehydration by CAex: (Figure 1.3). To
test this hypothesis the CAext buffering capacity of the silica in the frustule in both cleaned
frustules and live Thalassiosira weissflogii was tested. It was found that the addition of HEPES
buffer to a suspension of live cells did not enhance CA activity relative to a suspension lacking
HEPES buffer T. weissflogii. Conversely, CA activity decreased in the absence of HEPES
buffer in experiments using bovine CA or Chlamydomonas spp. cells, which have a
glycoprotein cell wall. In addition, whilst bovine CA activity was reduced in the absence of a
HEPES buffer, the addition of cleaned T. weissflogii frustules resulted in full bovine CA
activity relative to a suspension containing HEPES buffer. This suggests that T. weissflogii
frustules as buffer the CA reaction as effectively as a phosphate buffer. However, it should be
noted that differences in the buffering capacity of frustules depending on the cleaning method
used were observed. Milligan and Morel (2002) attributed these differences to the presence of
protonated organic matter in samples where the organic coating had been oxidised using
perchlorate and heat treatment. However, it is possible that the cleaning methods used altered
the pKa of the silica in the frustule (Raven, 2018, pers. comm.), and thus, the buffering capacity
of the frustule. However, on the whole, Milligan and Morel’s results suggest that the silica in

the diatom frustule is an effective pH buffer for the CAex reaction.
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Figure 1.3. The proposed mechanism by which the silica in the diatom frustule acts as a buffer

for external carbonic anhydrase (CAext). HCOg3™ in the external media is taken up by active

transport across the plasmalemma (1). CAex in the periplasm catalyses the dehydration of

HCOg3 to CO, the silica in the diatom frustule acts as a buffer, increasing the rate of the proton-
transfer step (2). CO. is moved within the cell by passive or active transport across
membranes ( 2 ), potentially improving the supply of CO; for carbon fixation by RUBISCO (

4). Figure modified from (Morel et al. 2002).

Further work suggested that CAex: activity is influenced by frustule silica content. In particular,
more heavily silicified frustules were observed in T. weissflogii cells grown in CO»-limited
(100 ppm) conditions (Milligan et al. 2004) and in T. weissflogii and Thalassiosira pseudonana
cells grown at high pH, where the availability of COz is low (Mejia et al. 2013). In both studies,

the authors proposed that the observed increase in frustule silicification enhances CAex: activity,
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and thus, Cj acquisition under CO limitation. In addition, a positive relationship between
silicon availability in the growth medium, which influences the extent of frustule silicification,
and CAex: activity was observed in Skeletonema costatum (Gong and Hu 2014). Whilst these
results give indirect support to the idea that CAex: activity is mediated by silicon availability in
diatoms, the actual impacts of the changes in silicification and CAex: activity under CO2 and
silica limitation, respectively, on diatom photosynthesis, Ci acquisition and CCM function have

not been explored.

1.7 THESIS OBJECTIVES AND STRUCTURE

The overall objective of this thesis is to determine the roles, if any, that the silica frustule plays

in CCM function and photosynthesis in diatoms. Specifically, this thesis aims to:

(1) Establish whether CAex: is a component of the CCM of the common marine diatom,
Chaetoceros muelleri (Chapter 2) and, if so;

(2) Determine the role that CAex: plays in Ci acquisition and photosynthesis in response to
decreases in Cj availability with progression of population growth (Chapter 2).

(3) Investigate the impacts of silica limitation on CAex: activity, photosynthesis and overall
CCM function (Chapter 3).

(4) Investigate the impacts of silica limitation on photoprotective mechanisms and the

production of harmful reactive oxygen species (Chapter 4).
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The data chapters in this thesis have been prepared as manuscripts for publication. As such,
there are redundancies in the ‘Introduction’ and ‘Materials and Methods’ sections. Chapter 2
was published in the December 2017 issue of Journal of Phycology. Chapter 3 will be
submitted to New Phytologist, whilst Chapter 4 will be submitted to Journal of Phycology. A

single reference list with all cited literature is included at the end of the thesis.
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Chapter 2: The Role of External Carbonic Anhydrase in
Photosynthesis During Growth of the Marine Diatom
Chaetoceros muelleri

This chapter is published as: Smith-Harding T.J., Beardall J. & Mitchell J.G. 2017, ‘The Role
of External Carbonic Anhydrase in Photosynthesis During Growth of the Marine Diatom
Chaetoceros muelleri’, Journal of Phycology, 53 (6): 1156-1170, doi: 10.1111/jpy.12572.
(TJSH, JB and JGM conceived the research, TISH conducted the experiments and analysed
the data, TISH interpreted the data and wrote the manuscript with contributions by JB and
JGM). © 2006, the Phycological Society of America.
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2.1 ABSTRACT

Carbon dioxide concentrating mechanisms (CCMs) act to improve the supply of CO; at the
active site of ribulose-1,5-bisphosphate carboxylase/oxygenase (RUBISCO). There is
substantial evidence that in some microalgal species CCMs involve an external carbonic
anhydrase (CAext) and that CAex: activity is induced by low CO; concentrations in the growth
medium. However, much of this work has been conducted on cells acclimated to air-
equilibrium concentrations of CO., rather than to changing CO> conditions that may occur
during microalgal blooms. We investigated the role of CAex in inorganic carbon (Cj)
acquisition and photosynthesis at three sampling points, one in late exponential phase and two
in the subsequent linear growth phase, in the cosmopolitan marine diatom Chaetoceros
muelleri. We observed that CAex activity increased with decreasing Ci, particularly COg,
concentration, supporting the idea that CAex: is modulated by external CO> concentration.
Additionally, we found that the contribution of CAex: activity to carbon acquisition for
photosynthesis varies over time, increasing between the first and second sampling points before
decreasing at the last sampling point, where external pH was high. Lastly, decreases in
maximum quantum yield of photosystem Il (Fv/Fm), chlorophyll, maximum relative electron
transport rate (rETRmax), relative light harvesting efficiency (o) and maximum rates of COo-
saturated photosynthesis (Vmax) were observed over time. Despite this decrease in
photosynthetic capacity an upregulation of CCM activity, indicated by a decreasing half-
saturation constant of photosynthesis for CO2 (Ko.sCO2), occurred over time. The flexibility of
the CCM during the course of growth in C. muelleri may contribute to the reported dominance

and persistence of this species in phytoplankton blooms.
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2.2 INTRODUCTION

With an estimated 200,000 species, diatoms are amongst the most abundant and diverse groups
of eukaryotic phytoplankton (Mann and Droop 1996). They are widely distributed in the
oceans, occurring wherever there are sufficient light and nutrients to support their growth
(Armbrust 2009, Bowler et al. 2010). More specifically, diatoms dominate well-mixed coastal
and upwelling regions and are the most abundant photoautotrophs along the sea-ice edge of
polar ecosystems (Bowler et al. 2010). Diatoms produce between 25-50% of the estimated 50
billion tonnes of organic carbon (C) generated in the oceans annually (Falkowski 1994,
Granum et al. 2005, Bowler et al. 2010), thus playing an important role in global carbon

cycling.

Inorganic carbon (C;), plentiful in the photic zone, is not traditionally thought to be limiting to
phytoplankton growth in the marine environment (Reinfelder 2011), although there is some
evidence to the contrary (Riebesell et al. 1993, Riebesell et al. 2007). Despite this plentiful
supply, surface depletion of Ci is often observed during intense phytoplankton blooms
(Codispoti et al. 1982, Riebesell et al. 1993). Additionally, other abiotic and biotic factors can
contribute to C; limitation in phytoplankton. In aquatic systems the C; pool is present as
bicarbonate (HCO3), carbonate (CO3%) and carbon dioxide (CO) (Reinfelder 2011). At the
alkaline pH of seawater (8-8.3), Cioccurs predominantly in the ionic forms, with 90% present
as HCOg3', > 9% as COs% and <1% present as CO;, the substrate for the carbon-fixing enzyme
ribulose-1,5-bisphosphate carboxylase/oxygenase (RUBISCO) (Raven 1994, Riebesell 2000).
RUBISCO has a low affinity for CO, and, at the relatively low CO> concentrations found in
the marine environment, the enzyme is sub-saturated (Giordano et al. 2005). In addition, the
process of photorespiration involves O, competing with CO; for binding at the active site of

RUBISCO (Giordano et al. 2005). Consequently, at low CO> concentrations, photorespiration,
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the outcome of which is a net carbon loss, may outcompete photosynthetic carbon fixation
(Reinfelder 2011). The supply of CO2 for photosynthesis is further impeded by its slow
diffusion in water, which is 10* times slower than in air (Raven 1994, Granum et al. 2005).
Diffusion is particularly slow in the area directly surrounding the cell (i.e. the diffusive
boundary layer; DBL) (Granum et al. 2005) where CO: is depleted as consequence of cellular
uptake. Since the DBL is unstirred, molecular diffusion through this area to the cell surface is

slow.

To overcome the constraints associated with CO> accumulation, most aquatic photoautotrophs
have evolved mechanisms to concentrate CO; at the active site of RUBISCO, collectively
known as carbon dioxide concentrating mechanisms (CCMs) (Giordano et al. 2005, Reinfelder
2011). In phytoplankton, most CCMs facilitate the use of HCO3™ in photosynthesis via two
processes; namely, active uptake of HCO3™ by anion exchange and/or HCOs™ dehydration at the
cell surface by external carbonic anhydrase (CAext) followed by active transport at some other
membrane (Giordano et al. 2005). CAex: Speeds up the dehydration of HCOz to CO., which is
slow in seawater, improving the available supply for diffusive transport across the

plasmalemma (Young et al. 2001, Giordano et al. 2005).

There is considerable evidence for direct uptake of HCO3™ in some diatoms. Specifically,
observations of HCO3™ use (Burkhardt et al. 2001), photosynthetic rates exceeding those
possible by CO2 supply from the medium in the absence of CAex (Matsuda et al. 2001) and
decreased photosynthesis when HCO3™ uptake is inhibited (Dixon and Merrett 1988) in diatoms
provide support for direct HCOs- uptake. Furthermore, genomic analyses have identified up

to ten putative HCOs™ transporter genes in Phaeodactylum tricorntum (Kroth et al. 2008,

21



Nakajima et al. 2013) and one such gene in Thalassiosira pseudonana (Kroth et al. 2008). In
particular, ten genes that are homologous to the mammalian SL4 HCOg3™ transporter family
were identified in P. tricornutum (Nakajima et al. 2013). Three of these genes, PtSLC4-2,
PtSLC4-1, and PtSLC4-4, were transcribed only under low CO2 (0.039%) conditions
(Nakajima et al. 2013, Matsuda et al. 2017, Tsuji et al. 2017b). Additional work on PtSLC4-2
found that expression enhanced Ci uptake and photosynthesis, suggesting an important role in
the CCM of P. tricornutum (Nakajima et al. 2013). In addition, orthologs of the SL4 genes
found in P. tricornutum were also identified in T. pseudonana, suggesting a role for HCO3

transporters in the CCM of this species (Nakajima et al. 2013, Tsuji et al. 2017b).

Similarly, physiological and molecular lines of evidence support a role for CAext in diatom
CCMs. CAex: activity has been detected in numerous diatom species, although inter- (Colman
and Rotatore 1995, Burkhardt et al. 2001) and intra-specific (John-McKay and Colman 1997,
Szabo and Colman 2007) variation exists. When present, CAex is induced by exogenous Ci,
and more specifically CO, concentrations, suggesting a role in C; acquisition. Specifically,
CAex activity increases with decreasing CO2 (Burkhardt et al. 2001, Hopkinson et al. 2013)
and, like in the green alga Chlamydomonas reinhardtii (Bozzo and Colman 2000), can be
induced less than 20 hours after cells are transferred to low CO2 (generally 0.01-0.05%)
medium (Clement et al. 2016). Conversely, CAex: activity is partially, or sometimes fully,
repressed when cells are grown in high CO2 (2-5%) medium (John-McKay and Colman 1997,
Szabo and Colman 2007, Clement et al. 2016). Analyses of the T. pseudonana genome
identified 13 putative CA genes (Tachibana et al. 2011, Samukawa et al. 2014). Two of these
CAs, Tpd-CAl and Tpz-CAL, were localised to the cell periphery, indicating that they are

external CAs (Tachibana et al. 2011, Samukawa et al. 2014). Expression of these genes was
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greatly enhanced in cells grown at low COz, suggesting a role for these genes in C; acquisition.
In contrast, none of the 10 putative CA genes identified in P. tricornutum were found to be
external CAs (Tachibana et al. 2011). Together with evidence for plasma-membrane bound
HCOg transporters in this species (Nakajima et al. 2013), these results suggest direct uptake of

HCOg'in this species.

However, in most instances observations on the relationship between CAex activity or
expression and CO. concentration are made in relatively dense cultures grown under air-
equilibrium CO- conditions. Research into the response of CAex: activity to Ci depletion over
the course of population growth, as observed during phytoplankton blooms, is scarce. Whilst
Mukerji et al. (1978) observed a switch from CO2 to HCOs™ use over time in batch cultures of
the chlorophyte Dunaliella tertiolecta, CAex: activity was not measured, making it difficult to
ascertain whether this change was due to induction of CAex-mediated HCOs- use. However,
Berman-Frank et al. (1994) measured CAex: activity in response to C; concentration over the
duration of a bloom of the dinoflagellate Peridinium gatunense in Lake Kinneret, Israel. As
with the described laboratory experiments, Berman-Frank et al. (1994) found that CAex: activity
was modulated by Ci, and more specifically COz, concentrations. The highest CAex: activity
was recorded at the later stages of the bloom, when Ci and CO. decreased to 1.8 mM and
<10uM, respectively. Laboratory experiments confirmed these findings (Berman-Frank et al.
1994, Berman-Frank et al. 1995), highlighting the usefulness of laboratory experiments in
exploring CCMs in bloom-forming microalgae as in situ studies may be difficult due to

uncertainty in the occurrence and timing of blooms.
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Given the dominant role of bloom-formers in global primary productivity in the oceans (Rost
et al. 2003), elucidating the mechanisms used by these species to acquire C; will improve our
understanding of how a relatively small number of species drive global carbon cycling. Here,
we investigate the role that CAex plays in Cj acquisition and photosynthesis at different stages
of growth in the cosmopolitan marine diatom Chaetoceros muelleri (Lemmerman). The genus
Chaetoceros (Ehrenberg) is one of the largest and more diverse genera of planktonic diatoms
in the marine environment (Rines and Theriot 2003). With cosmopolitan distribution,
Chaetoceros species are often the most numerous in phytoplankton communities, and blooms
may persist for weeks (Rines and Theriot 2003). In addition, Chaetoceros muelleri is an
important aquaculture feed species due to its high nutritional value and ease of growth

(Pacheco-Vega and Sanchez-Saavedra 2009).

2.3 MATERIALS AND METHODS

2.3.1 Growth Conditions

Chaetoceros muelleri Lemmermann (CS-176) was obtained from the Australian National
Culture Collection, CSIRO, Hobart, Australia. Cultures were grown in 0.2 um filtered (Type
GTTP Polycarbonate filters, Millipore Australia) enriched seawater artificial water (ESAW)
medium at pH 8.2 (Berges et al. 2001). Growth medium had no added buffers, to allow changes
in the carbonate system to replicate those found during phytoplankton blooms. Cultures were
maintained at 18 + 1°C under continuous light supplied at 80 umol photons - m2 - s (Aleph 3
LP41 LED Panel; cool white light, Knoxville VIC, Australia) and stirred continuously on an
orbital shaker at 110 rpm (Thermoline Scientific, NSW Australia). Cells were acclimated to

experimental conditions for at least six generations before the start of experiments. For
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experiments, triplicate 1L cultures at an initial density of 10* cells - mL™* were prepared in 2L

Nalgene Polycarbonate narrow mouthed bottles (Thermo Scientific Nalgene, USA).

2.3.2 Growth Rate

Cells were enumerated daily using an Olympus CH-2 light microscope (Japan). Ten pL
aliquots of culture were fixed with Lugol’s iodine and counted on an Improved Neubauer
Brightline haemocytometer (Boeco, Germany). Specific growth rates (u,day*) were calculated

using the formula:
i day = In (N2/N1)/(T2-T) (2.1)
where N1 and N2 are the cell numbers at time 1 (T1) and time 2 (T2), respectively.

Growth curves were used to determine appropriate timing for all further measurements (Figure
2.1a). Measurements of photosynthetic and C; acquisition parameters were made at three
sampling points: the first in late exponential phase and the 2 others in the subsequent linear
growth phase. In addition, we compared our CAex: activity data to previously unpublished data
from our laboratory (Reinecke 1997) for air-bubbled cultures of the same strain of C. muelleri
used here. In those experiments, C. muelleri was grown in fe/2 medium (Guillard and Ryther
1962) at 18°C with light supplied continuously at 140 pumol photons - m2 by fluorescent lamps
(cool white light, Sylvania Grolux). Reinecke’s cultures were bubbled continuously with air
(measured CO- in cultures = 12.36 uM; 0.04%). Prior to measurements of CAex: activity, cells
were acclimated to experimental conditions for at least 8 generations and then maintained in

exponential phase by semi-continuous culture (Reinecke 1997).
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2.3.3 CO, and HCO3™ Concentration

Measurements of C; concentration, pH, temperature and salinity were taken and used to
calculate [CO2] and [HCO37] according to Weiss (1974), Dickson and Riley (1979) and Millero
(2010). Analyses were made on cell-free samples prepared by filtering 28 mL of culture
through a 0.4 um syringe filter (PALL Life Sciences Acrodisc ® Supor ® Membrane). Ci was
determined by measuring the amount of CO»(g) liberated from the reaction of C; in the sample
with hydrochloric acid (HCI) in an enclosed chamber. Air, which had been stripped of CO2 by
passage through soda lime granules (4-8 mesh, Ajax Finechem, NSW Australia), was bubbled
into a sealed glass chamber containing 20 mL 0.1M HCI (Merck, Darmstadt Germany). Two
mL of sample were injected into the chamber through a rubber septum. The air in the head
space of the vessel was passed through the desiccant magnesium perchlorate (Mg(ClOa)2; Alfa
Aesar, MA, USA) and analysed continuously by an Infra-Red Gas Analysis (IRGA) system
(L1-840A CO2/H20 Gas Analyser, Licor, Nebraska USA) until the sample had been stripped
of CO». Data were plotted by the inbuilt software (LI-840A v2.0.0) as the concentration of
CO2(g) versus time. The area under the curve was used to calculate C;i concentration by
comparison with a standard curve of known sodium bicarbonate (NaHCO3) concentrations.
The pH and temperature (°C) of samples were measured using a sensION+ PH31 pH meter
(Hach, Colorado USA). Salinity (%) was measured using a portable refractometer. The
theoretical CO2 supply rate from spontaneous HCOgz™ dehydration in the medium was calculated

according to Miller and Colman (1980).

