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Abstract 

The ocean is the largest reservoir of carbon on the Earth's surface and hence ocean 

processes involving carbon are of great importance in light of the growing concern over 

global warming due to an increased greenhouse effect. Modem phytoplankton assemblages 

appear to record the CO2 concentration in seawater through their carbon stable isotope 

content. Phytoplankton preserved in marine sediments could contain a record of atmospheric 

CO2 concentrations dating back as much as 200 million years. However, before using a 

relationship between CO2 concentration and the stable isotopic content of phytoplankton, the 

mechanism(s) behind this apparent relationship must be examined further. 

Research on carbon isotope fractionation in marine phytoplankton has typically 

assumed that cells rely on CO2 diffusion to supply photosynthetic carbon demand. The 

results of this thesis show that active carbon uptake has a strong influence on carbon isotope 

fractionation in six species of marine phytoplankton. A more detailed study of the marine 

diatom Thalassiosira pseudonana demonstrated that carbon concentrating mechanism 

(CCM) induction occurred over an ecologically relevant range of CO2 concentrations (ca. 3 

to 16.5 pM), and that fractionation decreased simultaneously with increased CCM induction. 

CCM induction in T. pseudonana appeared to be regulated by CO2 concentration rather than 

DIC concentration. Based on the results of experiments and modeling, the CCM appears to 

involve extracellular carbonic anhydrase catalyzed CO2 formation from bicarbonate and 

subsequent uptake of CO2. A better understanding of factors that influence fractionation, 

including the involvement of CCM activity and species variability, must be gained before the 

isotopic composition of sedimentary organic matter can be used as a proxy for past 

atmospheric CO2 concentrations. 
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Chapter 1 

General Introduction 

1.1 Overview 

Nitrogen has typically been viewed as the limiting nutrient for primary productivity in 

the ocean environment though recent studies have implicated many different nutrients as 

potential limiting factors (for example, Morel et al. 1994). One nutrient that has been 

suggested as a potential limiting resource is inorganic carbon (Riebesell et al. 1993b). 

While, at first glance, there appears to be ample carbon with which to supply the carbon 

required for photosynthesis, only about one percent is actually immediately available for use 

in the form of CO2. This has led to speculation that phytoplankton can use alternate forms of 

inorganic carbon, namely bicarbonate. Close to half of global photosynthesis occurs in the 

ocean (Falkowski 1994) and the ocean's ability to absorb great amounts of carbon illustrates 

the importance of the ocean's role in the global carbon cycle. Given that organically fixed 

carbon is preserved in sediments, primary productivity in the ocean is of great importance to 

the regulation of global temperatures and, as of late, global warming. Preserved 

phytoplankton might also reveal a message which, when deciphered, could provide a record 

of the composition of the atmosphere in the past. Such information would be valuable in 

establishing relationships between atmospheric CO2 concentration and global temperatures 

and climate. This message is preserved in the carbon isotope content of phytoplankton 

remains. 
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The carbon isotopic compositions of natural phytoplankton populations show 

considerable variation in the world's oceans. The importance of various factors in 

determining the isotopic content of phytoplankton remains a contentious issue with often 

conflicting results from laboratory studies depending on the species studied and the culturing 

conditions. In addition to laboratory studies, scientists have attempted to correlate various 

environmental conditions with the isotopic content of natural assemblages of phytoplankton 

in the ocean. Ultimately, an understanding of these factors would allow for interpretation of 

past environmental conditions based on preserved phytoplankton in marine sediments. 

However, there is still no clear model of carbon isotope fractionation by marine 

phytoplankton and, as a result, there is considerable current interest in learning more about 

the factors that influence this process. 

All of the factors studied to date can ultimately be tied to photosynthesis. However, 

few studies have closely examined the photosynthetic physiology of phytoplankton while 

studying other environmental conditions. It can be argued that photosynthesis is the most 

important process in determining the isotopic content of phytoplankton since it is the process 

by which inorganic carbon is converted to organic carbon. Factors which influence growth 

rates ultimately regulate photosynthetic rate since cells must maintain an adequate 

photosynthetic rate to support a given growth rate. These factors may also influence the 

ability of cells to take up carbon and potentially the pathway of uptake. Some examples of 

factors that have been studied to date are dissolved inorganic carbon (DIC) and/or CO2 

concentration, light, pH and temperature. To further complicate matters, temperature and pH 

not only affect cell physiology, they also influence the inorganic carbon system itself. This 

results in uncertainty as to whether carbon isotope fractionation was influenced by changes in 

cell physiology or changes in the supply of carbon to the cells. 
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The research presented in this thesis attempts to clarify the factors that influence 

carbon isotope fractionation, especially carbon concentrating mechanism (CCM) activity, 

while simultaneously examining the photosynthetic physiology of phytoplankton cultures. 

The following sections will provide background information on carbon isotope fractionation 

by marine phytoplankton and the factors that influence the isotope content of cells. Various 

aspects of photosynthetic physiology will be introduced as well as models that attempt to 

predict the fractionation expressed by phytoplankton under a range of environmental 

conditions. Finally, the objectives of the thesis will be presented. 

1.2 Carbon Isotope Fractionation 

There are two stable isotopes of carbon: carbon-12, which makes up 98.9% of the 

total carbon and carbon-13, which makes up the remainder (O'Leary, 1988). The isotope 

content of a sample can be expressed as the ratio (R value) of 1 3 C to 1 2 C as per Equation 1; 

however, changes in isotope content are very small. As a result, Equation 2 is used to 

calculate isotope content of samples and the results are expressed as 5 1 3C with the units per 

mil (%o). This equation uses as a standard the isotope ratio of the Pee Dee Belemnite (PDB) 

Limestone from South Carolina and thus 8 1 3C values are often cited as relative to PDB. 

Positive 8 1 3C values indicate the sample is enriched in 1 3 C while negative values indicate that 

the sample is depleted in 1 3 C relative to the standard. The 8 I 3C values of naturally occurring 

organic materials are typically negative (O'Leary, 1988). 



R 
1 3 C 

sample 12 (1) 

513C(%o) = 
R sample 

R 
-1 x 1000 (2) 

standard 

Organic material contains less C than the carbon in the physical environment 

because the processes that are responsible for carbon fixation generally discriminate against 

the heavier isotope. Discrimination against 1 3 C is a result of the extra atomic mass unit of 

1 3 C and the fact that it forms stronger bonds than 1 2 C. The result of discrimination against 

1 3 C during a process results in an expressed fractionation that can be calculated as per 

Equation 3. Differences in the isotope composition of substances can provide valuable 

insight into the processes involved in their formation, including physical, chemical and 

biological processes. For example, there are two major groups of terrestrial plants that can 

be distinguished by the primary means of initial carbon fixation. These are C3 plants which 

rely primarily on the enzyme ribulose-l,5-bisphosphate carboxylase-oxygenase (RuBisCO) 

and C4 plants which initially fix carbon via the enzyme phosphoenolpyruvate carboxylase 

(PEPCase). C 3 plants typically have 6 1 3C values in the vicinity of-28%o while the 5 1 3C for 

C4 plants tends to be in the range of-12 to -14%o. Since the isotopic content of the CO2 

source for these plants is relatively constant, the difference in 5 1 3C is the result of different 

fixation pathways and discrimination of the primary carboxylation enzymes possessed by 

these two groups of plants. In fact, the difference in 8 1 3C of these two groups was known 

prior to the elucidation of their carbon fixation pathways. 
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A5= 
[ 5 1 3 C S - 8 1 3 C P ] 

1 + 
5 1 3 C S 

1000 

(3) 

Where (S) and (P) represent source and product respectively. 

Although enzyme discrimination is a major cause of fractionation, other factors, such 

as diffusion, also determine the expressed fractionation. Each process results in a unique 

fractionation value. In a more complex system, the expressed fractionation of the overall 

system typically reflects the fractionation pf the rate-limiting step. Thus, although carbon 

fixation by RuBisCO results in a high fractionation of ca. 29%o (varies depending upon 

species, Guy et al. 1987, 1989), limitation in the supply of carbon to the enzyme will result in 

an overall fractionation that is more consistent with that of the supply process. Since 

fractionation associated with diffusion in water is relatively small (0.7%o, O'Leary 1984), 

cells that are fully limited by the rate of carbon dioxide diffusion will express very little 

overall fractionation. The actual fractionation can be used to determine the fractional 

limitation on photosynthesis by diffusion and fixation and this model will be described later 

in the thesis. 

A final consideration when studying fractionation is whether the process represents 

kinetic or thermodynamic isotope effects (O'Leary 1981). Kinetic isotope fractionation 

occurs when the transformations of substances containing different isotopes occur at different 

rates. In the case of 1 2 C and 1 3 C , substances containing the latter species will react more 

slowly than those containing the lighter isotope. Kinetic isotope fractionation values 

ultimately represent the ratio of the two rate constants for the transformation of a substance 

containing two different isotopes (Equation 4). Kinetic isotope fractionation is often 
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expressed in terms of an a value. For example, the kinetic isotope fractionation associated 

with fixation of CO2 by eukaryotic RuBisCO (a) is 1.029. This means that 12CC»2 reacts 

1.029 times faster than 1 3 C0 2 . 

rate constant for process with 1 2 C ... 
a = p r — (4) 

rate constant for process with C 

Thermodynamic isotope fractionation occurs when processes are in equilibrium. The 

equilibrium isotope effect is the result of the kinetic isotope fractionations associated with 

both the forward and backward reactions. The assumption of isotopic equilibrium is only 

valid when the particular transformation is very rapid relative to the steps immediately 

preceding and following it. This is especially important since isotopic equilibrium is attained 

more slowly than chemical equilibrium (O'Leary 1981). One isotope effect that might be 

assumed to be in equilibrium is the dissolution of CO2 from the atmosphere into water. 

When equilibrium is in doubt, the kinetic isotope fractionation approach should be used. 

If a single step unidirectional process is considered, one can determine the 

fractionation using Equation 3 if the substrate pool is infinitely large when compared to the 

product formed. However, in a closed system, one can model the changes in the isotope 

content of the substrate and product pools in accord with the Rayleigh distillation model 

(Mariotti et al. 1981). This technique uses the kinetic approach to isotope fractionation 

analysis and assumes that variation in fractionation with substrate concentration does not 

occur, a condition supported by O'Leary (1981). The relationship between the fraction of 

substrate remaining (f) and the isotope content of the accumulated product in a closed system 

is given by Equation 5 (Mariotti et al. 1981). The per mill enrichment factor, s, represents 
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fractionation during the particular transformation in question. The problem with this 

approach is that isotopic changes in the accumulated product are slow. A better approach is 

to measure the isotopic content of the newly fixed (instantaneous) carbon; however, it is 

difficult to separate out newly fixed carbon from "old" carbon. Alternatively, one can use 

the isotopic content of the remaining substrate at a given time relative to that at the beginning 

of the experiment. Again, the Rayleigh distillation model can be used. Changes in the 8 1 3C 

of the substrate and product are illustrated in Figure 1.1 A. 

°" C product — 8 C s u b s t r a t e > t = 0 £ X 
"(f xln(f))" 

1-f 
(5) 

Given a constant fractionation, there is a linear relationship between the natural log of 

the ratio of the R values at a given time and the initial time, multiplied by 1000 (Y-axis) and 

the negative natural log of f (X-axis). This method is illustrated in Figure LIB. The slope of 

the resulting line generated in Figure LIB represents the fractionation in a closed system 

(Guy et al. 1992). The regression line used was fitted through the raw data without reference 

to the initial value (origin). This approach was used throughout this thesis as the method of 

determining fractionation. However, models of fractionation by marine phytoplankton 

ultimately require consideration of numerous processes including fractionation associated 

with carbon fixation, CO2 diffusion through both the medium and the cell membrane, and 

active uptake. It is for these reasons that the experiments contained in this thesis were 

carried out. 
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1.0 0.8 0.6 0.4 0.2 0.0 
f 

250 p - r 

-Ln (f) 

F i g u r e 1.1. Methods for determining fractionation. Theoretical changes in the isotopic 
content of remaining substrate as taken from Mariotti et al. (1981) (A), and changes in 
1 3 C / 1 2 C as a function of the fraction of remaining substrate (f) as taken from Guy et al. (1989) 
(B). Both figures assume a constant fractionation of 20%>. 
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1.3 Photosynthetic Kinetics 

Carbon isotope fractionation, and hence the isotopic content of phytoplankton cells, is 

ultimately determined by the processes involved in inorganic acquisition and, to a lesser 

extent, by the respiration processes which serve to reduce cell carbon. A proper 

understanding of phytoplankton carbon isotope fractionation thus requires some knowledge 

of phytoplankton photosynthesis. Photosynthesis in higher plants can be described as using 

C 3 , C 4 , or CAM mechanisms. In the case of C 3 and C 4 plants, the name comes from the 

number of carbon atoms contained in the initial fixation product. In C 3 photosynthesis, 

carbon dioxide is fixed by RuBisCO, resulting in the formation of the three-carbon 

compound phosphoglycerate. However, in C 4 photosynthesis, the four-carbon compound 

oxaloacetate acts as an intermediate between initial fixation and the ultimate carbon fixation 

by RuBisCO. Thus, even though the initial fixation process is different, the final carbon 

fixation steps are similar in both C 3 and C 4 plants. 

The enzyme responsible for the initial fixation of carbon can have a strong influence 

on the overall fractionation during photosynthesis. Higher plants using the C 3 pathway 

typically exhibit fractionation 10 to 15%o higher than C 4 plants due to the different initial 

carbon fixation enzyme (O'Leary 1988). CAM plants are somewhat similar to C 4 plants 

except that they fix carbon during dark periods when experiencing drought stress and use this 

stored carbon during the day to carry out the normal C 3 type pathway. When CAM plants 

use their ability to accumulate carbon at night, they will have a 5 1 3C value similar to C 4 

plants since the pathways are similar. However, if they rely solely on daytime 

photosynthesis, they will exhibit fractionation similar to C 3 plants (O'Leary 1981). 
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The range in 5 1 3C values observed in phytoplankton is between -8.8 and -34.5%o 

(Kerby & Raven 1985, Maberly et al. 1992). It was thought that such a range could be the 

result of different levels of P-carboxylation activity similar to that used by C4 plants 

(Beardall et al. 1976, Descolas-Gros & Fontugne 1985). However, in marine phytoplankton, 

the C3 photosynthetic pathway appears to be the most important one with no real evidence 

for an obligatory C4 type mechanism available to date (Raven et al. 1993). Thus, most of the 

carbon fixed in phytoplankton is via the enzyme RuBisCO. This is not to say that PEPCase, 

and indeed other carboxylation enzymes, are not present in phytoplankton. There is evidence 

that alternative carboxylase enzymes contribute as much as 10% of the total carbon fixed by 

some marine phytoplankton (Raven et al. 1993). The diversity of these other carboxylase 

enzymes is a result of the range of products required for cellular metabolism as well as the 

evolutionary history of the group of phytoplankton (Raven et al. 1993). RuBisCO uses CO2 

as its carbon source while other carboxylase enzymes use either bicarbonate or CO2. 

The most logical method of carbon dioxide supply to the site of RuBisCO is diffusion 

of CO2 across the phytoplankton cell membrane where it is then fixed. With a total dissolved 

inorganic carbon (DIC) concentration that stays fairly constant at around 2 mM in the 

present-day ocean, it would seem unlikely that carbon could limit photosynthesis. However, 

because of the complex speciation of inorganic carbon in seawater, cells relying on CO2 

diffusion are restricted to only a small portion of the carbon pool. Though the number varies 

with temperature, CO2 represents only about 1% of the total inorganic carbon available. 

Complicating matters is the slow uncatalyzed rate of conversion from bicarbonate to CO2. 

These factors have led some (Riebesell et al. 1993b) to speculate that carbon dioxide supply 

could actually limit the growth of phytoplankton in marine environments. 
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The question that remains is whether marine phytoplankton do indeed rely solely on 

diffusive uptake of CO2. There is evidence that some alternative pathway of carbon uptake is 

possible under conditions where CO2 diffusion would be insufficient to supply the carbon 

required to maintain a specific growth rate. The enzyme RuBisCO possesses both a 

carboxylase activity as well as an oxygenase activity. Phosphoglycolate is one of the 

products produced when RuBisCO fixes oxygen. During the steps used to eliminate this 

compound, CO2 is released. Because of these competing processes, there exists a 

concentration of C0 2 at which the rates of the carboxylase and oxygenase are equal. This 

CO2 concentration is referred to as the compensation concentration. However, the 

compensation point of marine phytoplankton appears to be lower than that predicted when 

carbon uptake is by diffusion (Raven 1993a, 1993b). This suggests that cells are able to 

suppress the oxygenase activity perhaps by elevating the CO2 concentration at the site of 

RuBisCO activity. 

Further evidence for non-diffusive CO2 uptake comes from the affinity of cells for 

carbon. Some species appear to have a higher rate of photosynthesis as well as a greater 

affinity for carbon than that of the pure enzyme, suggesting that the site of fixation is flooded 

by CO2 which allows the enzyme to function faster than predicted by the lower external 

carbon concentrations (Raven 1993a). Finally, the occurrence of a higher CO2 concentration 

inside than outside the cell suggests that another mechanism besides CO2 diffusion may 

come into play (Raven 1993a). These lines of evidence support the existence of some form 

of energy-dependent carbon uptake mechanism. 

Raven et al. (1993) point out that one must be cautious when interpreting experiments 

suggesting that cells employ active uptake. The concern lies in the fact that while there is 

significant indirect evidence of CCM activity in marine phytoplankton, demonstration of 



higher internal relative to external DIC concentrations have only been shown in a few 

species. Secondly, there is speculation about whether such mechanisms would operate under 

natural conditions when atmospheric CO2 and the ocean inorganic carbon system are in 

equilibrium. Experimental cells are rarely cultured under natural conditions. Nonetheless, 

conditions do exist where CD2 concentrations are significantly reduced, such as during high 

levels of primary productivity (Codispoti et al. 1982, Codispoti et al. 1986, Raven et al. 

1993) or other oceanographic processes (Rau et al. 1989). 

1.4 Objectives 

The main objective of this thesis was to gain a better understanding of the interaction 

between the expression of CCM activity and carbon isotope fractionation in marine 

phytoplankton. Many species of phytoplankton are capable of actively concentrating carbon, 

but the effects of CCM induction on CO2 - 8 C relationships have, until recently, been 

ignored. With the apparent ubiquitous nature of CCM ability, the influence of active uptake 

on carbon isotope fractionation must be considered when developing such models of 

fractionation based on CO2 concentration. 

The culture conditions and experimental methods used throughout the thesis are 

presented in Chapter 2. The fractionation of several species of marine phytoplankton under 

both high and low DIC levels is examined in Chapter 3. The degree of CCM induction is 

also presented for these phytoplankters. The objective of the fourth chapter was to examine 

how fractionation and CCM induction varied over a range of DIC levels for the marine 

diatom Thalassiosira pseudonana grown under steady state culture conditions. The influence 
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of growth-mediated changes in the DIC concentration in a closed culture system on both 

fractionation and CCM induction is also examined in this chapter. The final chapter attempts 

to gain a better understanding of the mechanism of active uptake used by T. pseudonana. 

Temperature can influence fractionation both directly through changes in growth rate and 

indirectly through its effects on the inorganic carbon system. The direct effect of 

temperature, independent of the carbon system, was therefore investigated. This chapter also 

attempts to assimilate the results of the thesis and compares the results to models of carbon 

isotope fractionation from the literature. 

These studies will greatly enhance our understanding of the role that CCM induction 

plays in determining the 5 1 3C values of modem phytoplankton species and, as a result, the 

influence it might have had on phytoplankton preserved in ancient marine sediments. The 

implications of CCM induction and species variability on models used to predict CO2 

concentration will be discussed. 
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Chapter 2 

General Methods 

2.1 Cul ture Condit ions 

The phytoplankton used in the experiments described in this thesis were cultured in 

enriched artificial seawater medium (ESAW) prepared in 20 L batches as described by 

Harrison et al. (1980), and modified by Thompson et al. (1991). In order to prevent possible 

macronutrient limitation, the concentrations of NaNC»3 and Na2SiC»3.9H20 were increased to 

500 pM and NaH2PC»4 to 100 pM. The silicate was dissolved separately in deionized 

distilled water (DDW) and adjusted to an approximate pH of 8.2 using 50% HC1. Nitrate and 

phosphate were dissolved in the silicate solution and the mixture was then added to the rest 

of the medium. A salinity of 35 ppt was used to allow the use of published rate constants for 

the inorganic carbon system, which are based on this salinity. Unless otherwise stated, the 

medium was buffered with 20 mM N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid] 

(HEPES) and adjusted to a final pH of 8.2 using 4N NaOH. The medium was then bubbled 

with 5% CO2 balanced in air obtained from a gas cylinder. The same cylinder was used to 

supply CO2 to the cultures, as described later in the methods. This was done to establish a 

total dissolved inorganic carbon (DIC) concentration desired for each experiment. The pH 

was measured and adjusted to 8.2, as described above. The medium was then filtered 

through a sterilized 0.22 pM Millipore™ GS membrane filter into a 20 L sterile 

polypropylene carboy. 
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The primary phytoplankton species used for these experiments was Thalassiosira 

pseudonana (Clone 3H, NEPCC No. 58, Northeast Pacific Culture Collection, University of 

British Columbia). Other species used in the thesis are listed where appropriate. Axenic 

stock cultures were maintained at 18°C in 40 mL culture tubes containing medium similar to 

that described above and a DIC concentration of 2 mM. Cultures were illuminated with a 

bank of 40 Watt Vitalite™ fluorescent tubes providing a photosynthetic photon flux density 

of 200 pmol quanta m"2 s"1, as measured with a Biospherical Instruments™ (San Diego, USA) 

light meter fitted with a QSL-100 probe. Stock cultures were diluted approximately every 7 

days to ensure an actively growing population of cells. 

During experiments, cells were grown in either 2 L or 3 L borosilicate round bottom 

flasks unless otherwise stated. Cultures were maintained under the same temperature and 

light conditions as stock cultures, with the exception of the temperature response study where 

cultures were grown under temperatures ranging from 10 to 22°C. Typically, ca. 10 mL of 

actively growing axenic stock culture was used to inoculate the experimental culture flask. 

Aseptic conditions were used so that bacterial contamination was minimized. Each flask was 

sealed with a sterile silicon stopper containing 7 mm glass tubing necessary to aerate the 

cultures and for the withdrawal of samples. Sterile silicon tubing was used to connect the 

cultures to the 20 L carboy containing the dilution medium. A series of three-way valves on 

the stopper apparatus was used to allow aeration, sample withdrawal and dilution without the 

removal of stoppers. The carboy was equipped with a screw-cap and glass tubing to allow 

bubbling of the medium reservoir as well as three-way valves to allow dilution of the 

cultures. The cultures were stirred with a magnetic stir bar at a speed of approximately 120 
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rpm to ensure adequate mixing of the aeration gas as well as to maintain the cells in 

suspension. 

2.2 Growth Measurements 

Culture density was measured using a Coulter Counter™ model TAII particle counter 

fitted with a population accessory and using a 70 pm aperture sampler. Culture samples 

were diluted 20-fold with freshly filtered 3% NaCl prior to counting. Dense cultures were 

further diluted with the same NaCl solution as required. In addition, biomass was 

approximated by measuring in vivo fluorescence using a Turner Designs™ Model 10 

fluorometer. Cultures were maintained at an in vivo fluorescence no higher than 2 

representing a cell density of ca. 1.0 x 105 cells ml"1. Culture samples were placed in a 10 

mL disposable glass culture tube and placed directly into the fluorometer. A reading was 

taken once a steady value was obtained. Unless otherwise stated, cultures were maintained in 

logarithmic growth phase by periodically diluting the culture. Since dense cultures have the 

ability to use CO2 faster than it can be supplied by aeration, they were diluted frequently (at 

least daily for fast growing species) to prevent deviation from DIC:C02 equilibrium. 

2.3 Gas M i x i n g System and Carbon Measurement 

All of the experiments described in this thesis relied on accurate mixing of gases in 

order to establish constant carbon concentrations in the cultures. Thus, a great deal of time 

was spent on designing a gas mixing system that could provide a steady concentration of CO2 
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in the aeration gas. Two such systems were designed. The general design of the gas mixing 

system is illustrated in Figure 2.1. C02-free gas was obtained by passing building air through 

two soda lime columns and a cotton wool filter which was used to remove dust and debris 

from the building air supply. This was then mixed with 5% CO2 (balanced in air) to obtain 

the desired CO2 concentration. Two methods were used to mix the gases. The first used gas 

flow meters (Cole-Parmer, Vernon Hills, Illinois) to supply the amounts of gasses to be 

mixed. The difficulty with this method arises when pressure fluctuations occur at the 

endpoint of the system. Flow rate of gases is dependent on both the upstream and 

downstream pressure. Cultures in these experiments were aerated with a glass airstone to 

provide small bubbles. However, these airstones plugged quickly with cells resulting in 

higher flow resistance and thus an increase in the downstream pressure at the point of gas 

mixing. This caused significant fluctuations in the CO2 concentration of the mixed gas. 

To alleviate this problem, a second system was designed which used mass flow 

meters (models FMA-762-V-5%C02/95%Air and FMA-769-V-Air) and a model FMA-78P2 

controller (Omega Engineering, Stamford, Conn.) to force a known amount of the two gasses 

into the mixing flask. This system enabled a more precise and constant supply rate of the 

gases prior to mixing since it was unaffected by fluctuations in downstream pressure. All 

experiments requiring precise pC02 levels used the more precise mixing system. The mixed 

gas was then passed though a 0.22 uM cartridge filter (Millipore Corp, Bedford, Mass., 

USA.), humidified, then bubbled through the 20 L medium reservoir. A pressure regulator 

and relief valve were used to prevent excessive pressure build up between the mixing stage 

and the cultures. This system allowed precise mixing and delivery of an aeration gas to the 

cultures. Gas was passed from the mixing system through the medium reservoir and finally 

into the cultures. This ensured that both the stock medium and culture medium were in 
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Figure 2.1. Schematic diagram of the culturing system used. Parts are: 1) Building air 
inflow, 2) 5% CO2 balanced in air from a gas cylinder, 3) Drying column, 4) Air mass flow 
controller, 5) 5% CO2 mass flow controller, 6) Mass flow control unit, 7) Soda lime column, 
8) Gas mixing flask, 9) Pressure gauges, 10) Pressure relief valve, 11) Pressure regulator, 12) 
Emergency media backflow collection flask, 13) Gas sampling septum, 14) Sterile cartridge 
air filter, 15) 20 L medium stock flask, 16) 3 L culture flask, 17) Magnetic stir motor, 18) 
Exhaust gas outflow. 
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equilibrium in terms of the carbon system and subsequent dilution of the cultures was with 

medium with a similar DIC concentration as the undiluted culture. 

Carbon concentrations were measured with an infrared gas analyzer (IRGA) 

(Analytical Development Company, Hoddesdon, England) calibrated by injecting volumes of 

known CO2 concentration gas directly into the IRGA. Gas samples from the mixing system 

and culture outflow were also measured by injection of the sample into the IRGA. The 

samples were injected into a continuous flow of nitrogen carrier gas. Peak height was 

compared to that of standard gas injections and represented a concentration of CO2 in the 

injected gas sample. Gas concentrations were found to vary by less than 5% from the desired 

value when mixed with the mass flow system. The CO2 concentrations of the exit gas were 

also within 5% of the inflow gas. Significant deviations indicated either that the medium pH 

had changed or that there was significant bacterial growth in the cultures with the latter 

causing an elevated CO2 level in the exit gas due to high respiration rates. Such cultures 

were discarded in favour of freshly inoculated ones. 

DIC concentrations were determined by acidifying 2.8 mL of medium and measuring 

the CO2 gas released with the IRGA. The medium sample was pipetted into a 44 mL, N 2 -

flushed amber bottle. The bottle was then sealed with a teflon-lined septum and 0.2 mL of 

concentrated phosphoric acid was injected into the bottle. A 1 mL syringe was used to 

remove a gas sample and the DIC concentration was calculated as per Equation 6. Again, 

good agreement was achieved between expected [DIC] and measured values with deviations 

generally within 5%. Larger deviations again indicated pH problems or bacterial growth. 

DIC(mM) =

 P p m C Q 2 X V c (6) 
V , x V A x V M 
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where 

Vc = gas volume collected (mL) 

Vi = gas volume injected (mL) 

V A = aqueous sample volume (mL) 

V M = ideal gas volume, 22,414 (ml mol"1) 

Finally, cultures had to be bubbled rapidly to ensure that DIC concentrations 

remained constant and at equilibrium throughout the time course of the experiments. To 

achieve this, aeration flow rates were between 500 mL and 1 L min"1, depending on the flask 

size, and whether air stones were used. Culture density was kept sufficiently low such that 

the rate of dissolution of CO2 into the medium was greater than the rate of removal by 

phytoplankton cells. Along with biomass measurements, cultures were monitored daily for 

various parameters such as pH, DIC concentration and pC0 2 for both the mixed gas and the 

outflow from the cultures. 

A detailed knowledge of carbon conditions within the cultures was required for each 

experiment described in this thesis. The dissolution of C0 2 in seawater, based on Henry's 

Law, depends on the partial pressure (pC02) and the constant a as described by Equation 7 

(Broecker and Peng 1982). The production of HCO3" from C0 2 is controlled by the 

hydrogen ion concentration, C0 2 concentrations, and the constant K i as described by 

Equation 8 (Broecker and Peng 1982). The conversion of HCO3" to CO3"2 is described by 

Equation 9 (Broecker and Peng 1982). Constants were taken from Broecker (1982) for 

various temperatures and polynomial quadratic equations (Marquardt-Levenberg algorithm, 

Jandel Scientific) were fitted through the values to determine temperature-dependent 



21 

equations. Figure 2.2 illustrates the results of the curve fits for a, Ki, and K 2 . The r2 value 

for all three regressions was 1.0. 

[C02aq] = 
pC0 2 

(7) 
a 

[ H C O - ] = K , x (8) 

[C0"2]=K2 x (9) 

Based on the constants determined from the regression equations shown in Figure 2.2, 

the concentrations of C0 2 , HCO3", CO3" , and total carbon (DIC) were determined for a range 

of partial pressures of C0 2 at 18°C and a pH of 8.2 and are shown in Figure 2.3. The data 

points shown in Figure 2.3B represent actual measurements taken from cultures. The scatter 

around the expected line likely represents the fluctuations in pC0 2 produced by the gas 

mixing system, the variability in the total DIC measurement, and, most importantly, slight 

fluctuations in pH. The latter was found to vary by no more than 0.02 pH units, although this 

variability can produce close to a 5% change in the total DIC concentration. pH was 

measured using a pH/ion analyzer (Corning Model 350 fitted with a Corning 3 in 1 probe, 

Corning, New York). Dense algal growth can cause the pH of growth medium to increase 

(Goldman 1999); however, low culture biomass in these experiments along with the use of 

the artificial buffer prevented significant changes in pH. 
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Figure 2.2. Determination of constants used to calculate the concentration of various forms 
of inorganic carbon at temperatures ranging from 0 to 30°C and at a salinity of 35 ppt. Points 
represent values from Broecker and Peng (1982). (A) a for CC^aq concentration (B) K i for 
H C O 3 " concentration, and (C) K2 for C O 3 " 2 concentration. Equations are second order 
polynomial regression fits through values from Broecker and Peng (1982). T = temperature 
in °C. 
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Figure 2.3. The theoretical concentrations of inorganic carbon species in seawater medium 
at a pH of 8.2 and a temperature of 18°C in response to varying pCC»2. (A) CO2 and CO3"2, 

(B) HCO3" and DIC. Points represent actual measured values from culture experiments. 
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2.4 Isotopic Analysis 

Cell particulate organic carbon was obtained by gently filtering a sample of the 

culture through a precombusted (600°C) 13 mm Gelman™ A/E glass fiber filter. The filters 

were frozen until measured. Prior to measurement, the filter was dried at 40°C for 5 h, rolled 

in aluminum foil and combusted using a model NA1500 NC (Fisons Instruments, Milano, 

Italy) combustion device. The resulting gas was injected into a Prism triple collector (VG 

Isotech, Manchester, U.K.) mass spectrometer for isotope analysis. 