2.3.4 Photosynthetic Parameters

Photosynthetic parameters of cells at each of the three growth phases were determined using a

PhytoPAM Analyser (Heinz Walz GmbH, Effeltrich, Germany). For analyses, 4 mL samples

26



of culture were dark adapted for 15 minutes before first being exposed to a weak light beam to
determine minimal fluorescence (Fo) and then a saturating flash to determine maximal
fluorescence (Fm) of cells. The difference between Fr and Fo was used to determine variable
fluorescence (Fv). From these measurements the maximum quantum yield of photosystem II

(Fv/Fm) was determined as:
Fu/Fm = (Fm'Fo)/Fm (22)

The effective quantum yield of PSII (®PSII) and relative electron transport rate (rETR) as a
function of light was determined by exposing cells to photon flux densities (PFD) from 16 —
610 umol photons - m2 - s for 30 seconds at each PFD. ®PSII at each PFD was determined

as:
®PSII = (Fn'-Fo')/Fm' (2.3)
where Fo' and Fn' are the minimal and maximal fluorescence at each PFD.

rETR was then calculated, and plotted against PFD by the in-built PhytoWIN software

(PhytoWIN v2.13), as:
rETR = ®PSII x PFD x 0.5 (2.4)

where 0.5 accounts for 50% of light energy absorbed by the cell being used by PSII. From these
plots of rETR vs PFD the relative light harvesting efficiency (a), calculated as the initial slope,
and maximum relative electron transport rate (rETRmax), calculated as the asymptote of the

curve, were determined by the in-built software.
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2.3.5 Pigment Analyses

Culture samples were harvested by centrifugation at 2,500 g for 10 minutes (Heraeus Multifuge
3ST+, Thermo Scientific, Brookfield, WI, USA). The supernatant was discarded and the pellet
retained. Pellets were suspended in 5 mL of 90% ice-cold acetone and stored overnight at 4°C
for chlorophyll extraction. After extraction, samples were centrifuged at 2,500g for 10 minutes
and the supernatant retained for chlorophyll measurement. The chlorophyll concentration was
determined from the extinction coefficients of the supernatant at 630 and 664 nm in a Cary-50
UV-visible spectrophotometer (Varian, Inc., California USA). Chlorophyll a and c
concentrations (g - 10°° cells) were calculated as using the following diatom-specific formulae

(Jeffrey and Humphrey 1975):
Chlorophyll a (chl a) = 11.47*Eees — 0.40*Es30 (2.5)
Chlorophyll c1 + c2 (chl c1 + ¢2) = 24.36*Es30 - 3.73*Ese4 (2.6)
where Ex denotes the extinction coefficient at wavelength x.
chl -10° cells = [chl]*volume extracted (VE)/Cn*volume filtered (VF) (2.7)

where [chl] is the concentration of chlorophyll (a or c1 + ¢2), VE =5 mL, C, is the relevant

daily cell number and VF= 20 mL.

2.3.6 CAext Activity

CAext activity was measured using an electrometric assay (Wilbur and Anderson 1948, Miyachi
et al. 1983) adapted as described by (Young et al. 2001). Cells were harvested by centrifuging
suspensions at 2,500 g for 10 minutes (Heraeus Multifuge 3ST+, Thermo Scientific,
Brookfield, WI, USA), washed twice in ice-cold 50 mM Na2HPO4 buffer (BDH Chemicals,
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Victoria Australia; pH adjusted to 8.2) and resuspended in 15 mL of ice-cold 50 mM NaxHPO4
buffer at a final concentration of 4 x 10° cells/L. CAex activity was determined as the time
taken for the pH of cell-free 50mM Na2HPO4 (control) or 50 mM Na,HPO4 with cells in a
sealed chamber at 4°C to drop by 1 pH unit after injection of CO,-saturated 2.3 mL 22 g L
NaCl to an equal volume of sample. Samples were constantly stirred and cooled using a
circulating water bath. The procedure was repeated at least 6 times for each sample and the
average time per sample used in calculations. CAext activity, expressed as relative enzyme

activity (REA) was calculated as follows:
Relative Enzyme Activity (REA) =10 [(Tcontrol/ Tcens]-1) (2.8)

where Teontrol and Teenis are the times (s) taken for a 1 pH unit drop in control and cell samples,

respectively.

2.3.7 Cj Affinity— Photosynthesis vs C;j Curves

The affinity of cells for Ci was determined by measuring O2 evolution at a range of C;
concentrations (P vs Cj) in a Clark-type O electrode (Hansatech Oxygraph). Samples were
harvested by centrifugation at 1,500 g for 10 minutes, washed twice in Ci-free ESAW medium
and resuspended in Ci-free ESAW medium at a final density of ~ 2 x 107 cells - mL™. To
prepare Ci-free ESAW medium a sample of medium was acidified to pH ~2 with 32% HClI,
bubbled with nitrogen (N) gas for at least 90 minutes, buffered with 200 uM Tris-base (Sigma,
St. Louis, Missouri, USA) and adjusted to pH 8.2 with freshly prepared saturated sodium
hydroxide (NaOH). Two mL of sample were placed in the O.-electrode chamber and
measurements of Oz evolution made at saturating light for photosynthesis (determined from

Rapid Light Curves; 200 umol photons - m2 - s at sampling point 1, 140 pmol photons - m™
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-1 at sampling point 2 and 90 pmol photons - m? - s at sampling point 3) and 18°C. Samples
were left in the chamber until all residual C;in the medium was consumed and the CO:
compensation point was reached. Photosynthetic oxygen evolution was then measured after
addition of 10 sequential C;i concentrations (4.98 UM — 2000 uM C;). The data obtained were
fitted to the Michaelis-Menten model in GraphPad Prism 6.07, from which measures of the
half-saturation constant of photosynthesis for Ci (Ko sCiand the maximum rate of CO»-saturated
photosynthesis (Vmax) were determined. Assuming complete equilibrium of C; in the O»-
electrode chamber, the half-saturation constants of photosynthesis for CO; (KosCO2) and
HCO3 (Kos HCOz") were calculated using pH, salinity and temperature as described earlier

under the sub-heading ‘CO2 and HCOz3™ concentration’.
The CO; drawdown capacity of cultures (umol - L™ - h') was calculated as:
Cn X Vimax (2.9)

where Cn is the relevant daily cell number (cells/L) and Vmax is the COz-saturated

photosynthetic rate (umol Oz - h™* - 10°° cells).

2.3.8 The Role of CAex: in Photosynthetic Oz Evolution - Inhibition of CAex:

Samples were prepared as described for P vs Ci measurements. Once the CO, compensation
point was reached, O2 evolution was followed for 2 minutes after the addition of 33uM C; (sub-
saturating as determined by P vs Ci analyses). The change in O evolution was then followed
after the addition of 100 uM of the membrane-impermeable CA inhibitor acetazolamide (AZ;
Sigma-Aldrich, St. Louis, Missouri, USA) for 2 minutes (Miyachi et al. 1983). The effect of
CAext 0n photosynthetic O evolution was expressed as the percent reduction in Oz evolution,

calculated as:
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(AO- evolution after AZ addition/O> evolution before AZ addition) x 100% (2.10)

2.3.9 Statistical Analyses

The statistical significance of any differences observed between sampling points was
determined by a one-way ANOVA followed by a post hoc Tukey’s HSD multiple comparison
test in GraphPad Prism 6.07 (GraphPad Software, La Jolla California USA). The theoretical
CO2 supply rate was compared with the CO, drawdown capacity of cultures at each sampling
point using an unpaired two-tailed t-test. Differences were considered statistically significant

if p < 0.05.

2.4 RESULTS

2.4.1 Daily Measurements: Growth and Carbonate Chemistry

Cell numbers increased at a specific growth rate () of 0.69 day™* from 1 x 10* cells - mL™ at
inoculation to 4 x 10* cells - mL™ at day 2 (Figure 2.1a). Cultures reached a maximum growth
rate of 1.73 day* by day 3 at which point cell density was 2.3 x 10° cells - mL™. Cell numbers
increased further, reaching 5.4 x10° cells - mL at day 4 (‘sampling point 1*), although growth
dropped to 0.85 day*. Growth slowed further to 0.24 day™ at day 5 (‘sampling point 2”) with
a 25% increase in cells numbers to 6.7 x 10° cells - mL™. The increase in culture population
slowed further after sampling point 2 to 0.14 day*, with cell numbers increasing 16% to 7.7 x
10° cells - mL™ by day 6 (‘sampling point 3°). The pH of the growth medium increased with
increasing cell number (Figure 2.1b). In general, the trend observed in the pH was similar to

that observed in daily cell number (Figure 2.1b). The pH increased slowly from 8.00 at
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inoculation before reaching 9.13 at sampling point 1. The pH increased further to 10.01 by
sampling point 2 (Tukey’s HSD, p < 0.05) but remained stable between sampling points 2 and
3 (Tukey’s HSD, p = 0.50). Conversely, the concentration of CO, (Figure 2.1c) and HCOz3
(Figure 2.1d) decreased with increasing cell number. HCO3s™ decreased rapidly in the first 4
days, dropping 69% from 1920 uM at inoculation to 596 M at sampling point 1. There was a
further 89% reduction in HCOs™ concentration between sampling point 1 and 2, with the
concentration reaching 68 UM before levelling off, reaching 35 uM by sampling point 3. The
trend in CO2 concentration was similar, although more pronounced, to that observed in HCO3
concentration. CO concentration decreased rapidly with cell number, dropping 97% from 15
MM at inoculation to 0.4 uM by sampling point 1. The concentration of CO continued to
decrease rapidly, decreasing a further 99% to 0.005 uM before levelling off to 0.002 uM by

sampling point 3.
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Figure 2.1. (a) Daily cell number (‘points 1, 2 and 3’ indicate the timing of samples for
photosynthetic and C; acquisition parameters) and changes in (b) external HCOs™ concentration,
(c) external CO2 concentration and (d) pH with cell number. Values are means (+ standard error

of the mean) of measurements from triplicate independent cultures.

2.4.2 Photosynthetic Parameters

All of the photosynthetic parameters measured followed the same general trend, with an overall
decrease over time (Table 2.1). The maximum quantum yield (Fv/Fm) decreased 25% from 0.59
at sampling point 1 to 0.44 at sampling point 3 (one-way ANOVA, F, 4 = 381.3, p < 0.005).
However, the decrease in F./Fm was markedly greater between sampling points 2 and 3 where
a 23% decrease was observed (Tukey’s HSD, p < 0.05), compared to an 11% decrease between

sampling points 1 and 2 (Tukey’s HSD, p < 0.005). There was a 16% decrease in the relative
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light harvesting efficiency (o)) from 0.250 at sampling point 1 to 0.211 at sampling point 3 (one-
way ANOVA, F,, 4 = 164.5, p < 0.05). However, unlike the case of Fv/Fm, the decreases in a
observed between sampling points 1 and 2 and sampling points 2 and 3 were similar with 7%
(Tukey’s HSD, p < 0.05) and 9% reductions (Tukey’s HSD, p < 0.0001), respectively. There
was a 53% decrease in total chlorophyll concentration (one-way ANOVA, F2, 4 = 1235, p <
0.05) and, as with a, the decreases for each of the two time periods were similar with a decrease
of approximately 31% between sampling points 1 and 2 (Tukey’s HSD, p < 0.05) and sampling
points 2 and 3 (Tukey’s HSD, p < 0.05). Lastly, there was a 63% reduction in maximum
electron transport rate (rETRmax) overall (one-way ANOVA, F26=70.78, p <0.0001). rETRmax
decreased 35% from 37 at sampling point 1 to 24 at sampling point 2 (Tukey’s HSD, p < 0.005)

before decreasing a further 43% to 14 at sampling point 3 (Tukey’s HSD, p < 0.005).
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Table 2.1. The maximum quantum yield (Fv/Frm), relative light harvesting efficiency (a), total
chlorophyll concentration (chlorophyll a + c¢1,c2; pug - 10 cells) and relative maximum
electron transport rate (rETRmax) at three stages of growth in Chaetoceros muelleri. Values are

means (£ standard error of the mean) of triplicate measurements.

Sampling Point

1 2 3
Fv/Fm 0.59+0.01 0.52+0.01 0.44 +0.01
o 0.250 +0.002 0.232 +0.003 0.211 +0.003
Total Chl 0.64 £0.02 0.44 £0.01 0.30£0.01
rETRmax 37 +£0.97 24 +2.16 14 +£0.49

2.4.3 Affinity for C;

The affinity of photosynthetic O> evolution for HCOs  and CO; increased over time, as
evidenced by decreases in the half-saturation constants of photosynthesis (Kos) for both C;
species (Table 2.2). Overall, KosCO2 (one-way ANOVA, F.s = 16.12, p < 0.005) and
KosHCO3 (one-way ANOVA, F26 = 16.12, p < 0.005) decreased 76% between sampling point
1 and 3. The largest decreases for KosCO2 (Tukey’s HSD, p < 0.05) and KosHCO3™ (Tukey’s
HSD, p < 0.05) were observed between sampling points 2 and 3, with a 69% reduction in both.
Similarly, the maximum rate of CO. saturated photosynthesis (Vmax) decreased over time

(Table 2.2). Vimax Was at its highest of 0.081 pmol O, - h - 10 cells at sampling point 1 before
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decreasing 48% by sampling point 2 (Tukey’s HSD, p < 0.001). Vmax continued to decrease,
with a further 44% reduction between sampling points 2 and 3 (Tukey’s HSD, p < 0.05). The
affinity of cells for CO2 uptake (Vmax/KosCO2) remained stable at all sampling points (one-

way ANOVA, Fas = 3.12, p = 0.11).

Table 2.2. Half-saturation constants of photosynthesis for CO2 and HCO3s™ (Ko5CO2 uM and
KosHCO3 uM), CO,-saturated photosynthetic rate (Vmax; pmol Oz - ht - 10 cells) and affinity
for CO2 uptake (Vmax/KosCO2) of Chaetoceros muelleri at each of the measured stages of
growth. Values are means (+ standard error of the mean) of triplicate measurements. All

measurements were made at pH 8.2.

Sampling Point

1 2 3
KosCO2 0.258 + 0.013 0.203 + 0.040 0.063 +0.012
KosHCOs" 105.60 £5.14 83.23 £ 16.27 25.64 + 5.05
Vmax 0.081 + 0.004 0.042 +0.004 0.024 +0.001
Vimax/KosCO2 0.32+0.02 0.22 +0.02 0.41 +0.09

2.4.4 CO, Drawdown Capacity and Theoretical CO2 Supply

The CO- drawdown capacity of cultures decreased 34% from 21. 6 umol - L - h' at sampling
point 1 to 14.3 pmol - L - h*at sampling point 2 (Figure 2.2; Tukey’s HSD, p < 0.05), before

levelling off to 9.1 umol - L - h'tat sampling point 3 (Tukey’s HSD, p = 0.08). There was an
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initial sharp decline in the theoretical uncatalysed CO2 supply rate from bicarbonate from 57.4
pmol - Lt - h'tat sampling point 1, to 1 pmol - L - h'tat sampling point 2 (Figure 2.2; Tukey’s
HSD, p < 0.001), before the rate levelled off to 0.41 umol - L™* - h'tat sampling point 3 (Tukey’s
HSD, p = 0.9957). At sampling point 1 the theoretical CO; supply rate was 2.7 times greater
than the CO, drawdown capacity of cultures (Figure 2.2; unpaired t-test, t4= 4.24, p < 0.05).
Conversely, at sampling points 2 and 3 the CO. drawdown capacity of cells was 14.2 times
(unpaired t-test, t4 = 10.28, p < 0.001) and 22.3 times (Figure 2.2; unpaired t-test, t4 = 15.26, p

< 0.001) greater, respectively, than the theoretical CO2 supply rate.
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Figure 2.2. Comparisons between the CO. drawdown capacity of Chaetoceros muelleri
cultures (umol - L - h'!) and the theoretical CO, supply from spontaneous HCOs™ dehydration
in the medium at each of three measured stages of growth. Values are means (+ standard error

of the mean) of measurements from triplicate independent cultures.
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2.4.5 CAext Activity

CAex: activity increased by a factor of 7.6 from 0.94 REA units - 10 cells at sampling point 1
to 7.16 REA units 107 cells at sampling point 2 (Figure 2.3; Tukey’s HSD, p < 0.001). Activity
remained stable between sampling points 2 and 3, with only a 0.14 % increase observed
(Tukey’s HSD, p > 0.9999). The trend observed in CAex: activity was similar to those observed
in the measured carbonate chemistry parameters. CAext activity increased with increases in pH

and decreases in HCOz and COz concentration (Figure 2.4).

Acetazolamide (AZ), an inhibitor of CAex, reduced photosynthetic Oz evolution to some
degree at all three of the growth phases tested (Figure 2.5). Photosynthetic O> evolution
decreased 5% at sampling point 1. AZ had a greater impact at sampling point 2 (Tukey’s HSD,
p < 0.05), inhibiting photosynthetic O, evolution by 21%. However, the effect seen at sampling
point 3 was negligible (Tukey’s HSD, p < 0.005), with only 0.5% reduction in photosynthetic

O- evolution after the addition of AZ.
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Figure 2.3. The mean CAex: activity (REA units - 10° cells) in Chaetoceros muelleri at each
of three measured stages of growth. Values are means (+ standard error of the mean) of
measurements from triplicate independent cultures. The measurement for ‘air’ cultures is
previously unpublished data from our laboratory for air-bubbled semi-continuous cultures of

the same strain of C. muelleri (Reinecke 1997).
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triplicate independent cultures. The measurements for ‘air’ are previously unpublished data
from our laboratory for air-bubbled semi-continuous cultures of the same strain of C. muelleri

Reinecke (1997).
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Figure 2.5. (a) The rate of photosynthetic Oz evolution at 33 uM Ci before and after the
addition of acetazolamide, an inhibitor of CAex, and (b) the mean reduction (%) in
photosynthetic O evolution after the addition of acetazolamide in Chaetoceros muelleri at each
of the three measured growth phases. Values are means (tstandard error of the mean) of
measurements from triplicate independent cultures.
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2.5 DISCUSSION

Time-series measurements of CAex: activity over the course of population growth progression
in phytoplankton species, for laboratory cultures or natural populations, are scarce. However,
our finding that CAex: activity increases with progression of the population growth as C;
decreases agrees with the available literature. In the laboratory, CAex: activity was highest in
the later stages of growth in a high-calcifying strain of the coccolithophorid Emiliania huxleyi,
in the pennate diatom P. tricornutum and in the prymnesiophyte Phaeocystis globosa (Nimer
et al. 1994, Iglesias-Rodriguez and Merrett 1997, Elzenga et al. 2000). In E. huxleyi, CAext
activity increased with decreases in C; concentration and calcification, for which HCOz3™ is a
substrate, later in the growth cycle. Consequently, the authors surmised that CAex: activity was
influenced by HCO3™ concentration in this strain (Nimer et al. 1994). As in E. huxleyi, CAext
activity was only detected in the later stages of growth in P. tricornutum. Subsequent
measurements suggested that CAex: activity was induced by C; limitation (lglesias-Rodriguez
and Merrett 1997). Elzenga et al. (2000) reported similar findings in P. globosa, whereby CAex:
activity increased with increasing pH and decreasing Ci over time. Further experiments
concluded that CAext activity in P. globosa was specifically induced by CO, availability.
Additionally, similar increases in CAex: activity with increasing pH (constant C; concentrations)
or decreasing Ci concentrations (constant pH) were observed in T. pseudonana (Hopkinson et
al. 2013). The resulting trends were identical, strongly suggesting the CAext activity was
specifically modulated by CO> concentration (Hopkinson et al. 2013). Similar observations
have been made in natural populations of the dinoflagellate Peridinium gatunense in Lake
Kinneret, Israel (Berman-Frank et al. 1994). The relationship between CAex: activity and Ci
concentration was monitored over the course of an annually-occurring bloom of P. gatunense.
Whilst CAext activity fluctuated in the early stages of the bloom, the highest activity was

measured when C; concentrations were depleted to <1.8 mM by the rapidly growing
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population. More specifically, there was an exponential increase in CAex: activity when CO>
concentrations were <10uM (Berman-Frank et al. 1994). Our CAex: activity of 0. 94 REA units
- 10 cells is similar to those reported in studies using the electrometric assay used here. In
particular, CAex: activities between 0.1 - 1.5 REA units - 10® cells have been reported in
exponentially growing cultures in a number of microalgal species (Mitchell and Beardall 1996,
Iglesias-Rodriguez and Merrett 1997, Young et al. 2001, Spijkerman et al. 2014). In contrast,
the values of 7.157 and 7.167 REA units - 10 cells measured at sampling points 2 and 3,
respectively, are considerably higher than those typically reported in the literature, even for
cultures grown under high pH or low CO2 conditions (Spijkerman et al. 2014) that would be
expected to induce upregulation of CAex activity. These measurements are, however, usually
made earlier in the growth phase where CAex: is likely to be lower. Our observation of an ~8-
fold increase in CAex: activity between sampling point 1 and 2 is consistent with observations
made in the previously discussed studies on P. tricornutum, P. globasa and P. gatunense. In
particular, CAext activity increased 4-, 26- and up to 50-fold between the early and later stages
of growth in P. tricornutum, P. globasa and P. gatunense, respectively (Berman-Frank et al.
1994, Iglesias-Rodriguez and Merrett 1997, Elzenga et al. 2000). Our findings are in agreement
with the literature in that CAex activity increased with increasing pH and C; depletion caused
by exponentially growing cultures of C. muelleri. In addition, we observed that at sampling
point 1, where CAex: activity was lowest, the theoretical supply of CO, from spontaneous
HCO3™ dehydration exceeded the CO, drawdown capacity of cultures. This suggests that
uncatalysed CO2 supply from the bicarbonate in the medium at this stage of growth is sufficient
to meet the needs of photosynthesis. Conversely, at sampling points 2 and 3 the CO drawdown
capacity of cultures exceeded CO> supply from the bicarbonate in the medium, suggesting the
operation of a CCM (Burns and Beardall 1987), consistent with the high CAex activity

observed at sampling points 2 and 3 in our cultures. This apparent induction of CAext in

43



response to an insufficient spontaneous CO: supply from bicarbonate suggests that CAext
activity in C. muelleri is specifically modulated by CO. concentration, as in other microalgal
species (Berman-Frank et al. 1994, Elzenga et al. 2000). The operation of a CCM, including
the use of CAext, imposes additional energy costs on phytoplankton cells, increasing the
energetic budget for growth (Raven et al. 2008, Raven et al. 2014). Therefore, the induction of
CAext only when uncatalysed CO- availability is insufficient to promote photosynthesis over
photorespiration, which is energetically expensive (Raven et al. 2014) and results in a net loss
of fixed C (Raven 1994, Giordano et al. 2005, Reinfelder 2011), may be a resource-conserving

strategy in phytoplankton cells.

Along with a depletion of C;, including HCO3™ and CO>, over the course of population growth
increases in the pH of the growth medium, as observed here, influence the concentration of
CO available for uptake at the cell surface. At lower pH the relative concentration of CO3 is
high and the diffusive flux to the cell membrane is sufficient to support photosynthesis
(Axelsson et al. 1995, Elzenga et al. 2000). As pH increases, the relative concentration of CO>
decreases. Consequently, the catalysed conversion of HCO3- by an upregulation of CAext
expression becomes necessary to provide an adequate supply of COz to support photosynthesis
at the cell membrane (Elzenga et al. 2000). However, at the upper end of the pH spectrum,
where the relative CO. concentration continues to decrease, very high external CA activity
would be required to sustain the C; supply required to maintain photosynthesis. Therefore, at
higher pH direct uptake of HCO3™ at the cell membrane by anion exchange (AE) proteins is
likely to be more efficient than CAex-mediated CO2 supply (Axelsson et al. 1995). Whilst total
CA, internal plus external, activity appeared to correlate with the maximum photosynthetic rate
in the P. gatunense bloom monitored by Berman-Frank et al. (1994), to our knowledge the

actual contribution of CAex: to the supply of CO: for photosynthesis at different growth stages
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has not been directly measured in any phytoplankton species. Here, we inferred the role of
CAext activity in photosynthesis by measuring the reduction in photosynthetic Oz evolution in
the presence of acetazolamide, an inhibitor of CAext. Although the contribution of CAex to
photosynthesis over the course of population growth has not previously been investigated there
is evidence that, due to its relationship with C; speciation, the pH of the growth medium
influences the contribution of CAext to photosynthesis (Moroney et al. 1985, Axelsson et al.

1995, Elzenga et al. 2000).

Axelsson et al. (1995) found that at pH 8.4 photosynthesis in the macroalga Ulva lactuca was
suppressed by acetazolamide but unaffected by 4,4’-diisothiocyanostilbene-2,2-disulphonate
(DIDS), an inhibitor of some AE proteins. Conversely, treatment with DIDS decreased
photosynthesis in U. lactuca grown at pH 9.8, whilst acetazolamide had no effect (Axelsson et
al. 1995). It was concluded that U. lactuca is able to make use of HCO3™ by two mechanisms,
with direct uptake via AE being induced by the low CO> concentrations prevailing at high pH.
Similarly, Elzenga et al. (2000) measured the inhibition of C fixation by acetazolamide in P.
globosa cells at three pH levels — 8.4, 8.6 and 9.2. They observed that inhibition of C fixation
doubled from 11% at pH 8.4 to 22% at pH 8.6 before decreasing to almost 0% at pH 9.2. The
observations made by Elzenga et al. (2000) are remarkably similar to our observations on the
role of CAext in photosynthesis over the course of population growth of C. muelleri.
Specifically, photosynthetic O> evolution decreased by 5% when CAex: was inhibited at
sampling point 1. In agreement with our observations of low CAext activity at sampling point
1, this suggests that CAext plays a minor role in the CCM of C. muelleri at this stage of growth.
As with CAex: activity, the contribution of CAex to photosynthesis increased with increasing
pH and, particularly, decreasing CO2 between the first two sampling points. More specifically,

photosynthetic O evolution was inhibited by 21%, the highest we observed, at sampling point
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2. This finding is similar to observations made in T. pseudonana, where photosynthetic O2
evolution in the presence of acetazolamide was inhibited by ~25% only at very low (1 puM)
CO2 concentrations (Hopkinson et al. 2013). Hopkinson et al. (2013) found that CAext
expression in T. pseudonana and in Thalassiosira weissflogii is conservative and does not
exceed that required to maintain CO> concentrations at the surface of the cell at, or near, bulk
concentrations. Thus, it is likely that at sampling point 2 CO2 supply by CAex was optimised
to supplement Ci supply by other uptake mechanisms, namely HCO3z uptake by AE
transporters. This is supported by observations of simultaneous CO, and HCO3™ uptake at low
CO2 in a number of diatom species (Burkhardt et al. 2001, Clement et al. 2016). By sampling
point 3, where pH had increased further and the relative concentration of CO2 was consequently
very low, the contribution of CAext to photosynthesis was negligible. Despite this, high CAext
activity persisted at sampling point 3. Similarly, CAex activity at high pH was greatest in
diatom species that were ‘HCO3 users’ (Trimborn et al. 2008, 2009). Consequently, Trimborn
et al. (2008) suggested that in HCO3™ users, CAext hydrates CO> leaking from the cell, thus
enhancing HCOs™ available for uptake by AE transporters. Therefore, it is possible that at
sampling point 3 C; acquisition in C. muelleri was almost solely by direct uptake of HCOs3',
with CAext playing an indirect role via Ci recycling. However, it has been suggested that
external CAs may be less susceptible to regulated degradation than internal forms of the
enzyme (Lane and Morel 2000). As such, the possibility that high CAex: activity persists at
sampling point 3 despite the negligible role observed in photosynthesis may simply be because
the enzyme has not yet been targeted for degradation. Observations that transcription of some
putative HCOs3" transporter genes in P. tricornutum is specifically induced when cells are CO»-
limited suggests that direct HCOz3™ uptake via AE transporters is involved in the CCM of some
diatoms (Nakajima et al. 2013). In contrast, despite some evidence that O, evolution was

inhibited by DIDS in cells of the green alga Dunaliella tertiolecta grown at pH 9.5, and not in
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those grown at pH 8, no impact of DIDS on intracellular Ci accumulation or C fixation rates
was observed, suggesting a DIDS-insensitive mechanism for direct HCO3™ uptake or a minor
role of HCOs" transportersin the CCM at high pH in this species (Young et al. 2001). These
contrasting results suggest that direct uptake of HCO3z™ mediated by DIDS-sensitive AE
transporters at high pH may be species dependent and whether AE plays a role in Cj use in C.

muelleri at the very low CO> concentrations present at high pH still needs to be resolved.

Although the trend in our acetazolamide inhibition data is similar to that observed for P.
globosa, the pH of our cultures at the measured stages of growth was higher than the pH used
by Axelsson et al. (1995) and Elzenga et al. (2000). In Elzenga et al. (2000) the highest
contribution of CAex: to C fixation in P. globosa was observed at pH 8.8, with a sharp decline
observed at pH 9.2. Here, the inhibition of photosynthetic O, evolution by acetazolamide
increased between sampling point 1, where the pH was 9.1, and sampling point 2, where the
pH was 10, before decreasing. The high pH reached in the later stages of growth here is not
unusual for batch cultures of C. muelleri. Ihnken et al. (2011) observed a maximal pH of 10.3
during long-term (< 5 days) pH drift experiments using the same strain of C. muelleri. The high
activity and enhanced role of CAext in photosynthesis observed here at relatively high pH may
indicate that the use of CAex: in the CCM of C. muelleri is only required at very low CO>
concentrations. Since all microalgal RUBISCOs are sub-saturated at air-equilibrium
concentrations of CO> (Beardall and Giordano 2002), the bubbling of cultures with ambient
air is typically used as a ‘low CO2’ condition when investigating microalgal CCMs. Previous
work in our laboratory reported an absence of CAex activity in air-bubbled cultures of C.
muelleri (Reinecke 1997). Similarly, a recent study by Tsuji et al. (2017a) found no impact of
acetazolamide on the Ko s5Cior Vmax for photosynthetic O evolution in air-bubbled cultures of

C. muelleri. Together, these findings suggest that CAex--mediated uptake of Cj is only induced
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at very low CO; concentrations in this species. Whilst it is well known that in species with a
CCM, cells growing at high (2-5%) and low CO- (0.03-0.05%) are physiologically different,
Vance and Spalding (2005) reported further distinct differences between Chlamydomonas
reinhardtii cells grown at ‘low CO2’ (0.03-0.3%) and those grown at ‘very low CO2’ (0.005-
0.01%). Of note here, they found that in cells grown under very low CO; expression of Cah1l,
a gene encoding CAext, and the apparent affinity of cells for CO, were greater compared to ‘low
CO2’ cells (Vance and Spalding 2005).The concentration of CO; at our first sampling point
(0.35 pM; 0.001%) was significantly lower than the range described by Vance and Spalding
(2005) as ‘very low CO2’and yet, the role of CAex: in the CCM of C. muelleri at sampling point
1 was relatively minor. However, CAex was maximally induced by sampling point 2, where
the concentration of CO, was extremely low (0.005 pM; 0.00001%). These results, along with
those of Reinecke (1997) and Tsuji et al. (2017a), support the idea CAex: C. muelleri is induced

at very low COz concentrations.

Diatoms, haptophytes and red algae have Form ID, or red-type lineage, RUBISCOs (Young et
al. 2016, Heureux et al. 2017).Despite some variation within the group, diatom RUBISCOs
generally display a high specificity for CO> compared with other microalgal groups, with the
exception of red algae (Tortell 2000, Young et al. 2016). Tortell (2000) found a significant
negative relationship between the CO. specificity factor of RUBISCO and the ability of
microalgal cells to concentrate Cij via CCMs. In general, RUBISCOs with faster CO»-saturated
specific reaction rates (kcat®) require lower CO2 concentrations to saturate C fixation, likely
reducing the necessity for CCM-mediated Ci uptake. However, in diatoms RUBISCO content
was found to correlate positively with carboxylation efficiency (Kca®/ KmCO?; where KmCO? is
the half-saturation constant for CO?), rather than the CO?-saturated specific reaction rate like

in C4 plants (Young et al. 2016). Of the 11 diatom species surveyed by Young et al. (2016) C.
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muelleri appeared to have one of the most efficient RUBISCOs, as indicated by the
comparatively low half-saturation constant for CO2 (KmCO2) of 23 uM, high CO- specificity
factor and carboxylation efficiency measured in extracts of RUBISCO. Consequently, C.
muelleri may allocate more of its resources to maintaining higher RUBISCO content rather
than a CCM involving CAex to maintain photosynthesis (Young et al. 2016) until the
concentration of CO2 in the surrounding medium is too low to meet RUBISCO’s needs,
necessitating the induction of CAex-mediated Ci acquisition. However, since the concentration
of COz in our growth medium at inoculation (~15 puM) was already below the measured KnCO>
of 23 uM for C. muelleri RUBISCO, it is likely that some form of CCM is active even before

the induction of CAex:.

In C4 plants, a CCM typically allows a plant to reduce its RUBISCO content and, consequently,
optimise its nitrogen use efficiency (Ghannoum et al. 2005). Similarly, a relationship between
the affinity of RUBISCO for CO2 and RUBISCO content has been observed in a number of
diatom(Young et al. 2016) and haptophyte species (Heureux et al. 2017). In particular, those
species with high COz-affinity RUBISCOs typically have a greater RUBISCO content,
expressed as the proportion of soluble protein, than those with low CO.-affinity RUBISCOs
(Young et al. 2016, Heureux et al. 2017). Conversely, species with low CO»-affinity
RUBISCOs were found to have lower RUBISCO content and more active CCMs (Young et al.
2016, Heureux et al. 2017). Therefore, photosynthetic organisms are concluded to use a CCM
if their RUBISCO content relative to total soluble protein is low and their KosCO2 for
photosynthetic O, evolution is below the KnCO. of RUBISCO, which varies with species.
Given that we observed KosCO> values that were lower than the KnCO2 of 23 uM reported for
C. muelleri (Young et al. 2016) we can conclude that, in agreement with CAex: activity data, C.

muelleri has an active CCM at all three measured stages of growth. However, although the

49



observed decrease in KosCO:- is indicative of enhanced CCM function over time, a decrease in
Vmax, When expressed on a per cell or chlorophyll basis (unpublished data), was also observed.
This observation is inconsistent with those of Rost et al. (2003), who reported that Vmax on a
chlorophyll basis remained stable with increases in CCM function (as indicated by decreasing
KosCO2) caused by decreases in CO availability in a range of species, including diatoms.
However, these observations were made in cells acclimated to air-equilibrium concentrations
of CO2 where nutrient concentrations were stable between treatments (Rost et al. 2003). It is
possible that the observed decrease in Vmax Over time in our experiments is an artefact of the
protocol used. Cells were resuspended in fresh medium at pH 8.2 for all P vs Ci measurements,
resulting in sudden decreases of 0.93, 1.81 and 1.94 pH units at sampling points 1, 2 and 3,
respectively. Whilst adjusting the pH prior to measurements kept the Ci environment constant
between sampling points sudden decreases in pH have can impair photosynthesis in microalgae
(Nalewajko and O'Mahony 1989). However, we observed a similar decline in rETRmax Over
time. Since the pH of samples were not altered prior to PAM measurements it is unlikely that
the observed decrease in Vmax was due to pH shock. In our experiments, as well as in natural
populations, nitrogen (N) limitation later in the growth cycle can influence CCM function and

photosynthesis.