Medium was sampled by evacuating a 20 mL glass sampling ampoule equipped with 

a high vacuum stopcock at each end and containing 2 mL of concentrated phosphoric acid. 

The sampling end was flushed with N 2 gas and a Cajon™ connector placed tightly on the 

same end. An N2-flushed 1 mL syringe was placed on the other end of the Cajon™ coupling. 

A sample of the medium was then "sucked up" due to the vacuum created when the stopcock 

was opened. Once collected, the sample was placed into a vacuum isolation line as 

illustrated in Figure 2.4 using helium as the carrier gas. The vacuum line was equipped with 

a dry ice-ethanol (-98°C) trap to remove water and two liquid nitrogen traps (-198°C) to trap 

the carbon dioxide released due to acidification and stripping from the sample by helium 

bubbling. The quantity of C0 2 released, and hence the original DIC concentration of the 

medium, was determined by transferring the C0 2 into a closed arm (of known volume) of the 

vacuum line system equipped with a pressure transducer. Once isolated, the gas was melted 

and the pressure measured. The quantity of gas was determined using Equation 10. The 

original medium DIC concentration was calculated using the weight of the medium sample 

and the medium density as per Equation 11. Finally, the sample was trapped in a glass tube, 



Figure 2.4. Schematic diagram of the vacuum line used for isolation of DIC samples for 
isotopic analysis. Parts are: 1) Solenoid valve, 2) Variable flow valves, 3) Two-way vacuum 
stopcocks or valves, 4) Cajon™ couplings, 5) Flexible bellows tubing, 6) High-vacuum 
valves on ampoule, 7) 20 mL ampoule, 8) Receiving vessel allowing bubbling of sample with 
He, 9) Magnetic stirrer, 10) Pressure transducers, 11) Water vapour trap, 12) Multiple-loop 
liquid N2 traps to collect CO2, 13) Liquid N2 traps to prevent CO2 from exiting vacuum 
pumps, and 14) Rotary vacuum pumps. 



sealed off using a torch, and the resulting gas sample transferred to the mass spectrometer 

described above for isotope analysis. 

G = 
[A px Sx S R xV] 

[AxA R xRxT] 
(10) 

Where 

G = moles of gas 

Ap = atmospheric pressure (Torr) 

S = sample reading (mv) 

SR = sample range on recorder (mv) 

V = volume of closed arm of vacuum line (cm3) 

A = atmosphere reading (mv) 

A R = atmosphere range on recorder (mv) 

R = ideal gas law constant (6.23656xl04 Torr cm3 °K _ 1 mol"1) 

T = sample temperature (°K) 

Where 

C = [DIC] (mM) 

W F = ampule weight with sample 

W E = ampule weight without sample 

D = density of medium (g mL *) 

C = 
GxD 

xlO6 

(11) 
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2.5 Fractionation Measurements 

Unless otherwise stated, fractionation was determined using closed system short-term 

source depletion experiments. This involved filtering a large volume of culture gently 

through a 3 pm pore size membrane (type HA) filter with a vacuum applied to aid in 

filtration and resuspending the cells in a smaller (100 mL) volume of the same medium using 

a vortex mixer. The concentrated culture was then injected into a clear previously evacuated, 

gas-impermeable bag equipped with a septum sampling port. The cell culture was stirred 

during the depletion experiments at 240 rpm. Throughout the depletion experiment, samples 

were taken for photosynthetic kinetics. Single medium samples were also obtained for 

isotopic analysis at various stages of the depletion experiment. The 5 1 3C of the source 

medium was determined as described above, and the results plotted as in Guy et al. (1992) 

and illustrated in Figure LIB. In all cases, at least four points were taken. The value and 

standard error of the slope were determined from the resulting linear regression (least squares 

method) using functions in Excel (Version 97 SR-1, Microsoft Corporation, Redmond, 

USA). In the case of the detailed Thalassiosira pseudonana study (Chapter 4), five points 

were used to determine fractionation. 

One assumption of the source depletion method is that fractionation is constant over 

the time course of the source depletion period. This condition might not be met if changes in 

the induction state of the CCM had occurred. To guard against this, depletion experiments 

were short in duration (ca. 2 h) while still providing sufficient source depletion to enable an 

accurate determination of fractionation. Results demonstrated that CCM induction did not 

occur within 2 h following transfer from high to low DIC concentrations (Figure 2.5). 

Depletion experiments typically lasted 2 h, during which source carbon depletion amounted 
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Figure 2.5. Single sample DIC curves for Thalassiosira pseudonana grown at a [DIC] of 
2.00 mM. Curves were done at various points in a time course depletion experiment lasting a 
total of 120 min during which [DIC] decreased from 2.00 to 1.63 mM. Curves are from left 
to right: 40, 120, 0, and 80 min from the start of the experiment. The data indicate no 
detectable trend in K4/2DIC values throughout the time course of the depletion. Curves were 
fitted to the P vs. I equation from Piatt and Gallegos (1980) as outlined in the methods. 
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to 15 - 20%. The effect of respiratory carbon release on the calculation of fractionation was 

between 0.8 and 1.8%o (R. Guy, pers. comm.) resulting in a possible underestimation of 

fractionation. The depletion approach was used to avoid the problems associated with 

maintaining steady-state carbon conditions in the growth medium as well as the carry-over 

effect of old carbon in the particulate samples. 

2.6 Photosynthetic Kinetics 

Samples of the culture medium containing the phytoplankton cells were obtained and 

concentrated by centrifugation at maximum speed in an International Clinical Equipment 

(ICE) benchtop centrifuge for 2 min. The cells were then re-suspended in carbon-free 

medium using a vortex mixer. The procedure was repeated three times. All manipulations 

were done under nitrogen gas. Carbon-free medium was obtained by using unbuffered 

medium, acidifying with dilute HC1, bubbling with N 2 gas for 1 h followed by addition of the 

HEPES buffer which resulted in a final pH of 8.2. This medium was otherwise identical to 

the growth medium. The final re-suspension volume was lmL and this was injected into a 2 

mL water-jacketed transparent cuvette. The sample was sealed with a fitted plunger, thus 

preventing gas exchange with the atmosphere. No carbonic anhydrase was added to this 

sample. The temperature was maintained at a level similar to ambient culture conditions. 

Measurements of oxygen concentration were made using a Clarke-type oxygen electrode 

(Hansatech pic, King's Lynn, Norfolk, U.K.). Light was supplied using a Hansatech 

projector light at an intensity of 500 pmol m"2 s"1. Cultures were stirred with a magnetic flea 
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at approximately 240 rpm. Each DIC curve took no longer than 25 minutes to perform, thus 

limiting the potential change in the photosynthetic physiology, of the cells during the process. 

The rate of oxygen evolution was measured in response to externally added standard 

HCO3" solutions injected using a 10 pL Hamilton™ syringe. K1/2DIC values, similar to K m 

values in Michaelis-Menten enzyme kinetics, were determined by fitting the data to a form of 

the P versus I relationship (Equation 12) taken from Piatt and Gallegos (1980). Since this 

equation does not have a 50% maximum rate parameter, the standard error around the initial 

slope parameter (k) was used to calculate the standard error of the extrapolated K1/2DIC 

values. The Michaelis-Menten equation, which is commonly used for studies of this type, 

was found not to fit the data as effectively when cultures were acclimated to high DIC levels. 

It is not surprising that the equation did not fit the data from high DIC-acclimated cells since 

the latter might be relying on passive DIC uptake and not on an enzyme (or carrier)-mediated 

process best described by the Michaelis-Menten equation. 

P = M x 1-ê  

' -KxS' ' 

M . 
(12) 

Where 

P = photosynthetic rate at a given carbon concentration (pmol O2 L"1 min"1) 

M = maximum photosynthetic rate (pmol O2 L"1 min"1) 

e = 2.71828 

K = initial slope of the regression (min"1) 

S = DIC concentration (pM) 
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For chlorophyll a determination, 0.5 mL of the culture was combined with 9.5 mL of 

95% acetone thus creating a 90% acetone solution. The mixture was stored at 4°C for 24 

hours to allow complete chlorophyll extraction from the cells which settled on the bottom of 

the tube. The extract was then analyzed fluorometricaliy as described by Parsons et al. 

(1984). 
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Chapter 3 

Response of Six Species of Ma r i ne Phytoplankton to H igh and L o w 

D I C : Fract ionat ion and C C M Induct ion 

3.1 Introduct ion 

It is well established that the 5 1 3C values of phytoplankton in colder waters are more 

negative than in warmer, equatorial waters (Deuser et al. 1968, Freeman and Hayes 1992, 

Mizutani and Wada 1982, Rau et al. 1989, Rau et al. 1992, Wada et al. 1987). Although a 

relationship does appear to exist between phytoplankton isotope content and temperature, it 

has long been postulated that the true relationship is between CO2 concentration and 

phytoplankton 5 1 3C (Degens et al. 1968b, McCabe 1985, Pardue et al. 1976, Rau et al. 1989, 

Rau et al. 1992, Sackett 1991). This is particularly appealing since such a relationship could 

allow palaeoceanographers to measure the 8 1 3C of preserved phytoplankton in sediments to 

infer the concentration of CO2 in the ocean in the past. Using samples of marine particulate 

organic matter collected over a range of latitudes, Freeman and Hayes (1992) were able to 

demonstrate a correlation between phytoplankton isotope fractionation and the CO2 

concentration of modem oceans. This relationship was then used to estimate concentrations 

of CO2 in ancient oceans. 

While it is appealing to establish such a correlation, there are many problems with 

this approach (Goericke and Fry 1994). The first and most obvious concern is the existence 

of species variability across the range of latitudes examined. A tight relationship between 

surface water CO2 concentration and phytoplankton isotopic composition has not been 
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observed (Goericke and Fry 1994), possibly because of the variability in isotope fractionation 

by different species of phytoplankton. Even at given latitudes, there is considerable 

variability in phytoplankton isotopic ratios (Goericke and Fry 1994). This is most likely due 

to species variability at different horizontal and vertical scales at particular latitudes. 

Some species of phytoplankton predominate in coastal areas while others might be 

dominant at the same latitude but in the open ocean. Typically, coastal phytoplankton 

assemblages are made up of large diatoms, whereas the open ocean assemblage is made up of 

smaller species, including cyanobacteria (Chisholm 1992). Smaller phytoplankton species 

are believed to thrive in the open ocean due to a scarcity of nutrients because they have a 

larger surface area to volume ratio (Morel 1987). The higher nutrient content of coastal 

waters leads to less nutrient limitation, thus favoring the larger fast growing diatoms. 

A final concern with respect to species variability is whether phytoplankton species of 

ancient oceans responded to C0 2 concentration in a manner similar to modern species. 

Palaeoceanographers are interested in preserved phytoplankton from marine sediments and, 

in particular, specific biomarkers originating from these phytoplankton (Hayes et al. 1987, 

1989, 1990, Jasper and Hayes 1990). One would expect such phytoplankton to accumulate 

in the sediments only when there is a significantly high sedimentation rate such as might 

occur during a bloom (Thompson and Calvert 1994). If this is true, larger species that 

typically make up bloom assemblages should be more frequently preserved in the sediments. 

Laboratory research should focus on which species are most likely to be found in the 

sediments and then examine the isotope content of these species. Water column particulate 

organic matter samples usually contain many phytoplankton species, thus averaging out the 

isotope values of the individual species (Fry 1996). In the open ocean, it is difficult to isolate 

field samples of individual species for separate isotopic analysis. 
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There have been numerous laboratory studies on carbon isotope fractionation of 

phytoplankton. However, different culturing conditions make it difficult to compare results. 

For example, Wong and Sackett (1978) found considerable variability in phytoplankton 

isotope fractionation; however, they used artificially high DIC concentrations. Falkowski 

(1991) looked at isotope fractionation of 13 different species of phytoplankton in an attempt 

to determine which species were capable of using bicarbonate as a carbon source. The 

approach is similar to the one used for terrestrial plants where less negative 8 1 3 C values 

indicate a C 4 (P-carboxylation) mode of photosynthesis. Most carbon fixation using p-

carboxylation uses bicarbonate as the carbon source, depending on the enzyme (Raven et al. 

1993). Falkowski (1991) found a range of isotope ratios, indicating that phytoplankton 

species cannot be classified as either C 3 - or C4-like and concluded that species variability of 

phytoplankton isotope fractionation, potentially caused by different degrees of p-

carboxylation, could explain the range of 8 I 3 C values observed in natural assemblages. Even 

with these two studies, there is no good comparison of phytoplankton fractionation for 

several species under well-defined natural carbon concentrations. 

The difficulty with laboratory experiments is the regulation and monitoring of the 

carbon system. Falkowski (1991) found that an increase in pH of 0.5 units resulted in a 7%o 

decrease in fractionation. Such sensitivity to environmental variables highlights the 

importance of proper control and measurement of pH, temperature, and carbon 

concentrations in the growth medium. Crawford and Harrison (1997) found considerable 

variability when measuring pH in seawater. Two electrodes can give sample pH readings 

differing by 0.17 units, thus increasing the difficulty of accurately determining culture 

conditions. It is possible that some of the variability in the 8 1 3 C values of the species in 
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Falkowski's study (1991) was the result of small changes in the pH or CO2 concentration. 

However, the DIC concentration was not measured and this limits the usefulness of his data. 

A further complication is that the method of calculating fractionation can influence 

results. For example, Fry (1996) suggests that near complete consumption of inflow CO2 by 

dense algal cultures can result in an underestimate of fractionation when the isotope content 

of the inflow gas is used as a reference for calculating fractionation. If the aeration rate is 

sufficiently low, the DIC level of the medium can actually decrease (Johnston and Raven 

1992). Fry (1996) also points out that phytoplankton growth often results in increased pH 

which in turn causes higher DIC levels, thus complicating the carbon system considerably. 

Data presented by Johnston and Raven (1992) appear to support this idea in that as biomass 

increased in well-aerated batch cultures, the DIC level also increased, although pH was not 

monitored. Ideal culture experiments should use natural, well-monitored carbon 

concentrations, maintain low biomass, and always measure the concentration and isotope 

content of the source carbon in the medium (Fry 1996). 

Given the assumption that phytoplankton carbon isotope content does vary with CO2 

concentration, the question remains as to the mechanism that controls the fractionation. 

There are currently two widely held hypotheses regarding the dependence of carbon isotope 

content on CO2 concentration. The first hypothesis suggests that phytoplankton cells rely on 

diffusion of CO2 from the growth medium across the cell membrane and into the cell where it 

is fixed by RuBisCO (Goericke et al. 1994, Laws etal. 1995, Rauefa/. 1996). Diffusional 

models of fractionation are based on the supply rate of CO2 relative to the cell's demand for 

carbon. They have incorporated growth rate, cell size, temperature, and pH, among other 

parameters. 
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While such models might appear to explain much of the variability of isotope content 

of phytoplankton, they fail to recognize that many species possess the capacity to actively 

concentrate carbon. Beardall et al. (1982) were among the first to suspect that isotope 

fractionation was influenced by the activity of a carbon concentrating mechanism. Sharkey 

and Berry (1985) were the first to present a model of isotope fractionation by phytoplankton 

incorporating the concept of active carbon uptake. There is only one detailed model 

incorporating the effects of CCM activity (Keller and Morel 1999) though these authors have 

a second model that is yet unpublished. Induction of a carbon concentrating mechanism 

should cause reduced fractionation, since active transport should produce little fractionation 

(Berry 1989, Kerby and Raven 1985). Thus, both active transport and CO2 diffusion 

limitation predict reduced fractionation under low CO2 conditions. 

Some of the best evidence for the interaction between carbon uptake ability and 

fractionation comes from Sharkey and Berry (1985) who found that as Chlamydomonas 

reinhardtii cells acclimated to low carbon levels, their affinity for carbon increased while 

fractionation decreased. Higher affinity for carbon is assumed to represent induction of a 

CCM. The difficulty with this study was that a 5% CO2 concentration was used to establish a 

high DIC concentration. While there have been significant fluctuations in the atmospheric 

CO2 level in the past, recent (last 800 million years) concentrations have remained below 1% 

CO2 (Raven 1991b). A study using the freshwater cyanobacterium Synechococcus 

leopoliensis by Mayo et al. (1986) found that induction of the carbon concentrating 

mechanism was gradual and that cells could exist in states of partial induction. This study 

supports the idea that small changes in DIC concentration can result in varying degrees of 

CCM induction. A decrease in fractionation has also been shown for this species as CCM 

activity was induced (Erez et al. 1998). However, it is not known whether small changes in 
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CCM induction can cause the range of 5 1 3C values currently observed in natural 

phytoplankton populations. Furthermore, the results of the studies mentioned above are for 

freshwater species. There are no studies that have attempted to establish a link between 

CCM induction and fractionation in marine phytoplankton. Before relying on a correlation 

between CO2 concentration and phytoplankton 8 1 3C values, one must understand the 

mechanism by which CO2 concentration exerts an influence on carbon isotope fractionation. 

The goal of the experiments described in this chapter was to examine the response of 

carbon isotope fractionation and cell carbon affinity to high and low DIC concentration. 

With the exception of Falkowski (1991), other studies have examined only a limited number 

of species. The literature is lacking a careful comparison of fractionation by numerous 

species under well defined, ecologically relevant carbon concentrations. It would be useful 

to know the range of fractionation expressed by various species of marine phytoplankton in 

response to changing DIC concentrations regardless of the mechanism of carbon uptake. 

This would make it easier to assess the influence of species variability on the 5 1 3C values of 

particulate organic carbon (POC) observed in the ocean. In this study, several species of 

marine phytoplankton were tested to determine if both fractionation and carbon uptake 

affinity responded to changes in DIC concentration. In selecting the species, a number of 

considerations were taken into account. An attempt was made to select species for which 

there was existing laboratory data on fractionation. However, a requirement for a successful 

experiment was species that could withstand rapid bubbling, stirring and centrifugation. An 

attempt was made to test species across several classes of phytoplankton. Temperature and 

pH were held constant such that the only variable was the concentration of CO2/DIC. 
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3.2 Methods 

The species tested included Phaeodactylum tricornutum (clone CCMP630, Provasoli-

Guillard Center for Culture of Marine Phytoplankton, Bigelow Laboratory for Ocean 

Sciences, West Boothbay Harbor, Maine, USA), Thalassiosira pseudonana (NEPCC #58 

Clone 3H), Dunaliella tertiolecta (NEPCC #001 Clone DUN), Thalassiosira weissflogii 

(NEPCC # 741 Clone ACTIN), Skeletonema costatum (NEPCC # 18), and Synechococcus 

bacillaris (NEPCC # 539). All NEPCC clones were obtained from the Northeast Pacific 

Culture Collection, University of British Columbia, Vancouver. These species were able to 

withstand the high aeration rates and substantial agitation required for both the culturing and 

isolation phases of the experiments. 

Cultures were grown at both low (0.5 mM) and high (2.7 mM) DIC concentrations to 

determine if substantial changes in DIC concentration influenced fractionation. Medium DIC 

concentration was held in equilibrium with aeration gas which was adjusted to either ca. 85 

ppm (low DIC) or 475 ppm (high DIC). The medium pH was held constant at 8.2. Cultures 

were rapidly aerated at a rate of 0.5 L min"1 and stirred with a magnetic stirrer at 120 rpm to 

insure equilibrium. 

All short term depletion experiments and photosynthetic kinetic experiments were 

performed as described in the general methods with the exception of Dunaliella tertiolecta 

which was found to adhere to the type HA filters used during the concentrating process. 

Thus, the culture was centrifuged at 3000 rpm in a refrigerated centrifuge (model PR-J, 

International Equipment Co, Needham Heights, USA). Cells of all species were then re­

suspended using a vortex mixer in 100 mL of the original medium and 35 pg mL"1 carbonic 

anhydrase (Bovine Erythrocyte EC 4.2.1.1, Sigma Chemical Company, St Louis, USA) was 
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added to assure chemical and isotopic equilibrium between the CO2 and bicarbonate. Growth 

rates for all species were calculated from in vivo fluorescence measurements using a Turner 

Designs™ Model 10 fluorometer. 
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3.3 Results 

Growth rates for the six species tested are shown in Figure 3.1. There was no 

significant difference (paired-sample t-test) between the high and low DIC culture growth 

rates. Cultures were diluted daily to prevent high biomass accumulation. As a result, it was 

not possible to obtain an extended series of points between dilutions and thus growth rates 

showed considerable variability. For each species tested, fractionation for the high DIC 

culture was greater than for the low DIC culture (Figure 3.2). As a group, there was a 

significant difference in fractionation between the two DIC levels (paired-sample t-test, 

a=0.002). 

There was no consistency across species in the fractionation values at either the low 

or high DIC conditions, with values ranging from 11.69 to 25.98%o and from 21.83 to 

36.60%o, respectively. All fractionation values are expressed relative to source DIC since it 

is unclear whether these species were using bicarbonate or CO2 as their carbon source. 

Synechococcus bacillaris exhibited the highest fractionation under both high and low DIC 

conditions. The largest difference in fractionation between high and low DIC conditions 

occurred in the diatom Thalassiosira weissflogii, while Phaeodactylum tricornutum showed 

the smallest difference. Interestingly, if one ranks the fractionation values of the six species 

from lowest (1) to highest (6), the same order is obtained under both DIC concentrations with 

the exception of the two Thalassiosira species that are reversed. 

For each species at both DIC levels, at least four replicate DIC curves were 

performed. Interestingly, the per unit chlorophyll maximum photosynthetic rates for each 

replicate exhibited considerable variability (Figure 3.3A); however, the K1/2DIC values were 

fairly consistent (Figure 3.3B). Sample chlorophyll-a measurements were taken for each 
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Figure 3.1. Growth rates for six species of phytoplankton grown under low (0.5 mM) or 
high (2.7 mM) DIC concentration. Growth rates are based on fluorescence measurements. 
Error bars represent ± 1 standard deviation of two point growth rate calculations (n=4). 



F i g u r e 3.2. Fractionation of six species of phytoplankton grown under low (0.5 mM) or 
(2.7 mM) DIC concentration. Fractionation is expressed relative to DIC. Error bars 
represent ± 1 standard error of the regression fitted through the raw data. 
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Figure 3.3. Comparison of replicate DIC curves expressed as oxygen production per unit 
chl-a (A), or normalized as percent maximum photosynthetic rates (B), for Thalassiosira 
pseudonana cultures grown at a DIC concentration of 0.5 mM. Curves were fitted to the P 
vs. I equation from Piatt and Gallegos (1980) as outlined in the methods. 
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DIC curve. While everything was done to ensure that the sample preparation process was 

consistent across replicates, it is possible that differing numbers of viable cells might have 

influenced the maximum photosynthetic rate calculated for individual replicates. Replicates 

were normalized to 100% maximum photosynthetic rate to avoid the variability in absolute 

photosynthetic rates. In any case, the K1/2DIC was unaffected by normalization. 

Photosynthetic kinetics for each species acclimated to both high and low DIC 

concentrations are illustrated in Figures 3.4 and 3.5. A K1/2DIC value represents the DIC 

concentration required to produce 50% maximum photosynthesis with lower values 

indicating higher cell affinity for carbon. In each species, cultures acclimated to low DIC 

exhibited a significantly higher affinity for DIC than those acclimated to the high DIC 

conditions (Figure 3.6). When results for all six species were pooled, K1/2DIC values were 

significantly lower when cells were grown at low DIC concentrations (paired-sample t test, a 

= 0.0006). It is interesting that Phaeodactylum tricornutum, the species that showed the 

smallest range in fractionation, exhibited a large range in K1/2DIC. Skeletonema costatum 

showed the smallest change in Ki / 2 DIC; however, the K1/2DIC at low DIC was still only 33% 

of the high DIC cells. 

The correlation between fractionation values and the K1/2DIC was not significant 

when data from all six species were pooled (Figure 3.7). The r2 value for the linear 

regression was 0.158. The relationship between fractionation and K1/2DIC was stronger for 

diatoms, but still not significant (r2 = 0.395). Despite the lack of a significant correlation in 

the pooled data, both fractionation and K1/2DIC values were higher when cultures were 

acclimated to high DIC concentrations suggesting that they might be related. There was no 

significant correlation between fractionation and cell volume at either DIC concentration 

(Figure 3.8). 
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[DIC] uM 

Figure 3.4. DIC curves for Phaeodactylum tricornutum (A), Thalassiosira pseudonana (B), 
and Thalassiosira weissjlogii (C), grown under low (0.5 mM) or high (2.7 mM) DIC 
concentration. Data points represent at least three replicate curves. Curves were fitted to the 
P vs. I equation from Piatt and Gallegos (1980) as outlined in the methods. 
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Figure 3.5. DIC curves for Dunaliella tertiolecta (A), Skeletonema costatum (B), and 
Synechococcus bacillaris (C), grown under low (0.5 mM) or high (2.7 mM) DIC 
concentration. Data points represent at least three replicate curves. Curves were fitted to the 
P vs. I equation from Piatt and Gallegos (1980) as outlined in the methods. 
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Figure 3.6. K1/2DIC values for six species of phytoplankton grown under low (0.5 mM) or 
high (2.7 mM) DIC concentration. Error bars represent ± 1 standard error of the regression 
fitted through the raw data. 



Figure 3.7. Relationship between fractionation and K1/2DIC values for all six species tested 
under both low (0.5 mM) and high (2.7 mM) DIC concentration. The linear regression is 
through all data points. The equation is: Fractionation = 0.01(Ki/2DIC) + 19.36 (r2 = 0.158). 
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Figure 3.8. Relationship between fractionation and cell volume for all six species under low 
(0.5 mM) DIC concentration (A), and high (2.7 mM) DIC concentration (B). 
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3.4 Discussion 

3.4.1 Influence of D I C Concentrat ion on Fract ionat ion 

Many factors have been suggested to explain the trend toward more negative 8 1 3C 

values of phytoplankton as one moves away from the equator towards the poles in the 

modern ocean. The most notable of these factors are temperature (Sackett et al. 1965, Wong 

and Sackett 1978 ) and C 0 2 (Degens et al. 1968b, McCabe 1985, Pardue et al. 1976, Rau et 

al. 1989, Rau et al. 1992, Sackett 1991). The difficulty with field measurements is that 

temperature of the surface water varies with latitude, but this temperature difference also 

produces a carbon system difference because colder waters are more carbon rich than warmer 

equatorial waters (Fry and Wainright 1991, Rau et al. 1989, Sackett 1991). This makes it 

difficult to determine if the latitudinal trend in phytoplankton 8 1 3C values is the result of 

temperature, inorganic carbon concentrations, or both. What is needed to separate the effects 

of temperature and DIC conditions are experiments that change DIC concentrations 

independently of temperature, an approach already used by Johnston and Raven (1992). 

The data presented in this chapter indicate that cells exhibit higher fractionation 

when grown at higher medium DIC concentration. This suggests that the carbon 

concentration of ocean water does influence the 8 1 3C values of phytoplankton. Since all of 

the experiments were conducted at 18°C, the only variable was the concentration of DIC and 

the various inorganic carbon species. The high DIC cells were grown under a DIC 

concentration of 2.7 mM. This was generated by using a gas concentration of 480 ppm CO2 

and resulted in a aqueous CO2 concentration of 16.8 pM. The low DIC cultures were aerated 

with 90 ppm C0 2 , resulting in DIC and aqueous C0 2 concentrations of 0.5 mM and 3.1 pM, 

respectively. Interestingly, while the range in DIC concentrations in the ocean is typically 
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only 2.0 to 2.3 mM, free CO2 ranges from 6.5 to 12.9 uM (Goldman and Carpenter 1974). In 

the case of some coccolithophore blooms, CO2 levels of 4.8 pM have been observed 

(Codspoti et al. 1986, Cooper et al. 1998, Robertson et al. 1994). Upwelling of C 0 2 

enriched waters could potentially result in elevated CO2 concentrations above 12.9 pM. An 

unanswered question is whether phytoplankton fractionation responds to the free C0 2 

concentration or the total inorganic carbon concentration. 

The results of these experiments were intended to demonstrate both the maximum and 

minimum fractionation values for the species tested. The two CO2 concentrations used are 

within the range of potential concentrations in nature. It is tempting to use an abnormally 

high concentration of CO2, such as that obtained by bubbling cultures with 5% CO2, since 

this extreme concentration should result in maximum fractionation. However, this 

concentration is purely artificial since such high concentrations are never observed in the 

ocean (Thompson and Calvert 1994). In addition, attempts to establish equilibrium between 

high (greater than 1%) CO2 concentrations and total DIC concentration while maintaining a 

natural pH of 8.2 were unsuccessful. Bubbling culture medium with high concentrations of 

CO2 resulted in a drop in medium pH (data not shown). The effects of pH changes on cell 

physiology would further complicate the findings of such an experiment. 

Many of the previously reported fractionation values for various species of 

phytoplankton are difficult to interpret due to the lack of carefully controlled medium carbon 

conditions (Fry 1996). Thus care must be used when interpreting these results. For studies 

where conditions were reasonably similar to those of this study, these fractionation values are 

summarized in Table 3.1. Fractionation is commonly expressed relative to either source DIC 

or CO2 with the latter referred to as ep. Where literature values are expressed as sp, they have 
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been converted to fractionation relative to DIC since it is unknown whether phytoplankton 

possess the capacity to use bicarbonate in addition to CO2 (Fry 1996). 

Though Thompson and Calvert (1994) did not find a relationship between DIC 

concentration and fractionation in Thalassiosira pseudonana, they did report a range of 

fractionation values of 16.4 to 21.4%o. This range appears to be consistent with the results of 

these experiments. Both the values of Thompson and Calvert (1994) and this study are 

higher than those reported by Falkowski (1991) who found that fractionation by T. 

pseudonana was only 10.68%o. However, the carbon conditions were not monitored in 

Falkowski's experiments. Unlike the low fractionation Falkowski (1991) found for T. 

pseudonana, Dunaliella tertiolecta fractionation was similar to the value found in this study 

under high DIC conditions. It is possible that his T. pseudonana cultures were grown to a 

higher density, thus resulting in CO2 limitation, a condition that can lead to reduced apparent 

fractionation (Fry 1996). 