A similar decline in maximum photosynthetic rates despite increased affinity for CO; as
reported here was observed in N limited cells of D. tertiolecta (Young and Beardall 2005). The
authors suggested that the increased affinity for CO2 of O, evolution despite decreases in
photosynthetic capacity observed in D. tertiolecta acts to maintain efficient C fixation by
RUBISCO under N limited conditions. Under N replete conditions a significant proportion of
cellular N is allocated to RUBISCO. In contrast, significant decreases in the proportion of
cellular N allocated to RUBISCO have been observed in N limited cells (Falkowski et al. 1989).

Additionally, decreases in cellular RUBISCO concentration have been observed during the N-
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limiting conditions associated with the stationary growth phase of a range of diatoms, including
C. muelleri (Losh etal. 2013). Enhancing the CO; affinity of O evolution by means of a CCM
would act to maintain efficient photosynthetic C fixation despite a lower investment of N in
RUBISCO. The N diverted from RUBISCO synthesis has been hypothesised to be
preferentially allocated to daughter cells (Cleveland and Perry 1987), thus allowing growth of
the population to continue for some time after the onset of N stress (Falkowski et al. 1989).
Whilst N availability was not measured in our cultures decreases in Fv/Fm and total chlorophyll
content, as observed here, are good indicators of N limitation (Young and Beardall 2005).
Furthermore, whilst our Vmax values are low compared to those previously reported for a
number of microalgal species (Rost et al. 2003), including C. muelleri (Hu and Gao 2008), they
are similar to the values measured for N-limited D. tertiolecta cells (Young and Beardall 2003).
In particular, Vimax values of ~2 nmol Oz - min- 10 cells (0.12 umol Oz - h! - 10°® cells) were
recorded in D. tertiolecta 40 hours after exposure to N-limitation, and continued to decrease
thereafter (Young and Beardall 2003). In addition, it is plausible to assume that by sampling
point 3 our cells were experiencing N limitation given that increases in lipid content, consistent
with N limitation, have been observed in stationary phase for the same strain of C. muelleri
used here (Giordano et al. 2001, Liang et al. 2006). Consequently, the enhanced CCM function
observed here may act to ameliorate the effects of N limitation on the C fixation capacity of
RUBISCO by increasing the efficiency of the remaining RUBISCO in the later stages of
growth in C. muelleri, particularly given that the affinity for CO, uptake (Vmax/KosCOz)

remained constant over time.

Here, we have shown that at high cell densities C. muelleri makes use of a CCM, specifically
involving CAex:, to mediate C; acquisition. CAex: activity is induced by depletion of CO; as a

result of consumption by growing cultures. Also, we have shown that CAext plays a role in
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photosynthesis at higher pH, and consequently lower CO2 concentrations, than has been
reported for some other microalgal species. However, it is likely that at the very high pH, and
consequently very low CO> concentrations, observed at the last sampling point C; acquisition
is primarily by direct HCO3 via AE transporters. Lastly, we provided evidence with support
from the literature, that C. muelleri may enhance CCM activity over time to maintain efficient
C fixation despite reductions in RUBISCO synthesis. As a consequence, the N usually allocated
to RUBISCO can be reallocated to daughter cells, thus prolonging cell division despite N stress.
Overall, the physiological strategies used to maintain relatively efficient photosynthesis
beyond exponential phase may contribute to the observed dominance and persistence of

diatoms, including Chaetoceros species, in phytoplankton blooms.
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Chapter 3: Silica Limitation Effects on Diatom CO;
Concentrating Mechanism Function, Photosynthesis and
CO, Drawdown Capacity
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3.1 ABSTRACT

The silica frustule of diatoms may act as a buffer for external carbonic anhydrase (CAext), an
enzyme that catalyses the otherwise slow conversion of bicarbonate to CO; at the cell surface.
In addition, there is evidence that CAex: activity is modulated by the silica content of the
frustule. Here, the impact of silica limitation, which results in poorly silicified frustules, on
CAex: activity and CO. concentrating mechanism function was investigated in Chaetoceros
muelleri. Semi-continuous C. muelleri cultures were grown under silica-limited or silica-
replete conditions and growth rate, cell size, biogenic silica content, theoretical CO> flux to the
cell surface, CAext activity, affinity for CO, and CO. drawdown capacity was compared. The
frustules of silica-replete cells were approximately twice as silicified as silica-limited cells.
However, silica-limited cells were approximately twice the size of silica-replete cells. The
observed difference in cell size resulted in a lower theoretical CO> flux to the cell surface in
silica-limited cells. When the difference in cell size was accounted for no difference in CAext
activity was observed between silica treatments. In contrast, a greater affinity for CO, was
observed in silica replete cells, suggesting that the CO> concentrating mechanism of silica
replete cells was more efficient than that of silica limited cells. Consequently, we hypothesised
that enhanced C; limitation resulting from the increased size of cells, rather than frustule silica
content, regulates CO> concentrating mechanism function in silica limited C. muelleri cells.
These findings may explain why the Equatorial Upwelling Zone of the Pacific Ocean, where
diatoms dominate net production and silica availability is often low, is a net source of CO> to
the atmosphere. In addition, our findings may have implications for future global carbon
cycling, since it is predicted that enhanced thermal stratification of the surface layer in the

tropics and mid-latitudes will inhibit the supply of nutrients, including silica, to the photic zone.
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3.2 INTRODUCTION

Diatoms are arguably the most ecologically successful group of eukaryotic microalgae in
aquatic environments. With an estimated 200,000 species (Mann and Droop 1996), they occur
wherever light and nutrient levels are sufficient to meet their growth requirements (Armbrust
2009). In the oceans, diatoms dominate well-mixed coastal and upwelling regions, fuelling
commercially important fisheries (Armbrust 2009). They are also typically the most abundant
photoautotrophs along the sea-ice edge (Bowler et al. 2010) and are a vital food source for
polar communities (Armbrust 2009). Diatoms fix 25-50% of the 50 gigatonnes of organic
carbon (C) produced in the oceans each year(Nelson et al. 1995, Granum et al. 2005, Bowler
et al. 2010). A considerable proportion of this organic C is exported to the deep sea, creating a
net downward flux of C (Falkowski et al. 1998, Bowler et al. 2010) in what is called the
‘biological carbon pump’. The sequestration of this organic C in the deep sea for centuries to
millennia (Falkowski et al. 1998) is thought to have lowered atmospheric CO, concentrations
over geological timescales, thus shaping global climate (Falkowski et al. 1998, Tréguer and

Pondaven 2000).

Diatoms play a major role in the biological carbon pump due to the sinking of their heavy silica
cell wall, known as a frustule. With the exception of the weakly silicified Phaeodactylum
tricornutum (Borowitzka and Volcani 1978, Martino et al. 2007), diatoms have an absolute
requirement for silica to form the frustule (Lewin 1962). Under silica-limitation slower growth
rates (Guillard et al. 1973, Paasche 1973a, Paasche 1973b, Paasche 1975, Laing 1985), lower
maximal cell numbers (Guillard et al. 1973, Laing 1985), changes in the chemical and
macromolecular composition (Harrison et al. 1976, Harrison et al. 1977, Bucciarelli and Sunda

2003) and the biovolume (Bucciarelli and Sunda 2003) of cells are frequently observed. In
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addition, the frustules of silica-limited cells are weakly silicified (Guillard et al. 1973, Paasche
1973a, Paasche 1973b, Harrison et al. 1977) and often lack structural components (Paasche
1973a, Harrison et al. 1977, Booth and Harrison 1979). The frustule confers many advantages
to the diatoms, perhaps explaining their ecological success. In particular, silica cell walls may
be cheaper to produce than their organic counterparts (Raven 1983). In addition, the frustule
and its nano-features may play roles in anti-predator defence (Hamm et al. 2003), enhancing
nutrient uptake (Hale and Mitchell 2001, Mitchell et al. 2013), UV protection (Ingalls et al.
2010) and buoyancy control (Raven and Waite, 2004). Although, the high nitrogen requirement
associated with silica cell wall biomineralization may make it a less desirable ballast strategy
compared to carbohydrate storage and mobilisation (Lavoie et al. 2016). The frustule also
displays morphological flexibility under fluctuating environmental conditions, affording
diatoms the ability to survive in harsh environments (Leterme et al. 2010, Ligowski et al. 2012,
Leterme et al. 2013). However, research on the physiological functions of the frustule is scarce,
although a role in inorganic carbon acquisition (Ci) has been proposed (Milligan and Morel

2002).

Due to its plentiful supply in the photic zone, C; is not traditionally thought to be limiting to
microalgal growth and photosynthesis (Reinfelder 2011), although there is some evidence that
suggests otherwise (Riebesell et al. 1993, Hein and Sand-Jensen 1997, Riebesell et al. 2007)..
In aquatic environments, the pool of Ci is made up of bicarbonate (HCO3), carbonate (CO3?)
and carbon dioxide (CO.) (Reinfelder 2011). At the alkaline conditions (pH 8 —8.3) prevailing
in the oceans over 90% of Cj is present as HCOs", with less than 1% as COa, the sole substrate
for the carbon fixing enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (RUBISCO)
(Riebesell 2000). The supply of CO; to the cell is impeded further by its slow diffusion in

water, which is 10* times slower than in air (Raven 1994, Granum et al. 2005). Along with
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RUBISCO’s relatively low affinity for CO., the short supply of CO: to the cell means that, in
the absence of a mechanism for concentrating CO, all microalgal RUBISCOs are sub-saturated
at present day levels (Riebesell 2000, Beardall and Giordano 2002, Raven et al. 2008).
Additionally, oxygen (O2z) competes with CO; for the active site of RUBISCO in the process
of photorespiration (Raven et al. 2008, Reinfelder 2011). Photorespiration involves a net loss
of C and thus amplifies the energy cost of C fixation by RUBISCO (Raven 1994, Giordano et
al. 2005, Raven et al. 2014). To overcome the problems surrounding CO2 accumulation many
microalgal species have evolved CO2 concentrating mechanisms (CCMs) (Giordano et al.

2005, Reinfelder 2011).

CCMs act to enhance the concentration of CO: at the active site of RUBISCO, promoting C
fixation over photorespiration (Beardall 1989). In microalgae, most CCMs make the large pool
of HCOs™ accessible for photosynthesis. One such mechanism involves the dehydration of
HCOs  at the cell surface by external carbonic anhydrase (CAex) (Reinfelder 2011),
maintaining a high equilibrium of CO> for passive or active uptake at the plasmamembrane.
This alone, does not result in internal accumulation of CO2, which still requires active transport
at some other membrane (Giordano et al. 2005). However, the rate of HCO3™ dehydration is
limited by the proton (H*) transfer step, as H" exchange with water is particularly slow
(Lindskog and Coleman 1973, Silverman and Lindskog 1988). Consequently, a pH buffer is
required to maintain high catalytic rates (Lindskog and Coleman 1973, Silverman and

Lindskog 1988, Milligan and Morel 2002).

In seawater, bicarbonate, borate and silicate are potential buffers for the CAext reaction

(Milligan and Morel 2002). However, since bicarbonate concentrations of up to 200 mM are
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required for full CA activity, the 2 mM bicarbonate available in seawater is 100 times lower
than is necessary for it to be an effective buffer for CAex (Milligan and Morel 2002).
Additionally, the low concentration, and alkaline nature, of both boric and silicic acids
diminishes their potential to be effective buffers for CAexx (Milligan and Morel 2002).
Conversely, the polymerised silica in diatom frustules is more acidic and present at relatively
high concentrations in close proximity to the periplasm, where diatom CAex: is located
(Milligan and Morel 2002). For these reasons Milligan and Morel (2002) proposed that the
silica frustule acts as a potential buffer for CAext in diatoms. They found support for this
hypothesis by showing, through a series of experiments, that live cells and the cleaned frustules
of Thalassiosira weissflogii buffered the CA reaction effectively. It should, however, be noted
that the methods used to remove organic matter from the frustules may have altered the pKa of
the frustule Si-OH groups (Raven, 2018, pers. comm) and consequently, the buffering capacity
of cleaned frustules. Later work found that under CO»-limited conditions (100 ppm) the
frustules of T. weissfloggi cells are more heavily silicified than cells growing in CO2-replete
medium (370 ppm and 750 ppm), suggesting a link between the external CO environment and
diatom silicification (Milligan et al. 2004). Similar findings were reported by Mejia et al.
(2013), who found a positive correlation between the silica:fixed C quota of cells and
increasing pH in T. weissflogii and Thalassiosira pseudonana. They suggested that the
increased silica requirement at high pH was a response to the concomitant decrease in CO>
availability. Both studies suggested that under CO> limited conditions diatoms are more
heavily silicified to enhance CAex activity and thus improve Ci acquisition (Milligan et al.
2004, Mejia et al. 2013), although it should be noted the availability of resources other than
silica and inorganic carbon, including N (Flynn and Martin-Jézéquel 2000), Fe (Hutchins and
Bruland 1998, Takeda 1998) and light (Martin-Jézéquel et al. 2000, Zhang et al. 2017) also

have the potential to influence frustule silicification. In support of this hypothesis Gong and
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Hu (2014) found a positive correlation between CAex: activity and silica concentration in the

growth medium in Skeletonema costatum.

Whilst these studies lend support to Milligan and Morel’s (2002) findings, the impacts of the
observed changes in silicification and CAex activity, when diatoms are exposed to CO> and
silica limitation respectively, on diatom C; acquisition and CCM function remain unclear.
Therefore, we investigated the effects of silica limitation on CAex: activity, photosynthesis and
CCM function in the common, bloom-forming (Rines and Theriot, 2003), marine diatom
Chaetoceros muelleri. This aimed to improve our understanding of the influence of silica
availability on the biological carbon pump, since any impacts of silica limitation on diatom C;
acquisition are likely to affect C fixation and, coupled with the reduced ballast provided by less
heavily silicified frustules, CO, drawdown via the biological carbon pump. This is of particular
importance given the predicted effects of global warming on stratification in the oceans and
consequent enhanced limitation of nutrient supply to the upper mixed layer (Behrenfeld et al.

2006, Doney 2006).

3.3 MATERIALS AND METHODS

3.3.1 Growth Conditions

Chaetoceros muelleri Lemmerman (CS-176; Australian National Culture Collection, Hobart
Australia) was grown at 18 + 1°C under continuous light supplied at 90 pmol photons m? s
(cool white light, BL75-S LED panel, Enttec, Rowville VIC, Australia) and stirred at 300 rpm
on a magnetic stirrer (RT 15 magnetic stirrer, IKA Werke Staufen, Germany). Cultures were

grown in 0.2 um filtered (Type GTTP Polycarbonate filters, Millipore, Bayswater VIC,
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Australia) enriched seawater artificial water (ESAW) medium (Berges et al. 2001) with 10.6
MM Na2SiO3 (silica-limited) or 106 uM NazSiOs (silica-replete). Medium was buffered to pH
8.2 with 10 mM Tris-base (Sigma, St. Louis, Missouri, USA). Cells were acclimated to
experimental conditions for at least 3 generations before the start of experiments. For
experiments, triplicate 300 mL cultures for each treatment were inoculated at a density of 10*
cells mL? in 500 mL square Nalgene Polycarbonate narrow-mouthed bottles (Thermo
Scientific Nalgene, Rochester NY, USA). Cultures were maintained in mid-exponential (at
3.32 x 10° cells/L for silica-limited cells and 11.80 x 106 cells/L for silica-replete cells) phase

by performing daily dilutions with fresh ESAW medium.

3.3.2 Growth Rate

Cell numbers were determined daily using a Zeiss Axioscope Al light microscope (Carl Zeiss,
Gottingen, Germany). Cell counts were carried out on ten pL aliquots of culture, fixed with
Lugol’s iodine, using an Improved Neubauer Brightline haemocytometer (Boeco, Hamburg,
Germany). Four replicate counts were carried out per culture and the average cell number

recorded. Specific growth rates (1 day™) were calculated as:
In (N2/N1)/(T2-T1) (3.1)

where N1 and N2 are the cell numbers at time 1 (T1) and time 2 (T>2), respectively.

3.3.3 Morphometric Measurements

Morphometric data for each treatment was collected using a Zeiss Axioscope Al fitted with an

AxioCam ICcl1 camera (Carl Zeiss, Gottingen, Germany). Photographs of at least 45 Lugol’s
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iodine preserved cells (15 cells per replicate) from each treatment were taken using a 40x
objective lens in the built-in AxioVision Release 4.7.1 software (Carl Zeiss, Gottingen,
Germany). To calculate the surface area and biovolume of cells measurements of length, width
and thickness were then made on saved photographs using the publicly available Image J 1.50i
software (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland,
USA, http://imagej.nih.gov/ij/, 1997-2016) calibrated with a 100 um objective micrometre.
The average surface area (um?) and biovolume (um?®) of cells was calculated according to
Vadrucci et al. (2013) using the formulae for elliptic prisms. Given the limitations in obtaining
three-dimensional measurements of individual cells using microscopy (Vadrucci et al. 2013)
measurements of cell width and thickness were carried out on photographs of at least 15 cells
in girdle view and then measurements of cell length were carried out on 15 cells which had
valve view for each replicate. From these measurements, the average length, width and
thickness of cells in each sample was determined and used to calculate surface area and

biovolume.

3.3.4 Inorganic Carbon in the Growth Medium

The concentration of total C; in the growth medium was determined from cell-free medium
samples, prepared by filtering 28 mL of culture through a 0.4 um syringe filter (PALL Life
Sciences Acrodisc ® Supor ® Membrane, Port Washington NY, USA) into a pre-sterilised
McCartney bottle. Samples were stored at 4°C until analysis. For analyses, 20 mL of 0.1M
hydrochloric acid (HCI; Merck, Darmstadt, Germany) was continuously bubbled with air,
which had been passed through soda lime granules to ensure complete stripping of CO> (4-8
mesh, Ajax Finechem, NSW, Australia), in a sealed glass chamber. Total C;concentration was

determined by measuring the amount of CO2(g) liberated from the reaction of C; in 2 mL of

61



sample, injected into the chamber through a rubber septum, with the HCI. The gas liberated
from this reaction passed through the desiccant magnesium perchlorate (Mg(ClO4).; Alfa
Aesar, Haverhill MA, USA) and was analysed continuously by an Infra-Red Gas Analysis
(IRGA) system (LI1-840A CO2/H.O Gas Analyser, Licor, Lincoln Nebraska, USA) until all
CO2 had been removed. Data were plotted by the inbuilt software as the concentration of
CO2(g) versus time and the area under this curve was used to calculate total Ci concentration
by comparison with a standard curve of known sodium bicarbonate (NaHCO3) concentrations
(ranging from 0 — 3 mM). The pH, temperature (°C) and salinity (%) of samples were
determined using a senslON+ PH31 pH meter with in-built temperature probe (Hach, Loveland
Colorado, USA) and a portable refractometer. The total C; concentration, pH, temperature and
salinity were used to calculate [CO>] and [HCOs7] according to Weiss (1974), Dickson and
Riley (1979) and Millero (2010). The pH and [CO] and [HCOs] were then used to calculate
the theoretical CO2 supply rate from spontaneous HCO3™ dehydration according to Miller and

Colman (1980).

3.3.5 Theoretical Maximum Diffusive Flux of CO: to the Cell

The equation for the diffusive flux of nutrients to the cell is most accurately solved for spherical
cells (Pasciak and Gavis 1975). However, for cells that are approximately cylindrical, such as
C. muelleri, it is possible to solve the equations by approximating the cells as prolate spheroids
(Pasciak and Gavis 1975). First, the shape radius (rshape) OF silica-limited and silica-replete
cells was determined according to Pasciak and Gavis (1975). Once rsnape Was determined, the
theoretical maximum diffusive flux of CO; to the cell, Qa (umol m? s1), was calculated as

(Riebesell et al. 1993):

4nrshapeD(Coo - Ca) (32)
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where I'shape = the shape radius (um), D = the diffusivity of CO; in seawater (1.487 x 10 um?

s at 18°C and 35% salinity, calculated according to Wolf-Gladrow and Riebesell (1997)), C«
= the concentration of COz 0f rshape — 0, i.e. the bulk concentration of CO2 in the medium
(assuming air equilibrium = 14.7 uM at pH 8, 18°C and 35% salinity, calculated as described
under the subheading ‘Inorganic Carbon in the Growth Medium’) and ca = the concentration
of CO; at the surface of the cell, which was assumed to be 0, since COz is often depleted in the

diffusion boundary layer due to uptake by cells.

3.3.6 Frustule Silica Content

Forty mL culture suspensions were filtered onto pre-rinsed 0.6 UM polycarbonate filters (Type
DTTP, Isopore Membrane Filter, Millipore, Bayswater VIC, Australia). Filters were placed
into 50 mL polypropylene centrifuge tubes (Falcon™, BD Biosciences, Bedford MA, USA)
and stored at -20°C until analysis. Frustule silica was digested by incubating filters in 18 ml
of 0.5% sodium carbonate (Na2CQOz) at 85°C for 2 hours. Samples were then cooled to room
temperature, neutralised with 3.25 mL of 0.5 N hydrochloric acid (HCI) and made up to 25 mL
with distilled water (Paasche 1980). The silica content of samples was then measured according
to Strickland and Parsons (1972), with minor modifications. Briefly, 5 mL of each sample was
added to 2 mL of molybdate reagent in a 15 mL polypropylene centrifuge tubes (Falcon™, BD
Biosciences, Bedford MA, USA), mixed and left for 10 minutes for the yellow silicomolybdate
complex to form (Strickland and Parsons 1972). This complex was reduced, producing a blue
compound, by adding 3 mL of freshly prepared reducing solution (comprised of metol-sulphite,
oxalic acid and sulphuric acid; see Strickland and Parsons, 1972) and mixing thoroughly.
Samples were then left to incubate at room temperature for 3 hours for full colour development

(Strickland and Parsons 1972). After incubation, the extinction coefficient of samples at 810
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nm in a 1 cm cell was measured using a Cary-50 UV-visible spectrophotometer (Varian, Inc.,
Palo Alto California, USA). A filter/reagent blank was created by taking a clean filter through
the full procedure. A standard curve of the extinction coefficients of solutions of known silica

concentration, prepared using Na>SiO3, was used to calculate the silica content of samples.

3.3.7 External Carbonic Anhydrase Activity

Cells were harvested for CAex: activity assays by centrifuging cell suspensions at 2,500 x g for
10 minutes (Heraeus Multifuge 3ST+, Thermo Scientific, Brookfield W1, USA), washing cells
twice in ice-cold 50 mM phosphate buffer at pH 8.2 (Na2HPO4; BDH Chemicals, Victoria
Australia) before resuspending in 15 mL ice-cold 50 mM phosphate buffer at a final density of
at least 10° cells mL™t. Samples were stored on ice until analysis. CAex: activity was measured
as the time taken for the pH of 2.3 mL of sample to drop 1 unit after the injection of 2.3 mL of
a solution of CO,-saturated 22 gL NaCl in a sealed chamber (Wilbur and Anderson 1948,
Miyachi et al. 1983, Young et al. 2001). CO»-saturated NaCl solution was prepared by
discharging 8 g of pure food grade CO> (Seltz Soda Charger, iSi GmbH, Vienna Austria) into
300 mL of 22 g L NaCl using a soda siphon. Samples were stirred and maintained at 4°C with
a circulating water bath during measurements. Control measurements were made using ice-
cold 50 mM phosphate buffer without cells. CAext activity, expressed as relative enzyme

activity (REA) was calculated as:
10 [(TcontrOI/Tcells]'l) (3-3)

where Tcontrol and Teens are the times (s) taken for a 1 pH unit drop in control and cell samples,

respectively.
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3.3.8 Affinity for Inorganic Carbon — Photosynthesis vs Inorganic Carbon Experiments

The affinity of cells for C; was determined by measuring photosynthetic oxygen (O) evolution
at a range of C; concentrations (P vs Ci) using a Clark-type O electrode (Hansatech, Norfolk,
United Kingdom). Cells were harvested by centrifugation at 2,500 g for 10 minutes, washed
twice in Ci-free ESAW medium before being resuspended in Ci-free ESAW medium at a final
density of ~10" cells mL?. Ci-free medium was prepared on the day of experiments by
acidifying a sample of medium to pH ~2, bubbling with nitrogen gas (N2) for at least 90 minutes
and then adjusting the pH to 8.2 with a freshly prepared saturated sodium hydroxide (NaOH)
solution. Measurements were made at 230 pmol photons m? s (saturating light for
photosynthesis; determined from Rapid Light Curve measurements using a PhytoPAM
Analyser (Heinz Walz GmbH, Effeltrich, Germany)) and 18°C. Two mL samples were placed
in the O-electrode chamber and left to photosynthesise until all residual C; in the medium had
been consumed and the CO. compensation point was reached. Afterwards, photosynthetic O
evolution was measured for 2 minutes after each of 11 sequential additions of NaHCO3 ranging
from 5-2,500 uM (Pierangelini et al. 2014a). The Michaelis-Menten model was then fit to the
data to calculate the half-saturation constant of photosynthesis for Ci (KosCi) and the maximum
rate of CO»-saturated photosynthesis (Vmax) in GraphPad Prism 6.07 (GraphPad Software, La
Jolla California USA). Assuming complete equilibrium of the C; system during experiments,
the half-saturation constant of photosynthesis for CO2 (Ko5CO2) was calculated from the Ko sCi
using pH, salinity and temperature as described earlier under the sub-heading ‘Inorganic

Carbon in the Growth Medium’.
The CO2 drawdown capacity of cultures (umol L™ ht) was then calculated as:

Ch X Vmax (3.4)
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where Cn is the cell number (cells/L) and Vmax is the CO2 saturated photosynthetic rate (umol
02 ht 108 cells™), assuming a ratio of CO2 to O of 1, of cells at the CO2 concentration in the

medium at the time of harvest for P vs Cj experiments.

3.3.9 Statistical Analyses

The statistical significance of any difference observed between silica-replete and silica-limited
cultures was determined by performing an unpaired two-tailed t-test in GraphPad Prism 6.07
(GraphPad Software, La Jolla California USA). Differences were deemed to be statistically

significant if p < 0.05.

3.4 RESULTS

3.4.1 Growth Rate, Cell Size and Frustule Silicification

Silica-limited C. muelleri cultures grew 2.3 times slower (unpaired t-test; t(4) = 11.65, p =
0.0003) than silica-replete cultures (Table 3.1). In addition, the cell number reached by time of
harvest during mid-exponential phase was 3.5 times lower in silica-limited cultures (unpaired

t-test; t(4) = 58.29, p < 0.0001) than in silica-replete cultures (Table 3.1).
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Figure 3.1. Examples of silica-limited and silica-replete Chaetoceros muelleri cells at the time
of cell harvest. (a) silica-limited cell in girdle view, (b) silica-limited cell in valve view, (c)

silica-replete cell in girdle view and (d) silica-replete cell in valve view.
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Table 3.1. Growth, cells measurements and frustule silica content of Chaetoceros muelleri

cells grown in silica-limited or silica-replete ESAW medium.

silica-limited

(Mean £ SEM; n = 3)

silica-replete

(Mean £ SEM; n = 3)

Growth
Specific growth rate (y, day™)
Cell number at mid-exponential

phase (cells mL™?)

Cell Measurements

Width (um)
Length (um)
Thickness (um)
Surface Area (Um?)

Biovolume (um?)

Frustule Silica Content

Frustule silica per cell (pg cellt)
Frustule silica content: Surface

Area (pg pm)

0.27 £0.02

3.32x10°+0.05x 10°

5.34+0.14

6.42 +0.02

7.25+0.20
188 + 6

196 +9

3.08 +0.09

0.017 +0.001

0.63 +0.02

11.80 x 10° £ 0.13 x 10°

3.68 +0.06

4.31 +0.06

7.80+0.13
123 +3

97 +3

5.40 £ 0.04

0.044 +0.001

Overall, silica-limited cells were twice as large as silica-replete cells, with biovolumes of 195.6
um? and 97.1 pm?® (Table 3.1), respectively (unpaired t-test; t(4) = 9.86, p = 0.0006). In

particular, C. muelleri cells grown in silica-limited medium had 1.5 times the surface area
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(unpaired t-test; t(4) = 9.88, p = 0.0006), were 49% longer (unpaired t-test; t(4) = 33.94, p <
0.0001) and 45% wider (unpaired t-test; t(4) = 10.94, p = 0.0004) than silica-replete cells
(Figure 3.1, Table 3.1). There was, however, no difference in the thickness of cells (unpaired

t-test; t(4) =2.23, p = 0.09) between treatments (Figure 3.1, Table 3.1).

In addition, silica-limited cells were less heavily silicified than their silica-replete counterparts
(Table 3.1). More specifically, silica-replete cells had 1.7 times the frustule silica content per
cell compared to silica-limited cells (unpaired t-test; t(4) = 23.05, p < 0.0001). Given that silica-
replete cells were smaller than their silica-limited counterparts, the difference in frustule silica
content between treatments was greater when normalised for surface area. Specifically, the
frustule silica content of silica-replete cells was 2.6 times greater than that of silica-limited

cells (Table 3.1, unpaired t-test; t(4) 22.74, p < 0.0001).

3.4.2 Inorganic Carbon in the Growth Medium and Theoretical Maximum Diffusive Flux
of COz to the Cell

The pH of the external growth medium was 0.11 units lower in silica-limited cultures (unpaired
t-test; t(4) = 4.04, p = 0.02) than in silica-replete cultures (Table 3.2). However, the
concentration of C;i in the external growth medium did not vary between silica treatments
(Table 3.2), with no statistically significant difference in the total Ci concentration (unpaired t-
test; t(4) = 0.07, p = 0.55), HCO3" concentration (unpaired t-test; t(4) = 1.01, p = 0.37) or CO>
concentration (unpaired t-test; t(4) = 2.32, p = 0.08) observed between treatments. In addition,
the rate of COz supply from spontaneous HCOs™ dehydration (Table 3.2) did not vary between
treatments (unpaired t-test; t(4) = 2.52, p = 0.065). The diffusive flux of CO. to the cell was

1.2 times greater in silica-limited cells (unpaired t-test; t(4) = 19.76, p < 0.0001) than in silica-
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replete cells (Table 3.2). Conversely, when normalised to cell biovolume, the diffusive flux of
CO, um=was 1.6 times greater (unpaired t-test; t(4) = 10.57, p = 0.0005) in silica-replete cells

(Table 3.2).

Table 3.2. Carbonate chemistry parameters of cell-free silica-limited or silica-replete ESAW
medium and the theoretical maximum diffusive flux of CO- to the surface of Chaetoceros

muelleri cells grown in silica-limited or silica-replete ESAW medium.

silica-limited silica-replete

(Mean £ SEM; n=3) (Mean = SEM; n=23)

Carbonate Chemistry

pH 8.29+£0.02 8.40 +0.02
Total Ci (UM) 972 + 58 919 + 57
HCOs (UM) 811 + 49 740 £ 51
CO2 (UM) 3.04 +0.30 2.20+0.20
Spontaneous COz2 supply 78+0.7 5605
(umol L1 ht)

Theoretical Maximum

Diffusive Flux of CO2 (Qa)

To cell (umol um2 s?) 1.84 +0.02 1.49 +£0.01
Qa : BV ((umol um2 s 9.43x10° + 15.34x 103 +
pum-s) 0.39x 103 0.40x 103
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3.4.3 CAext Activity and Affinity for Inorganic Carbon

When measured per 10° cells, CAex: activity was significantly higher in silica-limited cells than
in silica-replete cells (unpaired t-test; t(4) = 5.29, p = 0.006), with 1.7 times more activity
measured in silica-limited cells (Figure 3.2a). However, when normalised for cell surface area
there was no significant difference (unpaired t-test; t(4) = 0.99, p = 0.38) in CAext activity

between treatments (Figure 3.2b).

Cells grown in silica-replete medium had a significantly greater affinity of photosynthetic O>
evolution for C; (unpaired t-test; t(4) = 2.82, p = 0.048) and CO- (unpaired t-test; t(4) = 2.82, p
= 0.048), as shown by a half-saturation constant of photosynthesis for CO. (Ko.5CO3) that was
less than half of that for cells grown in silica-limited medium (Table 3.3; Figure 3.3). The
maximum rate of CO»-saturated photosynthesis (Vmax) on a per cell basis of silica-limited cells
was 1.8 faster (unpaired t-test; t(4) = 4.83, p = 0.008) than that of silica-replete cells (Table 3.3,
Figure 3.3). However, when results were normalised to cell biovolume no significant difference
(unpaired t-test; t(4) = 0.52, p =0.63) in Vmax Was observed between treatments (Table 3.3).
Lastly, the capacity of silica-replete cultures for CO, drawdown, calculated using the cell
number and CO> concentration of the medium at the time of harvest for experiments, was more

than double (unpaired t-test; t(4) = 4.65, p = 0.0097) that of silica-limited cultures (Figure 3.4).

71



1.5

1076 cells

REA units

0.5-

0.0 -
silica-limited silica-replete

10 (b)

REA units
um'z x 107

silica-limited silica-replete

Figure 3.2. (a) External carbonic anhydrase (CAext) activity (relative enzyme activity (REA))
per 10 cells and (b) normalised for the average cell surface area of each treatment of
Chaetoceros muelleri cells grown in silica-limited or silica-replete ESAW medium. Values are

means (x standard error of the mean) of measurements from triplicate independent cultures.
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Table 3.3. P vs Ci parameters for Chaetoceros muelleri cells grown in silica-replete and

silica-limited ESAW medium.

silica-limited silica-replete

(Mean £ SEM; n =3) (Mean £ SEM; n = 3)

KosCi (UM) 76 + 16 31+3
KosCO2 (UM) 0.345 +0.071 0.141 +0.014
Vimax (Mol Oz h 106 cells) 0.073 +0.006 0.039 + 0.004
Vinax: BV 37x10%£34x105  4.0x10%+52x10°

(umol Oz ht um-3)
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Figure 3.3. The rate of photosynthetic O, evolution (umol O, h? 10 cells) as a function of
inorganic carbon concentration (uM) of Chaetoceros muelleri cultures grown in silica-limited
or silica-replete ESAW medium. Values are means (+ standard error of the mean) of

measurements from triplicate independent cultures.
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Figure 3.4. The CO, drawdown capacity (umol L h) of Chaetoceros muelleri cultures
grown in silica-limited or silica-replete ESAW medium. Calculations were made using the cell
number and CO»-saturated photosynthetic rate each treatment at the time of harvest for
experiments. Values are means (+ standard error of the mean) of measurements from triplicate

independent cultures.

3.5 DISCUSSION

It has been proposed that the frustule acts as a buffer for CAext (Milligan and Morel 2002) and
that the amount of silica in the frustule mediates CAex: activity in diatoms (Milligan et al. 2004,
Mejia et al. 2013). Despite evidence that silica availability is positively correlated with CAext
activity (Gong and Hu 2014), the resulting impacts on C; acquisition and CCM function have
not been explored. Therefore, our objective was to determine the impact of silica limitation on

CAext activity and CCM function in the cosmopolitan marine diatom, C. muelleri.