Fractionation by Skeletonema costatum has been previously reported to range from 

19.6 to 28.9%o (Burkhardt et al. 1999, Falkowski 1991, Hinga et al. 1994). In the study of 

Burkhardt et al. (1999), the carbon conditions were carefully monitored and their conditions 

under continuous light were similar to those used in my experiments for the high carbon 

cultures. Fractionation values for Thalassiosira weissjlogii (22.17%o) and S. costatum 

(22.36%o) in this study were also similar to that found by Burkhardt et al. (1999). 

Reported fractionation by Phaeodactylum tricornutum ranges from 20.7%o (Johnston 

and Raven 1992) to 31.5%o (Laws et al. 1995), whereas in this study, fractionation showed a 

considerably smaller range of 25.2 to 28.1%o. Finally, the fractionation value for 

Synechococcus bacillaris grown under high DIC conditions was considerably higher 
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(36.6%o) than the values obtained by Popp et al. (1998) (24.63 - 26.92%o). However, the 

DIC concentration used in this study was 0.7 mM higher than that used by Popp et al. (1998). 

There is conflicting evidence as to whether CO2 and/or DIC concentration influences 

fractionation in laboratory cultures. Thompson and Calvert (1994) found that Thalassiosira 

pseudonana fractionation did not respond to DIC concentration. Burkhardt et al. (1999) 

found that CO2 concentration had little effect on fractionation for Thalassiosira weissflogii 

and Skeletonema costatum. These findings contradict data from Wong and Sackett (1978) 

and Hinga (1994) which suggest that Skeletonema costatum fractionation is influenced by 

DIC concentration (see Fry 1996). Experiments using Phaeodactylum tricornutum also 

suggest that fractionation increases with CO2 concentrations (Laws et al. 1995, 1997). 

The range over which changes in DIC result in changes in fractionation by 

phytoplankton is unclear. The Synechococcus data reported here indicate that even above 2 

mM DIC, increasing DIC concentration can result in increased fractionation. This is in 

contrast to the literature fractionation values for the other five species at a DIC concentration 

of ca. 2.0 mM that correspond well to data from this study which are for 2.7 mM DIC. 

Fractionation in natural populations of phytoplankton relative to source DIC is typically in 

the range of 10 to 30%o (Degens et al. 1968a, Park and Epstein 1961, Rau et al. 1982, Sackett 

et al. 1965, Wong 1976). The range in fractionation measured in laboratory studies, both in 

the literature and in this study, is considerably less than that observed in nature. It is difficult 

to say why this discrepancy exists (Fry 1996). 
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3.4.2 Influence of C e l l Size and Growth Rate on Fractionation 

A further question deals with why different species, when grown under similar 

conditions, have different fractionation values. One factor that might influence carbon 

isotope fractionation is cell size. Assuming cells are not actively transporting carbon, then 

the size of the cell would influence the size of the boundary layer surrounding the cell (Raven 

1994). The larger the boundary layer, the more limiting the rate of diffusion of CO2 becomes 

since the boundary layer essentially acts as a semi-closed system which restricts movement 

of CO2 from the bulk medium to the cell surface (France 1995, Korb et al. 1996, Smith and 

Walker 1980). 

Appendix A provides information regarding cell dimensions and volume for the six 

species tested in this study. Assuming similar photosynthetic capacities, one might expect 

that larger species would have a lower fractionation than smaller species if the rate of CO2 

uptake was faster than the rate of supply of C0 2 to the boundary layer (Korb et al. 1996). 

However, there was no significant relationship between cell volume and fractionation at 

either DIC concentration used in my experiments (Figure 3.8). This is true both within the 

diatom group as well as the complete set of species tested. Of the diatom species tested, 

Thalassiosira weissflogii was the largest in terms of volume, yet fractionation for this species 

was not markedly different from that of the smaller Thalassiosira pseudonana. 

Synechococcus bacillaris, the smallest species tested, exhibited the largest fractionation 

under the high DIC concentration, as expected. However, at low DIC, its fractionation is 

similar to that of Phaeodactylum tricornutum, which has a much larger cell volume. Finally, 

Dunaliella tertiolecta is the second largest species tested yet it does not have low 

fractionation relative to the others. Although cell volume likely imparts some influence on 
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fractionation, other factors are probably more important. The issue is further complicated 

since cell shape might also influence fractionation (Popp et al. 1998). 

The second factor used to explain fractionation differences is growth rate (Bidigare et 

al. 1997, Fry and Wainright 1991, Hinga et al. 1994, Johnston and Raven 1992, Korb et al. 

1996, Laws et al. 1995, 1997), although Johnston (1996) found only a small growth rate 

effect on fractionation with Phaeodactylum tricornutum. However, it remains to be seen 

whether interspecific growth rate differences can explain any of the variability in 

phytoplankton fractionation (Korb et al. 1996). One would expect that faster growing 

species would be more likely to experience CO2 limitation and thus express reduced 

fractionation if they were relying on diffusion for carbon uptake. No such relationship was 

observed in this study. To further test this hypothesis, species exhibiting a wider range of 

growth rates than observed in my experiments must be tested. 

All of the species tested in this study are fast growing, with growth rates at or above 1 

d"1 (Figure 3.1). One would expect that cells relying on CO2 diffusion might become C0 2 

limited at low DIC concentrations and thus reduce their growth rates accordingly. This 

would result in reduced fractionation, as was observed here. However, none of the species 

tested exhibited significantly reduced growth rates under the low DIC concentration relative 

to the high DIC concentration. This is in agreement with Burkhardt et al. (1999) who also 

found that decreasing CO2 concentrations did not result in decreased growth rates. However, 

Riebesell et al. (1993b) found evidence that low CO2 concentrations (below 10 pM) resulted 

in growth rate decreases for three diatom species, although the effect on fractionation was not 

determined in their study. 

A final consideration is that the six species of phytoplankton tested might possess 

different forms of RuBisCO. Guy et al. (1993) found that isotope fractionation by isolated 
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RuBisCO varied depending on the source species. The assumption that phytoplankton 

RuBisCO fractionation is 29%o might not be appropriate. For example, fractionation by 

RuBisCO isolated from the cyanobacterium Anacystis nidulans was only 22%o. Surprisingly, 

this is lower than the fractionation under high DIC exhibited by the cyanobacterium from this 

study. Nevertheless, some of the species variability in fractionation might be the result of 

different forms of RuBisCO. 

3.4.3 The Ca rbon Concentrat ing Mechanism and Fract ionat ion 

Many species of marine phytoplankton appear to possess an inducible carbon 

concentrating mechanism (Badger and Price 1992, Raven et al. 1993). These algae have 

suppressed photorespiration, a high affinity for DIC, and low CO2 compensation points 

(Johnston and Raven 1992, Raven et al. 1993). One of the best lines of evidence for active 

carbon uptake is a higher CO2 concentration inside relative to outside the cell (Raven 1993a). 

Another indication is an increased affinity for carbon relative to the primary carboxylation 

enzyme RuBisCO (Raven et al. 1993). Indeed, changes in the affinity of cells for carbon are 

an indicator that cells are either up-regulating or supressing their carbon concentrating 

mechanism. In all six species tested, cells grown under low DIC concentrations possessed a 

higher affinity for DIC (reduced K1/2DIC). The most dramatic response was in the diatom 

Thalassiosira pseudonana that had an eight-fold higher affinity when acclimated to a low 

DIC concentration than cells acclimated to a high DIC concentration. 

Although it is difficult to ascertain the nature of the carbon concentrating mechanism 

in these species, it is clear that the photosynthetic physiology of cells grown under low DIC 

concentrations is dramatically different from those grown under the high DIC conditions. 
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Several models have been proposed to describe the carbon concentrating mechanism and all 

of these might be used by marine phytoplankton (Figure 3.9). Cells ultimately require CO2 

as the substrate for RuBisCO, the major carbon-fixing enzyme (Raven et. al. 1993). One 

possibility is that cells actively take up CO2. However, cells with large boundary layers 

might still become carbon-limited as CO2 is depleted within this layer. A more plausible 

model suggests that cells produce extracellular carbonic anhydrase (CA) that can quickly 

convert bicarbonate into CO2 within the boundary layer. This CO2 then diffuses across the 

plasmalemma into the cell as a result of the larger concentration gradient. Alternatively, the 

cell could actively take up bicarbonate directly and later, via intracellular CA, convert the 

bicarbonate to CO2 for RuBisCO. This process might occur within the cytoplasm or within 

the chloroplast. 

The data from the experiments presented in this chapter suggest that phytoplankton 

exhibit reduced fractionation under low DIC concentrations and that this is accompanied by 

an increased affinity for carbon. It is likely that the increased affinity represents at least 

partial induction of a carbon concentrating mechanism. Whether the two processes are 

linked remains to be proven. No significant relationship was demonstrated within the group 

of species tested in this thesis. However, given the importance of photosynthetic processes in 

carbon isotope fractionation, there is likely a connection between CCM induction and 

fractionation. If C0 2 diffusion limitation was causing the change in fractionation, one might 

expect growth rates to drop under the C02-limiting conditions. This was not observed for 

any of the species tested. It is possible that, while cells did not become CO2 limited, the pool 

of CO2 within the boundary layer became depleted and potentially enriched in 1 3 C . Such 

enrichment can result in reduced apparent fractionation (Fry 1996). However, this 
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Figure 3.9. Simplified model of carbon entry into a phytoplankton cell including the 
potential involvement of active transport and carbonic anhydrase. 
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hypothesis does not explain the change in cell affinity for carbon observed in this study. 

Thus, although reduced apparent fractionation without growth rate changes may be in 

accordance with the CO2 diffusion model, active carbon uptake complicates the issue. The 

relationship between carbon isotope fractionation and CCM induction will be explored 

further in Chapter 4. 
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Chapter 4 

Relat ionship Between K1/2DIC and Fract ionat ion in the M a r i n e Dia tom 

Thalassiosira pseudonana: Steady State and Closed 

System Drawdown Exper iments 

4.1 Introduct ion 

Though numerous attempts have been made to model the relationship between carbon 

isotope fractionation and CO2 supply to phytoplankton, it has been difficult to incorporate all 

aspects of algal physiology. Surprisingly, active uptake of carbon is generally not considered 

in these models. The prospect of marine phytoplankton requiring an active carbon uptake 

mechanism may seem unlikely given the abundance of inorganic carbon in marine 

environments (Raven 1993a, Wolf-Gladrow and Riebesell 1997). However, as illustrated in 

Figure 2.3 A and B, the concentration of free CO2 is less than 1% of the total inorganic 

carbon present in seawater. The potential for CO2 limitation of phytoplankton growth was 

first suggested by Riebesell et al. (1993b). Their suggestion has resulted in an open debate as 

to whether CO2 limitation is possible in the marine environment (Raven 1993b, Raven et al. 

1993, Riebesell et al. 1993a, Turpin 1993). 

The controversy essentially resides around the ability of marine phytoplankton to 

actively take up carbon. The major carbon-fixing enzyme in marine phytoplankton is 

ribulose-l,5-bisphosphate carboxylase-oxygenase (RuBisCO) (Raven et al. 1993). Though 

P-carboxylation enzymes can, at times, be responsible for a substantial proportion of carbon 

fixation (Guy et al. 1989, Turpin et al. 1988), RuBisCO is thought to be responsible for at 
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least 90% of total carbon fixation by marine phytoplankton (Raven et al. 1993). The other 

carboxylation enzymes function predominantly in an anaplerotic mode to replenish the TCA 

cycle and likely refix CO2 released during respiration (See Raven et al. 1993 for a review of 

the various carboxylase enzymes). 

The enzyme RuBisCO is thought to have evolved at a time when the atmospheric 

CO2 concentration was likely two orders of magnitude higher than current levels. This is 

probably the reason why it has such a low affinity for CO2 (Badger et al. 1998, Raven 

1993a). The half-saturation constant (Km) for phytoplankton RuBisCO is estimated to range 

between 40 to 100 pM C0 2 (Badger et al. 1998). This means that under an ambient C0 2 

concentration of approximately 12 pM that is typically found in the ocean, RuBisCO would 

be operating well below its maximum catalytic capacity if cells relied only on diffusional 

CO2 uptake. A further characteristic of RuBisCO is that it can also catalyze oxygen fixation 

when CO2 concentrations are low. The resulting glycolate pathway is energetically costly 

and it releases carbon already fixed (Falkowski and Raven 1998). 

Many marine phytoplankton species exhibit characteristics that indicate the presence 

of a carbon concentrating mechanism (CCM). These characteristics include higher affinity 

for carbon dioxide than that of RuBisCO, insensitivity to oxygen, and accumulation of 

inorganic carbon inside the cell (Raven 1993a, Raven et al. 1993). A good review of the 

evidence for the occurrence of CCM in phytoplankton can be found in Badger et al. (1998). 

It is likely that most species at least possess the ability to use some form of a CCM. 

However, what remains unclear is whether these mechanisms are functional at ecologically 

relevant DIC (C02) levels (Raven et al. 1993). It is possible that CCM activity is only 

present under conditions of significant photosynthetic CO2 drawdown (Codispoti et al. 1982, 

1986) or low CO2 concentrations generated by physical oceanographic processes (Rau et al. 



1989). However, even intense algal bloom conditions rarely draw CO2 levels down to less 

than half the ambient concentration (Codispoti et al. 1986, Cooper et al. 1998, Wanninkhof 

andFeely 1998). 

Given an equilibrium between the atmosphere and ocean water, one must also 

consider that the rate of diffusion in water is much less than in air (Descolas-Gros and 

Fontugne 1990). The presence of a boundary layer around phytoplankton cells that restricts 

diffusion of CO2 from the medium into the cell might make active uptake more important. 

Based on a model of diffusion to this boundary layer, through the layer, and across the 

plasmalemma, Riebesell et al. (1993b) suggested that growth rate could become limited by 

CO2 supply. However, the ability of phytoplankton to induce a CCM might prevent any 

limitation of growth (Raven et al. 1993). Phytoplankton could maintain high photosynthetic 

rates under low CO2 concentrations by increasing their affinity for carbon, perhaps by using 

bicarbonate. However, CCM induction would likely be accompanied by higher energetic 

costs, both in terms of extra enzyme synthesis and in the transport of carbon against a 

concentration gradient. This cost, however, would presumably be less than that incurred as a 

result of photorespiration. Either way, one can conclude that carbon limitation of 

photosynthesis and the subsequent induction of active carbon transport would not necessarily 

lead to significant growth limitation (Raven et al. 1993). 

While the ecological significance of carbon concentrating mechanisms in marine 

phytoplankton is somewhat debatable, their degree of influence on carbon isotope 

fractionation remains unresolved. At high CO2 concentrations, cells would likely rely on 

diffusion of CO2 across the membrane. Models based on CO2 diffusion essentially compare 

the rates of diffusional supply to CO2 fixation. The latter is based on growth rate and cell 

carbon quota. Table 4.1 shows the fractionation associated with various partial processes 
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Table 4.1. Fractionation values (both kinetic and equilibrium) for various partial processes 
relevant to models of carbon isotope fractionation by phytoplankton. Unless otherwise 
indicated, values are for 25°C. CA = carbonic anhydrase, PEPCase = phosphoenol pyruvate 
carboxylase, CPSase = carbamyl phosphate synthetase. ? = Uncertain. Table modified from 
Raven etal. (1993). 

Process Fract. (%,) 
(Kinetic) 

Fract. (%o) 
(Equil.) 