74



Silicification of the frustule is tightly linked to the cell cycle (Brzezinski et al. 1990, Hildebrand
2008), meaning that growth is mediated by silica availability (Lewin 1962, Martin-Jézéquel et
al. 2000). As is almost always reported for diatoms subjected to silica limitation (Guillard et
al. 1973, Paasche 1973a, Paasche 1973b, Harrison et al. 1977), slower growth rates and poorly
silicified frustules were observed here for silica-limited C. muelleri cells (Table 3.1), are almost
always reported in diatoms subjected to silica limitation The availability of resources besides
silica (nitrogen, phosphorus,trace metal and light availability) can also influence growth rates
in phytoplankton and frustule silicification in diatoms (Hutchins and Bruland 1998, Takeda
1998, Flynn and Martin-Jézéquel 2000, Martin-Jézéquel et al. 2000, Raven and Waite 2004,
Zhang et al. 2017). To eliminate potential growth limitation by nutrients other than silica,
cultures were maintained in mid-exponential growth phase by performing daily dilutions with
fresh, nutrient replete silica-limited or silica-replete medium. Whilst the concentrations of these
other nutrients at the time of our experiments were not measured, we found no difference in
CO. and HCOg3" availabilities or the supply of CO2 by spontaneous dehydration of HCO3s
between silica treatments (Table 3.2). It is reasonable to assume that, as with C; concentrations,
daily dilutions ensured that the concentration of nutrients besides silica remained sufficient to
support growth between treatments. Therefore, we can conclude that any of the observed
differences between silica treatments can be attributed to the concentration of silica in the

medium.

In addition to slower growth rates and less silicified frustules, we observed a significant effect
of silica limitation on cell size in C. muelleri. In particular, we observed that the biovolume of
silica-limited cells was twice that of their silica-replete counterparts (Table 3.1). Since diatom
cells become smaller with each mitotic division (Willén 1991), this difference may simply be

due to the slower growth rates observed in silica-limited cultures. Although, greater elasticity
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of silica-limited frustules may exacerbate the lengthwise elongation of frustules observed
during division of Chaetoceros spp. (Pickett-Heaps 1998) and thus, account for the greater
biovolume observed in silica-limited cells. Bucciarelli and Sunda (2003) reported that T.
pseudonana cells became progressively larger after the onset of silica limitation, suggesting
that increased biovolume is a direct response to silica availability rather than a side effect of
slower growth. Such differences in biovolume can influence the diffusive flux of CO; to the
cell (Pasciak and Gavis 1974), even when the CO> concentration and supply by spontaneous
HCOs™ dehydration are the same. Whilst the diffusive flux of CO; to the cell increases linearly
with the cell radius, the CO> requirement of the cell increases with the cube of the cell radius
(Riebesell et al. 1993, Shen and Hopkinson 2015), assuming that photosynthetic capacity per
unit volume is uniform. It should be noted, however, that if larger cells are more vacuolated as
has been observed in some diatoms, the photosynthetic capacity per unit volume will not be
uniform (Raven 1995). Consequently, larger cells may be more susceptible to CO; limitation
(Finkel et al. 2010, Shen and Hopkinson 2015). Here, we found that whilst the calculated
theoretical maximum diffusive flux of CO> to the cell was greater in silica-limited cells when
calculated per cell (Table 3.2), when the difference in biovolume between treatments was
accounted for the reverse was true (Table 3.2). This lower calculated theoretical maximum
diffusive flux of CO> in larger silica-limited C. muelleri cells would likely exacerbate CO>

limitation and necessitate additional up-regulation of the CCM compared to silica-replete cells.

Shen and Hopkinson (2015) measured CAext activity in six centric diatom species with
spherical radii ranging from 3 — 67 pum and found that activity increased as a function of cell
size. We observed a similar relationship between cell size and CAex: activity in C. muelleri cells
exposed to different silica treatments. Specifically, we found that CAex: activity per 108 cells

in silica-limited cells was approximately twice that of silica-replete cells, which were half the
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size (Figure 2a). This finding supports the idea that the CCM is up-regulated in silica-limited
cells to overcome increased CO> deficiency that probably occurs as a consequence of increased
biovolume. However, it disagrees with the hypothesis that CAex: activity is mediated by frustule
silica content. In contrast, higher cellular silica quotas were reported for T. weissflogii cells
grown at 100 ppm CO_ compared to those grown at 370 or 750 ppm CO2 (Milligan et al. 2004).
Similarly, a strong positive relationship was found between pH and silica: fixed C in T.
pseudonana and T. weissflogii (Mejia et al. 2013). The authors of both studies proposed that
the frustule is more heavily silicified at low CO: to enhance the CAex: buffering capacity of the
frustule and, consequently, CO2 supply. Reports of an up-regulation of CAex activity in T.
weissflogii cells grown at 100 ppm CO- (Milligan and Morel 2002) provide some support this
hypothesis. However, increased frustule silicification has also been observed diatoms exposed
to low light (Martin-Jézéquel et al. 2000, Zhang et al. 2017), N limitation (Flynn and Martin-
Jézéquel 2000) and Fe limitation (Hutchins and Bruland 1998, Takeda 1998). Stokes’ Law
dictates that heavier and larger cells have a greater sinking velocity. Consequently, it has been
suggested that diatoms may increase their sinking rate when they are nutrient limited by
producing heavier frustules to access nutrient-rich waters deeper in the water column (Raven
and Waite 2004). More heavily silicified frustules have also been observed in diatoms exposed
to low light conditions (Martin-Jézéquel et al. 2000, Zhang et al. 2017). In contrast to increased
silicification as a means for alleviating nutrient limitation, greater silicification of frustules in
low light conditions may exacerbate the light stress experienced by diatoms by causing them
to sink further down the water column, where light availability is even lower. In terms of CO>
availability, increased silicification may allow diatoms to sink to more CO2-rich depths during
spring phytoplankton blooms, when surface depletion of CO: is often observed (Codispoti et

al. 1982, Karl et al. 1991, Murata et al. 2002). Thus, without measuring the CAex buffering
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capacity of more heavily silicified frustules it is not possible to conclude that increased

silicification at low COz is solely for the purpose of increasing CAex: activity.

Whilst measurements of the CAext buffering capacity of poorly silicified frustules have not
been made, the effect of exogenous silica availability on CAext activity in S. costatum has been
investigated. Specifically, Gong and Hu (2014) reported that decreased silica availability
correlated with decreased CAex: activity. These observations provide some, albeit correlative,
support for a link between the extent of frustule silicification and CAex activity in diatoms,
since the degree of silicification is mediated by exogenous silica availability. If this were true
in C. muelleri, it would be expected that when normalised to surface area, CAext activity would
be lower in our silica-limited cells. However, no effect of silica availability on CAex: activity
was observed when normalised to surface area (Figure 3.2b). Therefore, whilst it might be
expected that if silica-limited cells are not nitrogen or phosphorus limited that they would be
able to upregulate CAex expression to overcome any impact of frustule silica content on CAext
activity in C. muelleri, our data suggest that enhanced Ci limitation associated with increased

biovolume in silica-limited cells plays a greater role in CCM function in this species.

A Ko5CO:z for photosynthesis less than the KnCO2 RUBISCO, coupled with a low RUBISCO
content relative to total soluble protein (Young et al. 2016, Heureux et al. 2017), for a given
species is indicative of an active CCM. Therefore, since a KosCO> for photosynthesis below
the KnCO2 RUBISCO of ~23 uM reported for C. muelleri (Young et al. 2016) was recorded
in silica-limited and silica-replete cells (Table 3.3), it can be concluded that cells from both
treatments have an active CCM. If silica-mediated CAex: activity were the regulating factor in

the CCM of C. muelleri, we would expect the trend observed in CAex activity to be reflected
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in CCM function. However, the lower Kos5CO; observed in silica-replete cells is indicative of
a more efficient CCM, despite an up-regulation of CAex: in silica-limited cells. This supports
the idea that C; limitation as a result of increased biovolume, rather than frustule silica content,

is the main driver of CCM regulation in C. muelleri.

Any decreases in diatom CCM activity will have implications for CO> drawdown. Here, we
observed that the CO. drawdown capacity of silica-limited C. muelleri cultures was
approximately half that of silica-replete cultures (Figure 3.4). This is in agreement with field
observations where diatom net primary productivity (NPP) is often controlled by Si availability
(Dugdale and Wilkerson 1998, Brzezinski et al. 2001). Despite high nutrient availability, low
phytoplankton biomass is observed in the surface waters of the equatorial Pacific Ocean
(Barber and Chavez 1991). There is evidence that phytoplankton growth and primary
productivity in this region is limited by Fe availability, given that the IronEx | and IronExII Fe
fertilisation of the South equatorial current, where the sole source of Fe is from the atmosphere,
resulted in increased phytoplankton biomass and photosynthesis (Martin et al. 1994, Coale et
al. 1996). In contrast, Dugdale and Wilkerson (1998) suggest that phytoplankton biomass in
the equatorial upwelling zone (EUZ) of the Pacific Ocean is primarily controlled by low
concentrations of Si, since sufficient Fe is likely provided to the surface by upwelled waters.
In the equatorial upwelling zone (EUZ) of the Pacific Ocean, new production is dominated by
diatoms. In line with our observations for silica-limited cultures, the consistently low silica
concentrations observed in the region result in low NPP, and ultimately, CO2 drawdown in the
EUZ. Consequently, the EUZ is a net source of CO- to the atmosphere (Dugdale and Wilkerson
1998). It is possible that the reduced CO> drawdown in the EUZ is, at least in some part, due
to the influence of silica availability on diatom CCM function reported in this study. If so,

future climate scenarios are likely to impact the efficiency of diatom CCMs. In particular,
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future warming of the surface layer will likely exacerbate thermal stratification of the upper
ocean in the tropics and mid-latitudes (Behrenfeld et al. 2006, Doney 2006). This will inhibit
mixing and thus the supply of nutrients, including silica, to the photic zone. Any impact of
changes in the availability of silica on diatom CCM function ultimately have the potential to

influence global CO: concentrations.

In this study, we showed that CCM function in C. muelleri is mediated by nutrient availability.
In particular, we found that silica limitation resulted in slower growing cells that were larger
and poorly silicified. We propose that, since larger cells are more prone to CO. diffusion
limitation, CAex: activity on a ‘per cell” basis is upregulated in silica-limited cells. In contrast,
we observed no difference in CAex: activity when the variation in cell size between treatments
was accounted for. In addition, we found that the CCM of silica-limited cells is less efficient
than silica-replete cells. Consequently, we argue that enhanced C; limitation associated with
increased biovolume, rather than frustule silica content, is the main factor regulating CCM
function under silica limitation. Ultimately, since any impacts of silica limitation on C;
acquisition and CCM function in diatoms will result in changes to CO, drawdown, the

availability of silica has the potential to influence global oceanic C cycling.
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Chapter 4: The Impacts of Silica Limitation on
Photosynthesis, Photoprotective Mechanisms and Reactive
Oxygen Production
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4.1 ABSTRACT

Silicification of diatom frustules is mediated by silica availability, with limitation usually
resulting in poorly silicified frustules. The frustule may act as a buffer for external carbonic
anhydrase (CAext), a component of some microalgal carbon dioxide concentrating mechanisms
(CCMs). There is also evidence in the literature that CAex: activity is modulated by the silica
content of the frustule. The operation of a CCM may act as a sink for excess light energy.
Therefore, silica limitation may expose diatoms to excess light energy, which can result in the
production of harmful reactive oxygen species (ROS). We investigated the impacts of silica
limitation on photosynthesis, photoprotective mechanisms and ROS production in the
cosmopolitan marine diatom, Chaetoceros muelleri. Whilst silica-limited cells had a greater
maximum quantum yield of photosystem Il (Fv/Fm) and relative light harvesting efficiency (o)
than silica-replete cells, the maximum relative electron transport rate (rETRmax) Was reduced
under limitation. Similarly, silica limitation resulted in a reduced capacity to utilise light at
high light intensities, indicated by the lower light saturation parameter (lx) and relative electron
transport rates (rETR) at photon flux densities (PFDs) above 240 umol - photons - m2- st in
silica-limited cells. We observed that carotenoid content and non-photochemical quenching
(NPQ) capacity were 2 times and 1.6 times greater, respectively, in silica-limited cells. It is
likely that these photoprotective mechanisms reduced the formation of ROS, since no
difference in ROS concentration was observed between treatments. This physiological
plasticity likely allows bloom-forming diatoms to acclimate to constantly changing

environmental conditions.
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4.2 INTRODUCTION

Despite the plentiful supply of inorganic carbon (Ci) in the marine environment, carbon dioxide
(COy), the sole substrate for photosynthetic carbon (C) fixation by ribulose-1,5-bisphosphate
carboxylase/oxygenase (RUBISCO), is scarce (Zeebe and Wolf-Gladrow 2001, Reinfelder
2011). At the alkaline pH (8-8.3) of seawater, Ci is comprised of 90% bicarbonate (HCOz3),
>9% carbonate (COs%) and <1% (CO,) (Raven 1994, Riebesell 2000). The poor supply of CO>
to the cell is exacerbated by its slow diffusion in water, which is 10* times slower than in air
(Raven 1994, Granum et al. 2005). The low affinity of RUBISCO for CO; (Giordano et al.
2005), coupled with the relatively low supply of CO> to the cell, means that all microalgal
RUBISCOs are sub-saturated at present day air-equilibrium CO: levels (Giordano et al. 2005).
To overcome the problems associated with acquiring CO> for photosynthesis many microalgae
have evolved CO; concentrating mechanisms (CCMs) (Giordano et al. 2005, Reinfelder 2011).
One such mechanism involves the dehydration of HCO3 to CO- at the cell surface by external
carbonic anhydrase (CAext), followed by active transport at some other membrane (Giordano
et al. 2005). However, the proton (H*) exchange step involved in the HCO3™ dehydration
reaction is slow in water (Lindskog and Coleman 1973, Silverman and Lindskog 1988). As
such, a pH buffer is required to maintain high catalytic rates (Lindskog and Coleman 1973,

Silverman and Lindskog 1988, Milligan and Morel 2002).

There is evidence that the polymerised silica in the diatom cell wall, known as the frustule,
may act as a buffer for CAext (Milligan and Morel 2002). Specifically, Milligan and Morel
(2002) showed that live cells and cleaned frustules of Thalassiosira weissflogii effectively
buffered the CA reaction. Further work has suggested that CAex activity in diatoms is

modulated by the extent of frustule silicification. In particular, it has been proposed that
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diatoms become more heavily silicified when experiencing CO; limitation in order to enhance
CAex: activity and, consequently, improve Cisupply (Milligan et al. 2004, Mejia et al. 2013).
Silicification of the frustule is mediated by exogenous silica supply, with limitation producing
poorly silicified frustules (Guillard et al. 1973, Paasche 1973a, Paasche 1973b, Harrison et al.
1977). Therefore, the observation that CAex: activity is positively correlated with medium silica
concentration in Skeletonema costatum lends support to the idea that CAex activity is
influenced by the extent of frustule silicification (Gong and Hu 2014). Whilst it seems likely
that the impact of silica limitation on cell size, rather than on the degree of frustule silicification,
influences CAex activity in C. muelleri, we did observe a downregulation of overall CCM

function under silica limitation (Smith-Harding et al. In prep.).

There is evidence that the operation of a CCM may protect cells from photoinhibition by acting
as a sink for excess light energy (Tchernov et al. 1997, Tchernov et al. 2003, Qiu and Liu 2004).
Therefore, the downregulation of the diatom CCM under silica limitation may enhance the
likelihood that excess light energy would lead to photoinhibition. Exposure to excess light
energy can lead to the production of harmful reactive oxygen species (ROS) (de Bianchi et al.
2010). Increased production of ROS such as superoxide, hydrogen peroxide, hydroxyl radical
and singlet oxygen, results in oxidative stress (Bucciarelli and Sunda 2003) and, in some cases,
programmed cell death (Vardi et al. 1999). Photoautotrophs adopt a number of photoprotective
strategies to protect themselves from ROS damage induced by excess light. In particular, the
formation of ROS can be prevented through the dissipation of excess light energy as heat in a
mechanism known as non-photochemical quenching (NPQ) (de Bianchi et al. 2010, Wu et al.
2010). Alternatively, ROS can be detoxified by antioxidant molecules such as carotenoids (de
Bianchi et al. 2010). In diatoms, a xanthophyll cycle involving the de-epoxidation of

diadinoxanthin (DD) to form diatoxathin (DT) is involved in dissipating excess light energy

85



arriving at PSII via NPQ (Olaizola and Yamamoto 1994, Dimier et al. 2007). In addition, -
carotene has the potential to detoxify ROS by quenching excited triplet chlorophyll, which can
lead to the production singlet oxygen, and dissipating the excess energy as heat (‘physical
quenching’) or by oxidation of B-carotene by singlet oxygen (‘chemical quenching’) (Ramel et
al. 2012). Therefore, if silica limitation induces a downregulation of the CCM in diatoms, then
an increased capacity for NPQ and/or carotenoid activity might be expected in silica-limited

diatoms.

In this study, we investigated the impacts of silica limitation on photosynthesis, photoprotective
mechanisms and ROS production in the cosmopolitan marine diatom Chaetoceros muelleri
(Lemmerman). Members of the Chaetoceros genus are the often the most numerous species in
marine phytoplankton communities (Rines and Theriot 2003). Investigating the physiological
responses of C. muelleri to Si limitation will improve our understanding of the mechanisms

that enable diatoms to acclimate to fluctuating environmental conditions.

4.3 MATERIALS AND METHODS

4.3.1 Growth Conditions

Chaetoceros muelleri Lemmerman (CS-176; Australian National Culture Collection, Hobart
Australia) was grown in silica-limited (10.6 pM Na2SiOs3) or silica-replete (106 M NazSiOs),
filter-sterilised (0.2 um Type GTTP Polycarbonate filters, Millipore, Bayswater VIC,
Australia) enriched seawater artificial water (ESAW) medium (Berges et al. 2001). Medium
was buffered to pH 8.2 with 10 mM Tris-base (Sigma, St. Louis, Missouri, USA). Cultures

were maintained at 18 + 1°C and stirred continuously at 300 rpm on a magnetic stirrer (RT 15
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magnetic stirrer, IKA Werke Staufen, Germany). Light was supplied continuously at 90 pmol
photons - m? - s (cool white light, BL75-S LED panel, Enttec, Rowville VIC, Australia). Cells
were acclimated to growth conditions for at least 3 generations before experiments
commenced. For experiments, triplicate 300 mL semi-continuous batch cultures were prepared
in 500 mL square Nalgene Polycarbonate narrow-mouthed bottles (Thermo Scientific Nalgene,
Rochester NY, USA). All cultures were inoculated at a density of 10* cells - mL™. Cultures
were maintained in mid-exponential phase, at specific growth rates of 0.27 day* and 0.63 day"
! for silica-limited and silica-replete cultures (Smith-Harding et al. In prep.), respectively, by

performing daily dilutions with fresh ESAW medium.

4.3.2 Chlorophyll Fluorescence: Photosynthesis and Non-photochemical Quenching
(NPQ) Capacity

A number of photosynthetic parameters and the non-photochemical quenching (NPQ) capacity
of silica-limited and silica-replete cells were determined using a PhytoPAM Analyser (Heinz
Walz GmbH, Effeltrich, Germany). Four mL samples were dark adapted for 15 minutes before
analyses. The maximum quantum vyield (Fv/Fm), maximum relative electron transport rate
(rETRmax), the relative light harvesting efficiency (a) and the relative electron transport rate
(rfETR) at photon flux densities (PFD) from 16 — 610 pmol photons - m? - s (Rapid Light
Curve analysis) were measured according to Smith-Harding et al. (2017). In addition, the light
saturation parameter (lx) was calculated by the in-built PhytoWIN software (PhytoWIN v2.13),

as:
Ik = rETRmax/U, (41)

The NPQ capacity of cells was determined according to Pierangelini et al. (2014b). Briefly,

samples were exposed to actinic light of 480 umol photons - m - s for 10 minutes with a 60
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s cycle of saturating red pulses until the maximum fluorescence yield in the light (Fm') remained
stable. The NPQ capacity was then calculated according to the Stern-Volmer equation, as

follows:

NPQ = (Fm/Fmw) -1 (4.2)

4.3.3 Pigments: Chlorophylls and Carotenoids

Samples were harvested for pigment analysis according to Smith-Harding et al. (2017), with
minor modifications. Specifically, pigments were extracted in 90% methanol (Merck, French
Forest, NSW, Australia) rather than acetone prior to analysis. The extinction coefficients of
extracts at 632 and 665 nm were determined in a Cary-50 UV-visible spectrophotometer
(Varian, Inc., California USA) and used to calculate chlorophyll a and ¢ concentrations (g -

mL1) using Ritchie (2006)’s formulae for diatom chlorophylls extracted in methanol:
Chlorophyll a = 13.2654*Eges — 2.6839*Es32 (4.3)
Chlorophyll ¢c1 + ¢ = 28.8191*Es3, — 6.0138*Eses (4.4)

where Ex denotes the extinction coefficient at wavelength x.

The same extracts were used to determine the carotenoid content of cells. The absorbance of
extracts at 480 nm was determined and used to calculate the concentration of carotenoids (g

- mL™) according to the diatom-specific formula of Strickland and Parsons (1972):
Carotenoids = (10*E4s0)/1000 (4.5)

where Eugo is the extinction coefficient at 480 nm.
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4.3.4 Hydrogen peroxide

The H2O:> (hereafter, ROS) content of cells was determined according to Keston and Brandt
(1965), as modified by Mikulic (2015). The method measures the extent of the oxidation of the
non-fluorescent probe 2’,7’-dichlorodihydrofluorecein (DCFH2) to the fluorescent 2°,7’-

dichlorofluorecein (DCF) by ROS within the cell in the following manner:

Esterases in cell ROS
Deacetylation

H,DCF — DA ——22%, 4 DCF + DA 229258 CF (fluorescent) (4.6)

For analysis, cells were harvested by centrifuging culture suspensions at 4,000 g for 15 minutes
(Heraeus Multifuge 3ST+, Thermo Scientific, Brookfield, WI, USA) and washed twice in 40
mM in Tris-HCI buffer (Sigma, St. Louis, Missouri, USA; pH 7). Cells were then resuspended
at a final density of 1 x 107 cells in 4 mL of 40 mM in Tris-HCI with 1 mL of a 0.25 mM
solution of the non-fluorescent probe, DCFH> (Sigma, St. Louis, Missouri, USA; final
concentration of non-fluorescent probe was 50 pM). Cells were incubated at 37°C for 90
minutes, harvested by centrifugation at 4,000 g for 15 minutes and washed twice in 40 mM
Tris-HCI buffer before resuspension in 3 mL of the same buffer. Cells were then lysed using a
Branson Sonifier 450 probe sonicator (Branson Ultrasonics Corporation, Danbury,
Connecticut, USA), cellular debris removed by centrifugation at 4,000 g for 15 minutes and
the supernatant retained for analysis. The fluorescence of the supernatant at excitation and
emission wavelengths of 485 nm and 525 nm, respectively, were measured in a Hitachi 7500
spectrofluorometer (Hitachi Ltd, Tokyo, Japan). A standard curve of the fluorescence of

solutions of known DCF concentrations was used to determine the ROS content of samples.
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4.3.5 Statistical Analyses

The statistical significance of any differences observed between silica treatments was tested by
performing an unpaired two-tailed t-test in GraphPad Prism 6.07 (GraphPad Software, La Jolla
California USA). The statistical significance of any difference in rETR observed between silica
treatments over a range of PFDs during Rapid Light Curve analysis was tested using a two-
way ANOVA followed by a post hoc Tukey’s HSD multiple comparison test in GraphPad
Prism 6.07 (GraphPad Software, La Jolla California USA). All differences between silica

treatments were considered statistically significant if p < 0.05.

4.4 RESULTS AND DISCUSSION

The maximum quantum vyield of photosystem Il (Fv/Fm) was used to assess the physiological
status (Maxwell and Johnson 2000) of our cultures. We observed that Fv/Fm was 11% greater
in silica-limited cells than in silica-replete cells (Figure 4.1a; unpaired t test, t4 = 8.82, p =
0.0009). Similarly, the relative light harvesting efficiency, a, of silica-limited cells was 13%
greater than that of silica-replete cells (Figure 4.1b; unpaired t test, t4 = 12.07, p = 0.0003).
These results suggest that in C. muelleri photosystem Il function and the ability to harvest light
at low intensities are enhanced under silica limitation. However, cell numbers in silica-replete
cultures were 3.5 times higher than in silica-limited cultures at the time of harvest during mid-
exponential phase (Table 3.1). Since the potential for self-shading increases with cell number
it is more likely that the variation in Fv/Fm and a between treatments reflect differences in light,
than silica, availability. Our observation for o contradicts that of Lippemeier et al. (1999), who
reported no variation in a with silica concentration in batch cultures of T. weissflogii. Our Fv/Fm

result is also inconsistent with that observed in T. weissflogii, where larger decreases in Fv/Fm
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of up to 33% were observed in silica-limited cultures (Lippemeier et al. 1999). Parkhill et al.
(2001) reported that whilst Fu/Fm was depressed in nitrogen starved batch cultures of
Thalassiosira pseudonana, no impact was observed if cultures had been acclimated to nitrogen
limited conditions. Therefore, the lesser impact of silica limitation on F./Fmn observed in C.
muelleri compared to T. weissflogii could be due to the fact that our cultures were acclimated
to the silica treatments before measurements, and those of Lippemeier et al. (1999, 2001) were
not. In support of this idea, no effect of silica limitation on F./Fm was observed in Pseudo-
nitzschia pungens and Asterionellopsis glacialis cultures, which had been in steady state

growth for at least five days (Napoléon et al. 2013).

In contrast to our observations for Fv/Fm and a, we observed a negative impact of silica
limitation on the maximum relative electron transport rate (rETRmax). Electron transport rate
correlates well with photosynthesis under controlled conditions (Maxwell and Johnson 2000,
Ralph and Gademann 2005) and, as such, can be used to assess the photosynthetic performance
of phytoplankton cells in the laboratory (Maxwell and Johnson 2000, Napoléon et al. 2013).
We observed that rETRmax Was 22% greater in silica-replete cells (Figure 4.1c; unpaired t-test;
t4 = 6.73, p = 0.0025). Since silica is not directly involved in photosynthesis (Napoléon et al.
2013), few studies have investigated the impacts of silica limitation on photosynthesis in
diatoms. However, our finding agrees with field studies that observed a decrease in
photosynthesis within hours of silica depletion in a mixed diatom bloom in the Hudson River
(Malone et al. 1980). Similarly, a sharp decline in rETRmax was recorded at the onset of silica
limitation in T. weissflogii (Lippemeier et al. 1999). A 70% recovery in rETRmax Was observed
in silica-starved cells after the re-addition of silica, suggesting that photosynthesis in T.
weissflogii is, in part, determined by silica availability (Lippemeier et al. 1999). In contrast,

whilst electron transport rate was 182% greater in silica-limited A. glacialis cells, no significant
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impact of silica limitation on electron transport rate was observed in P. pungens, (Napoléon et
al. 2013), suggesting that the physiological response to silica limitaiton in diatoms may be

species specific.

As with rETRmax, silica availability had a marked impact on the light saturation parameter (lx)
in C. muelleri. Specifically, Ik was 234 + 2.7 umol photons m st in silica-replete cells,
compared to 159 + 5.5 pmol photons m s in silica-limited cells (Figure 4.1d; unpaired t-
test, t4 = 12.15, p = 0.0003). A similar decline in Ik was observed at the onset of silica
limitation in T. weissflogii cells (Lippemeier et al. 1999). These results suggest that, in
diatoms, silica limitation results in a reduced capacity to utilise light at high photon flux

densities (PFDs) (Henley 1993).
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Figure 4.1. The (a) maximum quantum yield of photosystem Il (Fv/Fm), (b) relative light
harvesting efficiency (a; pmol e’/umol photons), (c) relative maximum electron transport rate
(fETRmax; umol e m2s?) and (d) light saturation parameter (lx; pmol photons m2 s?) of silica-
limited and silica-replete Chaetoceros muelleri cells. Values are means (£ standard error of the

mean) of triplicate independent cultures.

The downturn in rETR observed at high PFDs in cells from both treatments (Figure 4.2)
suggests that C. muelleri may become photoinhibited at supra-optimal light intensities
regardless of silica availability (Ralph and Gademann 2005). However, rETR was significantly
higher in silica-replete cells at PFDs greater than 240 umol photons m2 st (Figure 4.2; Tukey’s
HSD, p > 0.05 for all comparisons). Together, these results suggest that silica-limited C.

muelleri cells are more prone to photoinhibition than their silica-replete counterparts, although
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it is possible that silica-limited cells have a greater C demand due to their larger biovolume

(Smith-Harding et al. 2018, in prep).
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Figure 4.2. Rapid Light Curves showing the relative electron transport rate (rETRmax; pmol e
m s1) as a function of photon flux density (PFD; umol e- m? s™) of silica-limited and silica-
replete Chaetoceros muelleri cells. VValues are means (+ standard error of the mean) of triplicate

independent cultures.

The operation of a CCM, including CAex:, to acquire C; for photosynthesis consumes energy
(Raven et al. 2014). Consequently, it has been suggested that the operation of a CCM may play
a role in protecting cells from photoinhibition by acting as a sink for excess light energy
(Tchernov et al. 1997, Tchernov et al. 2003, Qiu and Liu 2004). Therefore, if CAext activity is
mediated by silica supply (Gong and Hu 2014) and/or the degree of frustule silicification

(Milligan et al. 2004, Mejia et al. 2013), then it might be expected that under silica limitation
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cells are more likely to experience photoinhibition at high PFDs, as shown in our Rapid Light
Curves (Figure 4.2). Similar differences in rETR were observed between low CO; (12.6 uM)
grown Thalassiosira pseudonana cells in the presence and absence of ethoxyzolamide, a
membrane permeable inhibitor of carbonic anhydrase (Wu et al. 2015). In particular, Wu et al.
(2015) found that, at higher PFDs, rETR was greater in cells in which CA had not been
inhibited compared to those where it had, suggesting that the downregulation of CA may play

a role in a decreased ability to utilise light at high PFDs.

A number of physiological strategies allow microalgae to adjust to changes in their light
environment, including changing their pigment concentration and composition (Richardson et
al. 1983, Napoléon et al. 2013). We observed that silica-limited cells had 2.2 times the
chlorophyll content of silica-replete cells (Table 2.1; unpaired t-test, t4 = 12.47, p = 0.0002).
Varying results on the impacts of silica limitation on chlorophyll content in diatoms have been
reported. In some instances silica availability has been reported to have no influence on
chlorophyll content (Napoléon et al. 2013), whilst other studies have observed increases
(Harrison et al. 1977, Bucciarelli and Sunda 2003) and decreases (Harrison et al. 1977, Lynn
et al. 2000) in chlorophyll content per cell under silica limitation. This variation may reflect
species specific responses to silica limitation (Harrison et al. 1977), differences in the extent
of silica limitation (Bucciarelli and Sunda 2003) or differences in other experimental conditions
(such as the availability of nutrients other than silica or light conditions). The higher
chlorophyll content of silica-limited cells may be a consequence of normal rates of chloroplast
replication, despite slower cell division (Harrison et al. 1977). Alternatively, Bucciarelli and
Sunda (2003) suggested that chlorophyll synthesis is upregulated to meet the increased energy
demands of CO> acquisition resulting from the depression of CAex activity under silica

limitation. Their observation that the chlorophyll content of T. pseudonana responded similarly
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to CO; limitation, but not nitrate or phosphate limitation, supports this hypothesis (Bucciarelli
and Sunda 2003). However, some previous studies have found that chlorophyll content per cell
scales linearly with cell biovolume (Lynn et al. 2000, Durbin 1977). We observed no impact
of silica availability on chlorophyll content when data were normalised to biovolume (data not
shown; unpaired t-test, ts = 1.44, p = 0.22). Since silica-limited cells were approximately twice
the size of silica-replete cells (Smith-Harding et al. In prep.), it is likely that the higher
chlorophyll content observed in limited cells was due to the increase in cell biovolume

observed under silica limitation.

Table 4.1. The total chlorophyll concentration (a + c1,c2), total carotenoids concentration and
carotenoids: total chlorophyll of silica-limited and silica-replete Chaetoceros muelleri cells.

Values are means (+ standard error of the mean) of triplicate measurements.

silica-limited silica-replete
Total chlorophyll 0.71+£0.02 0.33 £0.02
(ug 10 cells)
Total carotenoids 8.4x10%+27x10° 40x10*+23x10°
(ug 1076 cells)
Carotenoids: total 1.18+0 1.20+1x10°

chlorophyli

In addition to an increase in chlorophyll content per cell, we observed that silica-limited cells
had twice the carotenoid content of silica-replete cells (Table 4.1; unpaired t-test, t4 = 12.65, p
= 0.0002). Similar to the increase in chlorophyll content under silica limitation, this increase

may be as a consequence of the increased cell biovolume of silica-limited cells, since no
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difference in carotenoid content was observed between silica treatments when normalised to
biovolume (data not shown; unpaired t-test, t4 = 1.26, p = 0.28). In diatoms, the carotenoid
fucoxanthin forms part of the light-harvesting complex (Coesel et al. 2008), transferring light
energy to chlorophyll a (Goericke and Welschmeyer 1992). Therefore, the observed increase
in carotenoids under silica limitation may too have been a response to the increased energy
demand for CO; acquisition brought on by silica limitation. However, carotenoids in diatoms
may also be involved in photoprotection under high light conditions (Goericke and
Welschmeyer 1992). More specifically, the thermal dissipation of excess light energy by
photosystem Il through NPQ involves the increase of a xanthophyll cycle at high PFDs in many
photoautotrophs (Olaizola et al. 1994, Dimier et al. 2007). Increases in diadinoxanthin cycle
(DD-cycle) activity, which involves the conversion of DD to diatoxanthin (DT) (Olaizola et al.
1994, Dimier et al. 2007), have been associated with high irradiance in many diatom species,
including C. muelleri (Olaizola and Yamamoto 1994). More specifically, increases in the
xanthophyll pool (DD + DT) have been observed to be associated with increasing irradiance
(Goericke and Welschmeyer 1992, Dimier et al. 2007), as well as with prolonged exposure to
high irradiances (Olaizola et al. 1994). In addition, DT accumulation, either by conversion
from DD or de novo synthesis, is correlated with enhanced capacity for NPQ under high
irradiance (Olaizola et al. 1994, Olaizola and Yamamoto 1994, Dimier et al. 2007). Previous
research has shown that the response of the DD-cycle to fluctuating light environments varies
between species and may be influenced by ecological niche (Dimier et al. 2007). Coastal
bloom-forming species tend to display the greatest physiological plasticity under changing
conditions, allowing them to acclimate to the constantly fluctuating abiotic conditions present
in coastal environments (Dimier et al. 2007). Whilst the method used here could not distinguish
between the different types of carotenoids, we observed that the capacity for NPQ of silica-

limited cells was 1.6 times greater than that of silica-replete cells (Table 4.2; unpaired t-test, t3
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=5.09, p=0.015). This suggests that the observed increase in carotenoids under silicalimitation
may, at least in part, be due to an increase in DT concentration. Similar increases in NPQ were
observed in T. weissflogii under silica limitation (Lippemeier et al. 1999). The thermal
dissipation of excess light energy by NPQ relieves pressure on the electron transport chain (Wu

et al. 2010) and prevents the formation of ROS (de Bianchi et al. 2010).