Reference 

C 0 2 diffusion in solution 0.7 O'Leary (1984) 

C 0 2 flux through membranes 0.0? Ravenna/. (1993) 

Active DIC uptake 0.0? Berry (1989), Kerby and Raven (1985) 

Uncatalyzed C 0 2 -> HC0 3" 13 O'Leary et al. (1992) 

Uncatalyzed HC0 3" -> C 0 2 22 O'Leary etal. (1992) 

C 0 2 -> HC0 3" catalyzed by CA 0.1 O'Leary etal. (1992) 

HCO3" ->• C 0 2 catalyzed by CA 10.1 O'Leary et al. (1992) 

C 0 2 fixation by RuBisCO I (Spinach) § 29 Guy etal. (1987, 1993), Roeske 
and O'Leary (1984) 

C 0 2 fixation by RuBisCO II* 17.8 Roeske and O'Leary (1985) 

Fixation of HC0 3" by PEPCase (vs C0 2) 4.7 O'Leary et al. (1992) 

Fixation of HC0 3" by CPSase (vs C0 2) 1? Raven and Farquhar (1990) 

Fixation of C 0 2 by PEPCKase 24-40 Arnelle and O'Leary (1992) 

Carboxylation reactions (intrinsic) 6 Arnelle and O'Leary (1992) 

Decarboxylation reactions (intrinsic) 6 Arnelle and O'Leary (1992) 

Respiration (general) 0? Laws et al. (1995), others 

C02(aq) + H 2 0 <-> HC0 3" + H + (18°C) 9.77 Mooketal. (1974) 

C0 2 (g)oC0 2 (aq) (18°C) -1.09 Modketal. (1974) 

C02(aq) + RH 0 RC0 2" + H + (25°C) 3 O'Leary et al. (1992) 

§ Fractionation in marine phytoplankton by form I RuBisCO may differ from 29%o 
* RuBisCO II is found in dinoflagellates (Morse et al. 1995), otherwise, phytoplankton possess form I. 
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relevant to carbon uptake and assimilation by marine phytoplankton. The important 

fractionation values are for diffusion (0.7%o), active uptake (0.0%o) and carbon fixation by 

RuBisCO (assumed to be 29%o for diatoms). 

Conceptually, models of fractionation for diffusional CO2 uptake by phytoplankton 

cells are relatively simple and involve at least two major processes (Figure 3.9). The first 

process is the supply of CO2 to the cell and through the cell membrane. The second process 

is the actual fixation of the CO2 by RuBisCO. Fractionation by the cell is ultimately 

determined by the rate limiting process. If diffusion is the rate limiting process, the cell will 

exhibit an apparent fractionation close to 0.7%o relative to the source CO2. Since CO2 is ca. 

10%o more negative than total DIC, a fractionation of ca. 1 l%o relative to the source DIC 

pool should be observed. However, if the rate of CO2 supply to RuBisCO is infinitely large 

relative to the carbon fixation rate, the fractionation of RuBisCO will be fully expressed. 

This would result in a fractionation of 29%o relative to CO2 (ca. 39%o relative to total DIC). 

Of course, such extreme cases rarely exist and phytoplankton fractionation typically falls 

within a range of 10 to 30%o relative to source DIC depending on the relative limitations 

imposed by the two processes (Degens et al. 1968a, Park and Epstein 1961, Rau et al. 1982, 

Sackett et al. 1965, Wong 1976). 

Models of isotope fractionation based on active uptake of carbon assume that 

phytoplankton rely on diffusion of CO2 at high DIC carbon concentrations. As a result, high 

fractionation should be expressed under these conditions. However, under low C 0 2 

concentrations, the rate of diffusion might be insufficient to supply enough carbon to meet 

levels required to support a given growth rate. One response might be to reduce growth rate. 

A more likely response is to induce a CCM. 
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There are several possible forms a CCM might take (Figure 3.9). If CO2 was 

transported directly, one would expect whole cell isotopic fractionation to decrease to near 

zero relative to CO2 or ca. 10%o relative to DIC. Alternatively, direct transport of 

bicarbonate would cause a fractionation of close to zero relative to DIC. A final possibility is 

that cells possess external carbonic anhydrase (CA) that can speed up the rate of CO2 

production from bicarbonate. Since CO2 produced by CA catalysis will have an identical 

isotopic content to the existing CO2 pool, fractionation relative to the CO2 should again 

approach zero. 

Regardless of the nature of the CCM, its induction should result in reduced 

fractionation. This is because fractionation during active carbon uptake is thought to be zero 

(Berry 1989, Kerby and Raven 1985). This assumes that once transported into the cell, 

carbon is immediately fixed or sequestered and therefore it cannot diffuse back out of the 

cell. Indeed, it seems unlikely that cells would expend energy to transport carbon only to 

have it leak back out. If a mechanism did not exist to prevent leakage, the discrimination by 

RuBisCO would not be masked and the resulting whole cell fractionation would approach the 

RuBisCO value of 29%o. The exact nature of the mechanism preventing leakage is unknown 

but might involve either a change in membrane permeability of the plasmalemma to CO2 

(Sharkey and Berry 1985) or sequestering of the carbon within an internal organelle perhaps 

by means of an internal carbon pump (Badger and Price 1992). Both mechanisms would 

reduce efflux of CO2. As a result, RuBisCO fixes what is transported and the apparent 

fractionation is much lower than that of RuBisCO. This is, of course, also true for diffusion 

models since RuBisCO immediately fixes CO2 supplied by a slow diffusion rate. 

There are only two studies that have linked gradual changes in the CCM induction 

state with fractionation. Sharkey and Berry (1985) found that the assimilation rate of CO2 by 
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the freshwater green alga Chlamydomonas reinhardtii decreased upon transfer from high 

(5%) to low (0.03%) CO2, however, it recovered within three hours. This was a result of a 

gradually increasing affinity for CO2, an indication of CCM induction. CCM induction was 

accompanied by a reduction in fractionation. The addition of Diamox, an inhibitor of CA 

activity, caused a subsequent decrease in carbon assimilation rate. These results suggest that 

a CCM involving external CA was induced upon transfer to low DIC conditions. Erez et al. 

(1998) also found a link between CCM induction and reduced fractionation in a freshwater 

Synechococcus species. A demonstration of reduced fractionation as a result of CCM 

induction has not been attempted in marine phytoplankton. 

It is difficult to determine from phytoplankton 5 1 3C values whether a reduction in 

fractionation caused by low CO2 concentrations is due to diffusional limitation of CO2 supply 

or CCM induction. The results of Chapter 3 suggest that phytoplankton grown under low 

DIC have a higher affinity for DIC while fractionating less against I 3 C . This might indicate 

that CCM induction is accompanied by reduced fractionation. In this chapter, more detailed 

studies of fractionation and CCM induction are described. These include steady state 

experiments over a range of DIC concentrations as well as closed system drawdown 

experiments. Fractionation models based on C0 2 diffusion include parameters such as 

growth rate, external CO2 concentration, cell size, and temperature. These important 

parameters were monitored throughout my experiments. 
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4.2 Methods 

4.2.1 Steady State Experiments 

Cultures of the marine diatom Thalassiosira pseudonana (Clone 3H, NEPCC # 58, 

Northeast Pacific Culture Collection, University of British Columbia) were grown at ambient 

DIC concentrations ranging from 0.2 to 2.75 mM total DIC. DIC levels were obtained using 

the relationship between pCC>2 and DIC as described in Figure 2.3. Cultures were maintained 

in logarithmic growth for at least six generations prior to sampling. Isotope fractionation and 

photosynthetic kinetics were determined for the cultures as described in the general methods. 

Five medium samples were taken during the closed system fractionation experiments. At 

least four replicate DIC curves were performed for each culture. 

4.2.2 Closed System Drawdown Experiments 

These experiments were essentially larger and longer-term versions of the smaller 

closed system depletion experiments used to determine fractionation in the steady state 

experiments in this chapter. The goal was to allow an exponentially growing culture to 

completely deplete the source carbon and, as a result, go into carbon limited growth. The 

two drawdown experiments differed only in that one used unbuffered medium. 

The culturing apparatus is illustrated in Figure 4.1. A 10 L flask of artificial medium 

was inoculated with a small volume (10 mL) of logarithmic phase cultures of Thalassiosira 

pseudonana. The culture was then sealed with a high-density silicon stopper equipped with a 

sampling tube, an inflow tube for aeration and an outflow tube. To reduce potential 

contamination by external CO2 from the laboratory air, gas impermeable Tygon™ tubing was 
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Figure 4.1. Culture apparatus for the closed system drawdown experiments. The component 
parts are: 1) Collapsible bag, 2) Sampling syringe, 3) 10 L culture flask fitted with a stopper 
and three glass tubes, 4) Magnetic stir motor, 5) Gas impermeable Tygon™ tubing, 6) Gas 
tight recirculating pump, and 7) Quick disconnect fittings. 



70 

used. The system was tested for CO2 leakage by recirculating nitrogen gas for an extended 

(3 days) period of time and no measurable CO2 contamination was observed. The gas was 

recirculated using an air-tight pump (Model 7015, Cole-Parmer, Vernon Hills, Illinois). The 

tubing contained air-tight quick-disconnect fittings to allow the insertion of the IRGA in-line 

with the aeration system. This allowed non-obtrusive monitoring of the pCC>2 throughout the 

time course of the experiments. Finally, a 10 L gas impermeable bag was placed in-line to 

allow sampling of the culture medium without creating a negative pressure in the system due 

to volume changes. Gas was recirculated at a rate of 1 L min'1 and the culture stirred at 120 

rpm. The cultures were grown under conditions similar to those used for the steady state 

experiments with the exception of the unbuffered drawdown culture. The medium used for 

this experiment lacked the artificial buffer, but was otherwise identical to the buffered 

medium. 

Throughout the time course of the experiments, sampling was performed for cell 

density, fluorescence, DIC concentration, pCCh, pH, POC isotope content, medium isotope 

content, and photosynthetic kinetics. For isotope content of the medium, three replicate 

samples were taken at each point and the average used for determination of fractionation. In 

all cases, the replicates were extremely consistent with a standard deviation of no more than 

ca. 1% of the mean. Fractionation was determined between each pair of sampling points 

during which there was at least 10% DIC drawdown. The calculation used for fractionation 

was similar to that used in the steady state experiments except that only two points were used 

rather than five. At least four replicate DIC curves were performed at each sampling point. 

The experiments were terminated when culture growth ceased. This occurred when DIC was 

nearly completely exhausted in the buffered culture but when only half of the DIC was used 

up in the unbuffered experiment. 
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In addition to the drawdown experiments using cells, two drawdown experiments 

were conducted without cells. One of these experiments used buffered medium while the 

other used unbuffered medium. Otherwise, the medium was similar to that used in the 

drawdown experiments with cells. The CO2 removal was accomplished by continuous 

sparging with N 2 gas. The experiments lasted 5 to 7 days with CO2 removal rates 

significantly (less than 10%) lower than the uncatalyzed rate of CO2 production from 

bicarbonate. These experiments were conducted in order to compare fractionation produced 

by the two methods of CO2 removal. 
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4.3 Results 

4.3.1 Steady State Experiments 

The results presented in Chapter 3 indicate that Thalassiosira pseudonana was 

capable of increasing its affinity for carbon when acclimated to a low DIC concentration. 

This was accompanied by a decrease in fractionation. Cultures were acclimated over a range 

of ambient DIC concentrations and the resulting photosynthetic kinetics and fractionation 

were determined. The results presented in Figure 4.2 further demonstrate the ability of T. 

pseudonana to induce a CCM. A series of DIC curves (only three shown here) resulting 

from cultures acclimated to DIC concentrations ranging from 0.2 mM to 2.75 mM revealed 

that CCM induction varied in magnitude. Figure 4.3 summarizes the response in K1/2DIC 

values to changing ambient DIC concentrations. There was a significant linear relationship 

(pO.OOl) between K1/2DIC and ambient DIC. 

There was also a significant linear relationship (p<0.001) between fractionation and 

ambient DIC concentration (Figure 4.4). There appeared to have been a leveling off at 

around 2.0 mM DIC. To reflect this, the highest ambient DIC point was excluded from the 

regression. When fractionation was plotted against K1/2DIC, a significant linear relationship 

(p=0.002) was also observed (Figure 4.5). It has been suggested that reduced carbon levels 

might limit growth rates of marine phytoplankton, and therefore the growth rate of cultures 

grown at each ambient DIC concentration was determined (Figure 4.6). Due to the frequent 

dilution of the cultures, reliable estimates of growth rates were not possible for these cultures 

as is indicated by the magnitude of the standard deviation values. None of the rates was 

significantly different from one another (t-test) indicating that fractionation was not 

dependent on growth rate. 
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Figure 4.2. Photosynthetic kinetics of Thalassiosira pseudonana cultures grown under low 
(0.2 mM), medium (1.45 mM), and high (2.75 mM) DIC concentrations. Regressions are 
fitted through the data from at least three replicate DIC curves for each DIC level using the P 
vs. I equation (Piatt and Gallegos 1980) and are normalized to percent maximum 
photosynthesis. 
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Figure 4.3. K1/2DIC values for Thalassiosira pseudonana cultures grown at various ambient 
DIC concentrations ranging from 0.20 to 2.75 mM. Error bars represent ± 1 standard error of 
the regressions through the raw data. Where error bars are not visible they fit within the 
symbols. The regression equation is K 1 / 2DIC =151.1 [DIC] + 54.5 (r2 = 0.7517). 
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Figure 4.4. Fractionation values for Thalassiosira pseudonana cultures grown at various 
ambient DIC concentrations ranging from 0.20 to 2.75 mM. Error bars represent ± 1 
standard error of the regression through the raw data. Where error bars are not visible they 
fit within the symbols. The regression line is through all data with the exception of the 2.75 
mM sample point. The regression equation is: Fractionation = 4.45[DIC] + 11.90 (r2 = 
0.9224). 
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Figure 4.5. Relationship between fractionation and CCM induction (as represented by 
K4/2DIC values) in cultures of Thalassiosira pseudonana grown at various ambient DIC 
concentrations ranging from 0.20 to 2.75 mM. The regression equation is: Fractionation = 
0.019 (K1/2DIC) + 12.85 (r2 = 0.6448). 
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Figure 4.6. Growth rates of Thalassiosira pseudonana cultures grown at various ambient 
DIC concentrations ranging from 0.20 to 2.75 mM. Error bars represent ± 1 standard 
deviation of two point growth rate calculations (n> 3). Where error bars are not visible they 
fall within the symbols. The regression equation is: Growth Rate = 0.175 [DIC] + 1.156 (r = 
0.519). 
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4.3.2 Closed System Drawdown Experiments 

These experiments were designed to assess the changes in both photosynthetic 

kinetics and fractionation over the duration of the logarithmic growth phase of a culture, 

ultimately ending in carbon limitation. The first drawdown experiment used artificially 

buffered medium similar to that used in the steady state experiments. Although dense 

phytoplankton growth usually results in dramatic increases in pH, with the artificial buffer, a 

rise of only 0.5 units was observed (Figure 4.7A). Similar experiments with unbuffered 

medium resulted in more than double this pH increase (Figure 4.13 A). The growth rate of 

the culture was 1.36 ± 0.17 d"1. Growth rate began to slow when the medium DIC reached 

0.3 mM (Figure 4.7B). Both DIC and C0 2 decreased based on cell density as expected. The 

culture removed 95% of the total DIC (Figure 4.7B). At this DIC concentration and a pH of 

8.7, free CO2 was essentially zero (Figure 4.7B). 

The photosynthetic kinetics of the culture changed markedly throughout the time 

course of the drawdown experiment. DIC curves at different points during the drawdown 

(Figure 4.8) illustrate the changing affinity of the cells for carbon. K1/2DIC values decreased 

from more than 700 pM to less than 200 pM (Figure 4.9). The Ki / 2 DIC appeared to level off 

at ca. 125 pM. The range in Ki / 2 DIC from this experiment agrees well with that from 

Chapter 3 for this species; however, in the steady state experiments, a maximum K1/2DIC of 

ca. 500 mM was observed (Figure 4.3). No apparent reason for this discrepancy was found. 

Changes in fractionation throughout the time course of the experiment are presented 

in Figure 4.10 along with the DIC concentrations. One must be careful when interpreting the 

fractionation data as these points do not represent discrete points in time, but rather average 
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Figure 4.7. Changes in Thalassiosira pseudonana cell abundance and medium pH (A), and 
total DIC and CO2 concentrations (B), during the closed system drawdown (buffered 
medium) experiment. Error bars represent ± 1 standard deviation (n> 3). Where error bars 
are not visible they fit within the symbols. 



80 

[DIC] (uM) 

Figure 4.8. Photosynthetic kinetics of Thalassiosira pseudonana cultures at various DIC 
concentrations during the time course drawdown (buffered medium) experiment (see Figure 
4.7). Regressions are fitted through the data from at least three replicate DIC curves for each 
DIC level using the P vs. I equation (Piatt and Gallegos 1980) and are normalized to percent 
maximum photosynthesis. 
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Figure 4.9. Changes in the DIC concentration and Ki/2DIC values for Thalassiosira 
pseudonana cells during the closed system drawdown (buffered medium) experiment. Error 
bars represent ± 1 standard deviation of DIC measurements (n=3) and ± 1 standard error of 
the regression through the raw data (Ki/2DIC). Where error bars are not visible they fall 
within the symbols. 
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Figure 4.10. Changes in the DIC concentration and fractionation for Thalassiosira 
pseudonana cells during the closed system drawdown (buffered medium) experiment. Error 
bars represent ± 1 standard deviation of DIC measurements (n=3). Where error bars are not 
visible they fall within the symbols. Standard error was not calculated for fractionation 
values since only two points were used in the calculation. There is no datum point for 
fractionation at 96 h since fractionation was only calculated where at least 10% DIC 
depletion had occurred from the previous sampling time and this did not occur until ca. 
108h. 
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fractionation by the culture during the time interval from the previous sampling point to the 

present measurement. Nevertheless, the results do indicate that fractionation decreased over 

the growth phase of the culture. 

A better way to analyze the fractionation data is to draw a linear regression through 

the data as described in the general introduction, Figure 1.1, and Guy et al. (1989). The 

connected points represent the actual data from the experiment. Though a significant linear 

regression (pO.OOl, slope = 13.78%o) was found to exist between [ln(R/Ro)xl000] and 

[-ln(f)] (Figure 4.11), a consistent decrease in the slope (fractionation) between subsequent 

sets of points indicates that fractionation is changing during the time course of the drawdown 

experiment. If fractionation was constant throughout the depletion period, a straight line 

should result with the slope representing the fractionation value. If one assumes a constant 

fractionation of 20%o as was the case in the early stages of the experiment, the actual data 

drift progressively further below the line during the time course of the DIC depletion. This 

figure provides some of the best evidence of the difficulty in obtaining an accurate estimate 

of fractionation. When C0 2 was removed from the buffered medium using N 2 sparging as 

opposed to phytoplankton growth, there appeared to be a constant fractionation of 13.41 %o 

(Figure 4.12). A significant linear relationship (PO.001, slope = 13.41%o) and no change in 

slope throughout the experiment indicate a constant fractionation occurred throughout the 

course of the drawdown. 

A similar drawdown experiment was conducted where the culture medium lacked an 

artificial buffer. There was more than double the change in pH when the culture medium 

was not buffered (Figure 4.13A). This has a dramatic effect on the inorganic carbon 

speciation as the majority of the inorganic carbon is in the form of carbonate at this pH. Also 

of interest is that the final cell density was about half that of the buffered drawdown 
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Figure 4.11. Isotope data from the drawdown experiment with buffered medium for 
Thalassiosira pseudonana. Data points represent individual measurements throughout the 
experiment. Error bars (not visible) represent ± 1 standard deviation of replicates (n=3). The 
linear regression through the data assumes that fractionation remained constant (no change in 
slope) during the experiment. The equation for the regression line is Y = 13.78 [-Ln(f)] + 
2.26 (r2 = 0.983, SE slope = 2.26). The 20%o line assumes that fractionation remained 
constant at 20%o throughout the experiment. 
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Figure 4.12. Isotope data from the drawdown experiment with buffered medium and no 
cells. Data points represent individual measurements throughout the experiment. Error bars 
(not visible) represent ± 1 standard deviation of replicates (n=3). The linear regression 
through the data assumes that fractionation remained constant (no change in slope) during the 
experiment. The equation for the regression line is Y = 13.41 [-Ln(f)] + 0.09 (r = 0.999, SE 
slope = 0.278). 
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Figure 4.13. Changes in Thalassiosira pseudonana cell abundance and medium pH (A), and 
total DIC and CO2 concentrations (B), during the closed system drawdown (unbuffered 
medium) experiment. Error bars represent ± 1 standard deviation (n>3). Where error bars 
are not visible they fit within the symbols. 
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experiment. Not surprisingly, the DIC concentration decreased only to ca. 1.0 mM (Figure 

4.13B). This is about half the drawdown observed in the buffered medium experiment. 

However, due to changes in the pH, the free CO2 concentration decreased to near zero which 

was similar to the buffered experiment. The growth rate ofl.32i0.12d"1 was not 

significantly different from the growth rate of cells in the buffered experiment. 

The K4/2DIC decreased throughout the time course of the DIC drawdown (Figure 

4.14). Some differences between the buffered and unbuffered experiment were noted. First, 

the K1/2DIC values early in the unbuffered experiment were not as high as in the buffered 

experiment. Rather, they more closely resembled the K1/2DIC values of the high DIC steady 

state experiments. Secondly, the final data point contained a significant standard error. 

These cells appeared to exhibit a variable response to DIC concentration. Maximum 

photosynthetic rates were dramatically lower than cells from previous sampling points during 

the experiment. Previous experiments (data not shown) for cultures entering nitrogen limited 

senescence indicated that cells were only capable of a low rate of photosynthesis and that 

additions of DIC did not increase photosynthetic rates. It is possible that these cells were 

entering senescence. K1/2DIC values as low as ca. 100 pM were not observed for the 

unbuffered experiment, but might have occurred between the final two sampling points. A 

K1/2DIC of 100 pM appears to be the minimum level for Thalassiosira pseudonana. 

A trend of decreasing fractionation with lower DIC concentration was observed in the 

unbuffered culture (Figure 4.15). Although both of the drawdown experiments demonstrated 

a minimum fractionation of close to 10%o, the highest fractionation values in the unbuffered 

experiment were slightly higher than those of the buffered drawdown experiment. The 

decrease to 10%o fractionation occurred over a smaller range of DIC changes in the 

unbuffered experiment. This was, of course, also true of the changes in the K1/2DIC values. 

http://ofl.32i0.12d%221
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Figure 4.14. Changes in the DIC concentration and K1/2DIC values for Thalassiosira 
pseudonana cells during the closed system drawdown (unbuffered medium) experiment. 
Error bars represent ± 1 standard deviation of DIC measurements (n=3) and ± 1 standard 
error of the regression through the raw data (K1/2DIC). Where error bars are not visible they 
fall within the symbols. 
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Figure 4.15. Changes in the DIC concentration and fractionation for Thalassiosira 
pseudonana cells during the closed system drawdown (unbuffered medium) experiment. 
Error bars represent ± 1 standard deviation of DIC measurements (n=3). Where error bars 
are not visible they fall within the symbols. Standard error was not calculated for 
fractionation values since only two points were used in the calculation. There is no datum 
point for fractionation at 88 h since fractionation was only calculated where at least 10% DIC 
depletion had occurred from the previous sampling time and this did not occur until ca. 
116 h. 
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However, the CO2 concentration decrease was similar for both experiments (Figures 4.7B 

and4.13B). 

Figure 4.16 provides further evidence that fractionation was not constant throughout 

the experiment. Just as in the buffered experiment, there was a significant linear relationship 

between [ln(R/Ro)xl000] and [-ln(f)] (pO.OOl, slope = 13.52). The data drift below the 

20%o line, the initial fractionation value, indicating a decrease in fractionation as the 

experiment progressed. With CO2 removal from unbuffered medium by N 2 gas stripping, 

fractionation remained constant at 11.45%o (Figure 4.17) (pO.OOl). There was no consistent 

drift of the data below the regression line. 

In the steady state experiments, DIC and CO2 concentrations were directly 

proportional since the pH of the culture medium was constant. When pH increases as a result 

of phytoplankton growth, CO2 decreases faster than total DIC in a closed system. This adds 

an extra level of complexity to the interpretation of the drawdown experiments. Figures 

4.18A and B present comparisons of the relationship between Ki / 2DIC and either CO2 or DIC 

concentration. In all but one case (unbuffered K1/2DIC vs [DIC]), linear regressions were 

significant at the a=0.05 level. In all cases, K1/2DIC was better correlated with CO2 than 

DIC. There were also significant linear relationships between fractionation and either CO2 or 

DIC in all cases (Figures 4.19A and B). Fractionation was consistently better correlated with 

C0 2 than DIC. 

The goal of these experiments was to establish a relationship between fractionation 

and K1/2DIC and the results of the steady state experiment confirmed this relationship. There 

was no significant linear relationship between K1/2DIC and fractionation data from the two 

drawdown experiments when the data were combined. However, a significant linear 

relationship (p=0.05) was observed for the results of the buffered experiment. The data from 
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Figure 4.16. Isotope data from the drawdown experiment with unbuffered medium for 
Thalassiosira pseudonana. Data points represent individual measurements throughout the 
experiment. Error bars (not visible) represent ± 1 standard deviation of replicates (n=3). The 
linear regression through the data assumes that fractionation remained constant (no change in 
slope) during the experiment. The equation for the regression line is Y = 13.52 [-Ln(f)] + 
1.146 (r2 = 0.990, SE slope = 0.354). The 20%o line assumes that fractionation remained 
constant at 20%o throughout the experiment. 
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Figure 4.17. Isotope data from the drawdown experiment with unbuffered medium and no 
cells. Data points represent individual measurements throughout the experiment. Error bars 
(not visible) represent ± 1 standard deviation of replicates (n=3). The linear regression 
through the data assumes that fractionation remained constant (no change in slope) during the 
experiment. The equation for the regression line is Y = 11.46 [-Ln(f)] +0.101 (r2 = 0.992, 
SE slope = 0.249). 
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Figure 4.18. Linear regressions showing the relationships between Ki/2DIC values and 
carbon concentration for Thalassiosira pseudonana cells during the drawdown experiments. 
A) Relative to C0 2 concentration: All data, r2 = 0.928, y = 57.59X + 132.58; Buffered 
experiment, r2 = 0.988, Y = 69.93X + 88.64; Unbuffered experiment, r2 = 0.979, Y = 40.36X 
+ 173.46. A) Relative to DIC concentration: All data, r2 = 0.687, y = 283.93X - 22.52; 
Buffered experiment, r2 = 0.918, Y = 313.83X + 18.75; Unbuffered experiment, r2 = 0.633, Y 
= 339.96X- 189.77. 
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Figure 4.19. Linear regressions showing the relationships between fractionation and carbon 
concentration for Thalassiosira pseudonana cells during the drawdown experiments. A) 
Relative to C0 2 concentration: All data, r2 = 0.595, y = 1.34X + 12.92; Buffered experiment, 
r2 = 0.705, Y = 1.07X + 12.97; Unbuffered experiment, r2 = 0.983, Y = 3.34X + 10.75. A) 
Relative to DIC concentration: All data, r2 = 0.542, y = 5.78X + 9.69; Buffered experiment, 
r2 = 0.824, Y = 4.93X + 11.60; Unbuffered experiment, r2 = 0.927, Y = 17.82X - 7.64. 



95 

the unbuffered experiment falls below the steady state regression line with fractionation 

being less than expected for a given K1/2DIC value (Figure 4.20). Two cautionary notes must 

be made here. First, the fractionation points were not discrete fractionation values, but rather 

averages of fractionation over short time periods. They essentially averaged the fractionation 

over a small range of DIC concentrations. Second, there might have been a delay in changes 

in fractionation in response to reduced DIC concentration. Third, the K1/2DIC values of 

steady state cultures grown under high DIC and the unbuffered drawdown experiment were 

not as high as those in the buffered drawdown experiment. This is illustrated by the apparent 

"stretch" in the K4/2DIC axis values in Figure 4.20 for the buffered experiment relative to 

those of the unbuffered experiment. However, despite these concerns, fractionation appears 

to be related to CCM induction as shown by the changes in K1/2DIC values. 
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F i g u r e 4.20. Relationship between fractionation and K4/2DIC values for Thalassiosira 
pseudonana for both the steady state cultures and the drawdown experiments. The linear 
regression is for the steady state cultures and is the same as shown in Figure 4.5. The 
equation is: Fractionation = 0.019 (K1/2DIC) + 12.85 (r2 = 0.6448). 
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4.4 Discussion 

4.4.1 Responses in K1/2DIC Values to D I C and CO2 Concentrat ion 

The most direct evidence for the existence of CCM activity in phytoplankton is a 

higher concentration of C0 2 inside the cells than in the external medium (Raven 1991a). 

However, the operation of a CCM is also indicated by a change in the affinity of cells for 

DIC often expressed by K1/2DIC values. A K4/2DIC value lower than the K m of RuBisCO 

indicates enhanced affinity for carbon and suggests that active carbon uptake is occurring 

(Bloye et al. 1992, Raven 1993a, 1993b, Raven and Johnston 1991, Raven et al. 1993). 

Many studies have demonstrated that phytoplankton grown under a low DIC 

concentration possess a higher affinity for carbon than those grown under high DIC 

conditions (See Badger et al. 1998 for a review). The results of the steady state experiments 

described in this chapter extend the evidence from Chapter 3 that CCM induction did occur 

in Thalassiosira pseudonana cultures at low DIC concentrations. Further, this species 

appears to possess the ability to gradually induce a CCM and maintain it in a state of partial 

induction (Figures 4.2 and 4.8). This is consistent with data from Mayo et al. (1986) where 

the freshwater cyanobacterium Synechococcus leopoliensis was able to maintain states of 

partial CCM induction. There are few examples of partial induction of a CCM under steady 

state conditions in the literature and this is the first study to attempt it in Thalassiosira 

pseudonana. 

The most likely source of inorganic carbon taken up by phytoplankton is CO2, given 

that this is the species fixed by RuBisCO (Raven et al. 1993). If this is true, then a reduction 

in the CO2 concentration rather than DIC should be responsible for inducing the CCM as 
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measured by reductions in K1/2DIC. Figure 4.3 shows that K1/2DIC values were significantly 

correlated with DIC concentration; however, it is equally likely in this case that they were 

correlated with CO2 concentration since, in the steady state experiments, CO2 and total DIC 

concentrations were proportional. Although K1/2DIC was linearly related to DIC, there 

should be an upper limit beyond which cells rely solely on diffusion, and thus K1/2DIC would 

not change with further increases in DIC concentration. 

However, this was not the case for the drawdown experiments since pH was changing 

while DIC and CO2 concentrations were decreasing. As expected, the best indicator for 

K1/2DIC values in the drawdown experiments was C0 2 concentration. This is because DIC 

was nearly completely consumed in the buffered experiment, but only 50% consumed in the 

unbuffered drawdown while the CO2 concentration for both experiments decreased to ca. 0 

pM (Figures 4.7 and 4.13). This evidence suggests that CCM induction is controlled by the 

availability of CO2 and not total DIC. The complete induction process appears to be 

responding to depletion of CO2 rather than DIC. Of course, this does not rule out the 

possibility that cells are using other forms of inorganic carbon, bicarbonate for example, via 

their concentrating mechanisms. 