Table 4.2. The non-photochemical quenching (NPQ) capacity and reactive oxygen species
(ROS) content of silica-limited and silica-replete Chaetoceros muelleri cells. VValues are means
(= standard error of the mean) of triplicate independent cultures (except for the NPQ

measurement for silica-limited cells, where the value is the mean of two independent cultures).

silica-limited silica-replete
NPQ 0.46 £ 0.02 0.28 £0.03
ROS content (nmol DCF - 10°6 cells) 0.019 +0.001 0.018 £ 0.003

Changes in temperature, light availability or nutrient supply can disrupt photosynthesis,
resulting in the production of harmful ROS (Bucciarelli and Sunda 2003, de Bianchi et al.
2010). A previous study on Skeletonema marinoi found that under silica limitation the
expression of aldehyde dehydrogenase, glutathione synthase and glycolate oxidase genes,
which are known to protect cells from oxidative stress, increased (Wang et al. 2017). In
addition, cells exposed to silica limitation were more prone to programmed cell death, likely
induced by the greater caspase activity observed in the low silica treatment (Wang et al. 2017).

In contrast, we observed no difference in ROS concentration between treatments (Table 4.2;
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unpaired t-test, t4 = 0.25, p = 0.81). This suggests that, in C. muelleri, NPQ is effective at
protecting cells from the formation of silica limitation-induced ROS. Similarly, silica-limited
T. pseudonana cells were found to contain more dimethylsulfoniopropionate, which may be
involved in an antioxidant system (Sunda et al. 2002, Bucciarelli and Sunda 2003). The
upregulation of mechanisms that protect cells from oxidative stress in our study and that of
Bucciarelli and Sunda (2003) provides support for our hypothesis that silica limitation results

in excess light energy as a consequence of the downregulation of the CCM.

Our findings suggest that silica limitation may make C. muelleri more prone to photoinhibition.
We suggest that the downregulation of the CCM, which acts as a sink for excess light energy,
may be responsible for the reduced capacity to utilise light at high intensities, the decline in
rETR at a lower light intensity and lower rETRmax Of silica-limited cells compared to silica-
replete cells. Consequently, silica-limited C. muelleri cells employed a number of
physiological strategies to alleviate the stresses associated with downregulation of the CCM.
In particular, an increase in carotenoid content, along with an enhanced capacity for NPQ were
observed in silica-limited cells. It is likely that these mechanisms reduced the potential for
oxidative stress by preventing the production of additional ROS in silica-limited cells. Such
physiological plasticity likely enables bloom-formers, such as Chaetoceros spp., to acclimate
to the constantly changing conditions found in coastal environments. This will likely allow
diatoms be competitive under future climate scenarios, where enhanced thermal stratification
in the tropics and mid-latitudes will likely inhibit the supply of nutrients to the upper mixed

layer of the oceans (Behrenfeld et al. 2006, Doney 2006).
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Chapter 5: Discussion and Conclusions
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5.1 SYNTHESIS

The overall objective of this research was to investigate the role of the silica frustule in diatom
CAext activity, CCM function and photosynthesis using the cosmopolitan marine diatom
Chaetoceros muelleri. Members of the genus Chaetoceros often dominate marine
phytoplankton communities, with blooms persisting for weeks (Rines and Theriot 2003).
Elucidating the physiological strategies used by C. muelleri to respond to fluctuating abiotic
conditions will provide insight into the mechanisms that enable diatoms to thrive in marine
environments. Initially, this thesis set out to determine if CAex is a part of the CCM of C.
muelleri and, if so, whether the role it plays in photosynthesis varies over the course of
population growth progression (Chapter 2). The thesis then investigated the impacts of silica
limitation on CAex: activity, overall CCM function and photosynthesis in C. muelleri (Chapter
3). Lastly, the impacts of silica limitation on photoprotective mechanisms and the production

of harmful ROS in C. muelleri were investigated (Chapter 4).

It is generally accepted that CAex: activity is induced by low C;, particularly CO, availability.
However, a majority of the work investigating the relationship between CAex: activity and CO>
availability has been conducted on cells that have been pre-acclimated to air-equilibrium
concentrations of CO». In contrast, few studies have investigated the response of CAex: activity
to the depletion of CO: that occurs with progression of population growth in phytoplankton
blooms or microalgal cultures. Therefore, the role of CAex: in Cj acquisition and photosynthesis
at three stages of growth was explored in C. muelleri (Chapter 2). A decrease in C; availability,
along with a concomitant increase in pH, was observed with increases in cell number over time.
In agreement with the available literature (Berman-Frank et al. 1994, Nimer et al. 1994,

Iglesias-Rodriguez and Merrett 1997, Elzenga et al. 2000), CAext activity in C. muelleri was
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up-regulated in response to the observed changes in the carbonate system that occurred with
the progression of population growth. In addition, we found that the role of CAext in Ci
acquisition for photosynthesis varied over time in response to the depletion of Ci over time, as
well as changes in the relative proportion of C;jthat occurs with increasing pH. Lowest CAext
activity was measured at our first sampling point. At this point in population growth the
theoretical supply of CO2 by the uncatalysed dehydration of HCOs™ in the medium exceeded
the CO, drawdown capacity of the cultures. This suggests that the supply of Ci, specifically
COg, was sufficient to support photosynthesis without a large contribution by CAey:. In contrast,
the CO, drawdown capacity of cultures exceeded the theoretical supply of CO2 by uncatalysed
dehydration of HCO3™ at sampling point 2, suggesting the operation of a CCM (Burns and
Beardall 1987). In support of this, marked increases in CAex: activity and the contribution of
CAex: to the supply of C; for photosynthesis were found between the first two sampling points.
This up-regulation of CAex occurred in response to the depletion of CO2 by exponentially
growing C. muelleri cultures. Since the operation of a CCM consumes energy and requires
investment in capital costs of enzymes needed for C; transport, the up-regulation of CAex: only
when CO; supply from the medium is inadequate to maintain the C; requirements of
photosynthesis may act as a resource-saving strategy in C. muelleri cells. Whilst the availability
of CO; decreased further between sampling points 2 and 3, only a small increase in CAext
activity was observed. In addition, the role of CAex: in the supply of C; for photosynthesis was
negligible at the last sampling point. At the high pH, and consequently very low relative CO-
concentration, present at the last sampling point very high CAext activity would be necessary
to supply sufficient CO> for photosynthesis. As such, direct uptake of HCO3™ at the cell surface
by anion exchange transporters, followed by internal conversion to CO: by intracellular CA, is
likely to be a more efficient means for C; acquisition at this stage of growth. Overall CCM

function in C. muelleri increased considerably between sampling points 2 and 3, despite the
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small increase in CAex: activity observed over the same time period. Together, these results
suggest that C. muelleri might rely on direct uptake of HCO3™ by anion exchange transporters
at the cell surface for Cj acquisition later in the growth cycle, rather than CAex:, though this was
not tested directly. In contrast to the literature (Rost et al. 2003), we observed a decrease in
photosynthesis with the progression of population growth, despite enhanced CCM function.
Previous research has suggested that this enhanced CCM function acts to maintain efficient
photosynthetic C fixation by RUBISCO under nitrogen-limited conditions. Whilst a large
proportion of cellular nitrogen is invested in RUBISCO synthesis under nitrogen-replete
conditions, this proportion decreases with decreasing nitrogen availability (Falkowski et al.
1989). Therefore, an enhanced affinity for Cj under nitrogen-limited conditions such as those
often found in the stationary phase of growth may act to maintain efficient C fixation despite
the lower investment of N in RUBISCO. This would enable cells to preferentially allocate
nitrogen to daughter cells and therefore, prolong growth of the population for some time after
the onset of nitrogen stress. Overall, the flexibility of the C. muelleri CCM in response to
fluctuating Cjand nitrogen availabilities may contribute, at least in part, to the dominance and

persistence of members of the Chaetoceros genus in phytoplankton blooms.

Although C; availability is thought to be the major factor modulating CCM activity in
microalgae, previous research has suggested a role for exogenous silica supply in the
modulation of CAex: activity in diatoms. In particular, there is evidence that the silica frustule
of diatoms may act as a buffer for the CAex: reaction (Milligan and Morel 2002), increasing the
otherwise slow rate of HCOz dehydration at the cell surface. Further studies have suggested
that CAext activity is modulated by the extent of frustule silicification, which is, in turn
regulated by the availability of silica in the medium. More specifically, it has been observed

that when CO> supply is limiting, diatoms produce more heavily silicified frustules (Milligan
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et al. 2004, Mejia et al. 2013). In addition, a positive correlation between exogenous silica
supply and CAex: activity has been reported in diatoms (Gong and Hu 2014). Together these
findings support the hypothesis that CAex activity is modulated, at least in part, by silica
availability. However, the resulting impacts on overall CCM function and photosynthesis have
not been explored. Therefore, the impacts of silica limitation on CAex: activity, overall CCM
function and photosynthesis were investigated in C. muelleri (Chapter 3). As is typically
reported for diatoms (Guillard et al. 1973, Paasche 1973a, Paasche 1973b, Paasche 1975, Laing
1985), growth rate and the extent of frustule silicification were lower in silica-limited cells. In
addition, silica-limited cells had twice the biovolume of their silica-replete counterparts. Larger
cells have a greater demand for CO> and are more likely to experience CO; diffusion limitation,
even if CO> availability in the growth medium is the same (Pasciak and Gavis 1974). We
observed that when the difference in biovolume between treatments was accounted for, the
calculated theoretical maximum diffusive flux of CO> to the cell surface was lower in silica-
limited cells. This would likely exacerbate CO- limitation and induce further up-regulation of
the CCM in silica-limited cells. CAext activity in silica-limited cells was approximately twice
that of silica-replete cells on a per cell basis. However, when normalised to cell biovolume, no
difference in CAext activity was observed between treatments. In contrast, silica-limited cells
were found to have a more efficient CCM overall. If silica-mediated CAex: activity was the key
component of the CCM of C. muelleri, the trend in CAex: activity would be expected to be
reflected in overall CCM function. Given that this was not the case, we suggested that the CCM
of silica-limited cells is up-regulated primarily due to the increased CO> limitation experienced
as a consequence of their larger cell size, rather than frustule silica content. Due to the greater
efficiency of their CCMs, the CO. drawdown capacity of silica-replete C. muelleri was
approximately twice that of silica-limited cells. Similar observations have been made in field

studies, particularly in the equatorial upwelling zone of the Pacific Ocean where diatoms
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dominate new production (Dugdale and Wilkerson 1998). Low silica concentrations are often
observed in the region. The resulting low net primary productivity ultimately makes the
equatorial upwelling zone a net source of CO: to the atmosphere (Dugdale and Wilkerson
1998). It is predicted that under future climate scenarios enhanced thermal stratification of the
surface layer in the tropics and mid-latitudes will inhibit the supply of nutrients to the photic
zone (Behrenfeld et al. 2006, Doney 2006). Our results suggest that such a decrease in silica
availability may result in less efficient CCMs in silica-limited diatoms. As such, diatoms in
these regions would have a reduced capacity for CO, drawdown, which may then have

consequences for global C cycling.

The operation of a CCM consumes energy (Raven et al. 2014) and, as such, may act as a sink
for excess light energy (Tchernov et al. 1997, Tchernov et al. 2003, Qiu and Liu 2004).
Exposure to excess light energy can induce the production of harmful reactive oxygen species
(de Bianchi et al. 2010), resulting in oxidative stress and even programmed cell death (Vardi
et al. 1999). Photoautotrophs can utilise a number of photoprotective strategies to mitigate the
impacts of excess light exposure, including dissipation of excess light energy as heat via non-
photochemical quenching or detoxification of ROS by antioxidant molecules such as
carotenoids (de Bianchi et al. 2010). A down-regulation of the CCM, such as that observed in
silica-limited C. muelleri cells in Chapter 3, may expose cells to excess light energy, resulting
in an increase in oxidative stress. Consequently, an increased capacity for non-photochemical
guenching and/or carotenoid concentration might be expected in silica-limited C. muelleri
cells. Therefore, the impacts of silica limitation on photosynthesis, photoprotective
mechanisms and ROS production were investigated in C. muelleri. We observed that overall
photosystem 11 health and the ability to harvest light at low light intensities were greater in

silica-limited C. muelleri cells. The potential for self-shading within cultures increases with
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cell number. Since silica-replete cultures were denser than silica-limited cultures, the
differences in photosystem Il health and the ability to harvest light at lower intensities may
reflect differences in light, rather than silica, availability. Given that silica does not play a direct
role in photosynthesis, few studies have explored the impacts of silica availability on
photosynthesis in diatoms. However, our observation that photosynthetic capacity is reduced
under silica limitation agrees with the available literature. In addition to a decrease in
photosynthesis, a reduction in the ability to utilise light at higher photon flux densities was
observed under silica limitation. Similarly, photosynthesis in silica-replete cells was greater at
photon flux densities exceeding 240 pmol photons m?2 s, with the difference between
treatments increasing with light intensity. Whilst a decrease in photosynthesis occurred at
supra-optimal light intensities regardless of silica availability, our results suggest that silica
limitation makes C. muelleri more susceptible to photoinhibition. As anticipated, an up-
regulation of photoprotective mechanisms was observed in silica-limited C. muelleri cells. In
particular, the chlorophyll and carotenoid contents of silica-limited cells were approximately
double those of silica-replete cells. This variation in pigment content between treatments may
be due to the increase in cell biovolume observed under silica limitation (Chapter 3).
Alternatively, diatoms may increase the concentration of light-harvesting pigments, such as
chlorophyll and the carotenoid fucoxanthin, to meet additional energy demands for CO:
acquisition caused by a down-regulation of the CAex: under silica limitation (Bucciarelli and
Sunda 2003). In addition, the increase in carotenoids observed under silica limitation may be
attributed to an increase in diadinoxanthin cycle activity. In diatoms, up-regulation of the
diadinoxanthin cycle, and more specifically increases in the concentration of diatoxanthin, have
been associated with an enhanced capacity for non-photochemical quenching (Olaizola et al.
1994, Olaizola and Yamamoto 1994, Dimier et al. 2007). Since silica-limited cells had a greater

capacity for non-photochemical quenching, the increase in carotenoids observed under silica
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limitation may, at least in part, be due to an increase in diadinoxanthin cycle activity. Non-
photochemical quenching acts to dissipate excess light energy as heat and, as such, prevent the
formation of reactive oxygen species. Given that the concentration of reactive oxygen species
did not differ between silica treatments, increased non-photochemical quenching is likely an
effective mechanism for lessening the severity of photoinhibition in silica-limited C. muelleri
cells. Together, the results presented in Chapter 4 provide support for our hypothesis that the
down-regulation of the CCM under silica limitation exposes cells to excess light energy. The
physiological plasticity displayed by C. muelleri under silica limitation may help bloom

formers, such as Chaetoceros spp., to dominate in constantly changing coastal environments.

5.2 LIMITATIONS AND FUTURE DIRECTIONS

In Chapter 2, we suggested that although CAex: plays a considerable role in acquiring C; for
photosynthesis in mid-exponential phase, Ci acquisition in the later stages of growth is likely
dominated by direct uptake of HCOs-by anion exchange transporters. The increase in overall
CCM function without corresponding increases in CAex: activity or the contribution of CAext
to photosynthesis between the last two sampling points support this hypothesis. However,
stronger support for this hypothesis could be gathered by measuring the contribution of anion
exchange transporters to photosynthesis over time. This could be achieved by replacing the
CAext inhibitor acetazolamide with 4,4-diisothiocyanostilbene-2,2-disulphonic acid, a putative
inhibitor of anion exchange, in the experiments described under the subheading ‘The role of
CAext in photosynthetic Oz evolution — Inhibition of CAext’ in Chapter 2. In addition, we
hypothesised in Chapter 2 that the C. muelleri CCM is up-regulated in the later stages of growth
to maintain efficient C fixation despite reduced RUBISCO synthesis caused by decreasing

nitrogen availability. The decreases in photosystem Il health, chlorophyll concentration and
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photosynthesis observed in C. muelleri over time are good indicators of nitrogen limitation.
However, measurements of the proportion of cellular nitrogen allocated to RUBISCO and the
RUBISCO content of cells over time would be necessary to confirm our hypothesis. In Chapter
3 we suggested that enhanced Ci limitation associated with the increased biovolume of cells
exposed to silica limitation, rather than frustule silica content, is the regulating factor in the
CCM of C. muelleri. However, a comparison of the CAex buffering capacity of frustules
differing in their silica content would be necessary to definitively conclude that the degree of
frustule silicification plays no role in regulating CAext activity in C. muelleri. In Chapter 4, we
hypothesised that the greater carotenoid content of silica-limited cells was due, at least in part,
to increased diadinoxanthin cycle activity. Our observation of enhanced non-photochemical
capacity, which is associated with increased diadinoxanthin cycle activity, in silica-limited C.
muelleri cells lends support to this idea. However, it is possible that the observed increase in
carotenoid content in silica-limited cells is due to an increase in fucoxanthin, a carotenoid that
forms part of the light-harvesting complex in diatom. Therefore, it would be necessary to
specifically measure diadinoxanthin cycle activity and fucoxanthin concentration to test this

hypothesis.

5.3 CONCLUSIONS

This thesis explored the concept that the silica frustule in diatoms plays a role in inorganic
carbon acquisition. In particular, it reports on investigations of the physiological mechanisms
used by C. muelleri, a cosmopolitan marine diatom, to respond to changes in C;i and
silicaavailability. Overall, C. muelleri showed a high degree of physiological plasticity in
response to changes in exogenous Ci and silica availability. This physiological flexibility likely

contributes to the observed dominance of bloom-forming diatoms such as Chaetoceros species
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in coastal environments, where abiotic conditions are constantly fluctuating. In the future, this
capacity to acclimate to changes in abiotic conditions may give diatoms a competitive
advantage in the tropics and mid-latitudes, where it is predicted that the supply of nutrients to
the upper mixed layer will be inhibited due to enhanced thermal stratification under global
warming scenarios. However, a study investigating the synergistic response of diatoms to other
changes predicted under future climate scenarios, such as increased temperature, CO2 supply
and the availability of nutrients other than silica, would be necessary to more accurately predict

the competitive ability of diatoms in the future oceans.
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