A poor relationship between K1/2DIC values and both DIC and CO2 was observed 

when both steady state and drawdown data were pooled (data not shown). This is not 

surprising since the photosynthetic physiology of the steady state cultures was static while 

that of the drawdown cultures was changing. The difficulty is that at a given sampling point, 

the CCM represents a gradual induction state in response to carbon concentrations higher 

than at that sample point. Thus, there is a lag between the induction of the CCM and the 

signal for induction, likely CO2 concentration. Sharkey and Berry (1985) found that affinity 

for carbon began to increase within two hours following transfer from high to low CO2 
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aeration in Chlamydomonas reinhardtii. Thalassiosira pseudonana did not change affinity 

for carbon within two hours during a gradual (20%) drawdown (Figure 2.5) but did change 

when transferred immediately from a high (2.08 mM) to a low (0.45 mM) DIC concentration 

(Figure 5.5B). Presumably, C0 2 limitation of photosynthesis results in the synthesis and 

translocation of carbonic anhydrase or transport proteins associated with CCM activity. 

Gradual induction of the CCM did occur throughout the drawdown experiments. 

It is also possible that other factors such as cell size and shape influence the affinity 

of cells for external carbon sources. The effect of cell size and surface area to volume ratios 

on CO2 supply to cells via diffusion has been considered by Riebesell et al. (1993b) though 

their influence on CCM induction in marine phytoplankton is unknown. Smaller cells 

relying on C 0 2 diffusion would likely have higher affinities for carbon than larger ones given 

their smaller boundary layers. This is because carbon uptake would be less restricted by 

diffusion through the boundary layer and thus a smaller concentration gradient would be 

required to achieve a given rate of photosynthesis. However, the K1/2DIC values for 

Thalassiosira pseudonana, and for the other species tested in Chapter 3, if converted to 

K1/2CO2, are much lower than reported values for the K m of RuBisCO (Glover 1989, Read 

and Tabita 1994) (see Badger et al. 1998 for a review of various species). Even the highest 

K1/2DIC values found in this study (ca. 800 pM DIC), when converted to K1/2CO2 of ca. 5.8 

pM, are much lower than that of RuBisCO. In addition, no changes in cell size were noted in 

this study (data not shown). It is therefore likely that changes in the K1/2DIC represent 

changes in the induction state of the CCM (Mayo et al. 1986, 1989, Raven et al. 1993). 
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4.4.2 Responses in Fract ionat ion to D I C and CO2 Concentrat ion 

The relationship between carbon concentration, most often expressed in terms of 

CO2, and fractionation in natural populations has been well studied (Degens et al. 1968b, 

McCabe 1985, Pardue et al. 1976, Rau et al. 1989, 1992, Sackett 1991). Before any 

correlation is used to hindcast ancient pCC»2 values from marine sediments, some cautionary 

notes must be made. Goericke and Fry (1994) suggest that for a relationship between 

phytoplankton 8 1 3C (and hence fractionation) and CO2 concentration to be useful, 

concentrations of CO2 in the atmosphere and the surface ocean must be in equilibrium. They 

also suggest that phytoplankton fractionation must be shown to covary primarily with C0 2 

concentrations, a condition they claim is not supported by the literature to date. It has 

become obvious that numerous factors influence carbon isotope fractionation by marine 

phytoplankton. Nevertheless, CO2 concentration does have a strong effect on carbon isotope 

fractionation. 

Laboratory studies have provided mixed evidence for the influence of carbon 

concentrations on fractionation. Burkhardt et al. (1999) showed that there was only a 3%o 

difference in fractionation over a range of CO2 concentrations of 3 to 26 pmol kg"1 in both 

Skeletonema costatum and Thalassiosira weissflogii. However, they held total DIC constant 

and thus pH differed by close to one full unit. In addition, they only tested two CO2 

concentrations. Thompson and Calvert (1994) found that there was no strong dependence of 

fractionation by Thalassiosira pseudonana upon the natural range of CO2 concentrations. 

However, they allowed pH to change in concert with CO2 during their experiments and 

unfortunately this complicates the interpretation of their data. 
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Hinga et al. (1994) found that fractionation increased with increasing CO2 

concentration in both Skeletonema costatum and Emiliania huxleyi. Korb et al. (1998) found 

a significant negative correlation between POC 8 1 3C and CO2 concentration in both 

Chaetoceros calcitrans and Ditylum brightwellii, though they did not directly measure 8 1 3C 

of the source DIC, and in addition, pH fluctuated throughout their experiment. Fry (1996) 

summarized the data for Skeletonema costatum from several studies and demonstrated a 

dependence of fractionation upon DIC concentration rather than CO2, which contradicts the 

results from this study. 

Experiments carried out by Laws et al. (1995, 1997) examined the relationship 

between fractionation and p/[CC>2], the latter essentially representing a function of supply 

(CO2 concentration) and demand (growth rate). They found a significant linear relationship 

between p/C02 and fractionation only at CO2 concentrations above 10 pmol kg"1 and 

attributed the deviation from linearity below this concentration to the presence of active CO2 

uptake. If one plots sp against either CO2 or DIC concentration (Figure 4.21) from the raw 

data of Laws et al. (1997), a significant linear relationship (p<0.001) exists. This suggests 

that, especially for DIC, lower concentrations result in reduced fractionation. However, pH 

was not held constant during these experiments, and nitrogen-limited chemostats were used. 

Beardall et al. (1982) found that CCM activity could be induced by nitrogen limitation and 

that this caused reduced carbon isotope fractionation in Chlorella emersonii. The potential 

induction of a CCM observed by Laws et al. (1995, 1997) adds an extra level of complexity 

to the interpretation of their data. 

The results of this thesis support the claim that fractionation does depend strongly on 

carbon concentration. There was a strong linear relationship between fractionation and DIC 
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Figure 4.21. Linear regressions showing the relationships between ep and either CO2 (A), or 
DIC concentration (B) using the raw data for Phaeodactylum tricornutum taken from Laws et 
al. (1997). The equations are: C0 2 , sp = 0.46 [C02] + 13.19, r2 = 0.662; DIC, £ p = 17.27 
[DIC]-14.05, r2 = 0.861. 
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in the steady state cultures. Again, there would be an equally strong relationship between 

fractionation and CO2 concentration since, at a constant pH, the CO2 concentration is 

proportional to total DIC concentration. 

Fractionation also decreased throughout the drawdown experiments (with cells) as 

expected. The decrease in fractionation appeared to follow the reduction of CO2 rather than 

DIC; minimum fractionation was observed after nearly complete DIC consumption in the 

buffered experiment, but only after 50% depletion in the unbuffered drawdown, although 

both had near zero levels of CO2. This is demonstrated in Figure 4.19 A and B where a 

better correlation was found between fractionation and CO2 concentration than between 

fractionation and DIC concentration. The unbuffered culture was only able to remove half 

the total DIC presumably because the increase in pH either prevented further removal of the 

DIC predominantly in the form of carbonate at that pH, or because a high pH was detrimental 

to the physiology of the cells. 

When data from both the steady state and the two drawdown experiments were 

pooled, there was no significant correlation between fractionation and either CO2 or DIC 

concentration. This is easily explained when one considers the difference between the two 

types of experiments. There are two important factors to consider when fractionation is 

determined throughout the drawdown experiments. First, the measurement of fractionation is 

based upon changes between two sampling times and is not an instantaneous measurement. 

Furthermore, even if instantaneous measurement had been possible, changes in CCM 

induction and the resulting effects on fractionation would likely lag behind the actual change 

in carbon concentrations. There is no method to overcome this problem in drawdown 

experiments. However, such experiments are useful to demonstrate that affinity for carbon 

and fractionation change throughout the time course of a drawdown experiment. They 
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further emphasize the importance of monitoring and reporting the carbon conditions in 

laboratory cultures (Fry 1996). 

Fractionation values ranged from 9 to 24%o (relative to DIC) throughout this chapter. 

As with the K1/2DIC values, fractionation should level off at some point beyond which 

further increases in DIC concentration should not result in higher fractionation. The upper 

limit was considerably lower than the maximum value of ca. 39%o expected if a RuBisCO 

fractionation of 29%o was fully expressed. This is consistent with other laboratory 

experiments where fractionation values are frequently lower than those observed in nature 

(Fry 1996). Low culture biomass was maintained throughout the steady state experiments. 

Thus, these results are surprising in that high culture biomass has been suggested to lower 

experimental maximum fractionation values. One possible explanation is that T. pseudonana 

may possess an alternative form of RuBisCO which exhibits a different fractionation (see 

Guy et al. 1993). Alternatively, it is possible that higher fractionation would have been 

observed if a higher DIC concentration was used. Further work on RuBisCO isolated from 

this species would shed some light on the maximum fractionation one could expect. 

The drawdown experiments without cells represent the equilibrium isotope effect 

observed between the DIC and CO2 removed. One would expect a fractionation of ca. 1 l%o 

(Mook et al. 1974). The unbuffered drawdown came close to this value (Figure 4.12) while 

the buffered one was 13.41%o (Figure 4.17). There was no apparent explanation for this 

discrepancy. Nevertheless, fractionation was constant throughout the drawdown and lower 

than that observed when cells were responsible for CO2 removal. 
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4.4.3 Relationship Between K1/2DIC Values and Fract ionation 

The suggestion that DIC concentration can have a strong influence on carbon isotope 

fractionation is not novel although laboratory results are equivocal. However, establishing a 

relationship between CCM induction and carbon isotope fractionation has been difficult. 

Beardall et al. (1982) found that upon induction of a CCM caused either by carbon or 

nitrogen limitation, carbon isotope fractionation decreased in the green alga Chlorella 

emersonii. In other words, CCM induction caused by means other than carbon limitation still 

resulted in decreased fractionation. Thus, even though carbon was not limiting, CCM 

induction and a decrease in carbon isotope fractionation occurred simultaneously. Though 

the range in fractionation was close to 20%o, fractionation was measured only in cultures 

acclimated to either 0.03 or 5% CO2, the latter being artificially high. Nevertheless, the 

results from Beardall et al. (1982) suggest a potential link between CCM induction and 

fractionation. However, their study lacked a comprehensive test of the interrelationship 

between DIC concentration, CCM induction, and fractionation. 

The study providing the best evidence for the relationship between carbon affinity 

and isotope fractionation is that of Sharkey and Berry (1985). By measuring cell affinity for 

carbon and fractionation simultaneously during a time course study, they were able to 

demonstrate an apparent link between the two variables. Indeed, their study inspired the 

experiments described in this thesis. However, they used cells acclimated to an unnaturally 

high CO2 concentration (5%) prior to the low CO2 transfer. A study by Erez et al. (1998) for 

the freshwater cyanobacteria Synechococcus also supports the hypothesis that CCM 

induction results in reduced fractionation. No previous study has sought to measure the 

induction state of the CCM concurrently with fractionation in marine phytoplankton over a 
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range of DIC concentrations. The two types of experiments described in this chapter 

attempted to do just that. While the experimental designs of the steady state and drawdown 

experiments differed substantially, both experiments provide a different way to establish a 

relationship between fractionation and CCM induction. 

In both cases, induction of the CCM was monitored by changes in the K1/2DIC 

values, and fractionation appeared to change in parallel. The results of the steady state 

cultures perhaps best illustrate the relationship. The comparison is somewhat less clear for 

the drawdown experiments. However, the time lag effects of CCM induction and 

fractionation could be responsible for some of the scatter. Further, the fractionation measure 

incorporates significant delay since it is based on two points during the time course of the 

drawdown and is not an instantaneous measurement. Nevertheless, it appears that higher 

fractionation is associated with cells which have higher K1/2DIC values and hence have less 

CCM activity. These results are in entire agreement with those of Sharkey and Berry (1985) 

andErez etal. (1998). 

When interpreting the link between CO2 concentration and fractionation, it is 

tempting to suggest that diffusion models can explain the relationship. This would ignore the 

strong evidence presented in this chapter that fractionation decreases as CCM activity 

increases. One can envision CCM induction as a gradual switch from an open system relying 

on diffusion of CO2 across the plasmalemma to a semi-closed system where carbon is 

actively moved across the plasmalemma and its diffusion back out of the cell is restricted. 

Because of the low fractionation associated with the active uptake (Berry 1989, Raven and 

Lucas 1985), RuBisCO discrimination is essentially masked. To deny the importance of 

CCMs in nature ignores the evidence that CCM induction occurs over a range of CO2 

concentrations that have been observed under natural conditions. Further, it ignores the fact 
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that RuBisCO does not operate at maximum capacity under natural concentrations of CO2 

found in the surface waters of modern oceans. Given the apparent ubiquity of CCM capacity 

in marine phytoplankton, the results presented in this chapter support the hypothesis that 

CCM induction influences fractionation in marine phytoplankton. 
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Chapter 5 

Mechanisms and Models of Ca rbon Isotope Fract ionat ion 

5.1 Introduct ion 

The data presented in the previous chapters indicate that CCM induction in response 

to low DIC (CO2) concentrations is accompanied by reduced fractionation in Thalassiosira 

pseudonana. However, as already indicated, diffusion models of fractionation also predict 

reduced fractionation as the CO2 supply to the cell becomes limiting (Rau et al. 1996). Thus, 

the fractionation data presented so far are consistent with either CO2 diffusion limitation or 

CCM induction. 

Models of fractionation based on CO2 diffusion depend on the CO2 supply rate 

through the boundary layer of phytoplankton cells relative to the carbon demand by the cell. 

The latter is often calculated as the product of the growth rate and the cell carbon quota. For 

instance, Laws et al. (1995, 1997) used the ratio of the growth rate to the external CO2 

concentration to represent the demand-supply function. They concluded that deviation from 

a linear relationship between this parameter and fractionation was the result of active carbon 

uptake. According to the authors, this model only works when cells are relying on diffusion 

or active uptake of CO2 to supply photosynthetic demand. The model presented by Rau et al. 

(1996) is based on the idea that diffusion through the boundary layer of a phytoplankton cell 

can be the limiting step ultimately resulting in decreased growth rates (Riebesell et al. 

1993b). However, it is obvious that inducible CCMs can alleviate the potential CO2 

limitation of growth while photosynthetic rates remain limited (see Raven et al. 1993). 
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The fractionation values of cells using active uptake will ultimately be determined by 

the relative rates of three processes: the rate of carbon uptake (Fi), the rate of carbon fixation 

(F2) and the rate of leakage out of the cell (F3). This simplified model is presented in Figure 

3.9. Carbon can be transported either as bicarbonate or CO2. The form is important since 

C 0 2 is isotopically lighter than bicarbonate by about 10%o (Mook et al. 1974). If C 0 2 is 

produced enzymatically by CA just external to the plasmalemma, the isotopic signature of 

the resulting CO2 will be the same as the existing CO2. This would make it impossible to 

distinguish between direct transport of CO2 and external CA-mediated conversion of 

bicarbonate to CO2 followed by CO2 diffusion across the plasmalemma. 

Fractionation during active uptake is thought to be zero (Berry 1989, Kerby and 

Raven 1985). Assuming no leakage, the minimum fractionation expressed by cells would be 

zero relative to the external source being transported. This occurs because as RuBisCO 

discriminates against 1 3 C , the latter builds up in the internal pool until it offsets the 

discrimination of RuBisCO. However, as the leakage rate increases relative to Fi, higher 

fractionation will be expressed since the unfixed 1 3 C remaining can leak out. The higher the 

leakage rate, the less 1 3 C is allowed to build up. Presumably, as F 3 approaches Fi, full 

discrimination of RuBisCO can be expressed. 

While the previous chapters did not attempt to determine the nature of the carbon 

concentrating mechanism, results from this chapter attempt to shed some light on the 

potential mechanism that operates under.low DIC concentrations in Thalassiosira 

pseudonana. The importance placed on growth rates for models of fractionation based on 

diffusion necessitates an experiment where the effect of growth rate changes on both 

fractionation and CCM induction is investigated. One way to reduce growth rates is through 

changes in temperature. 
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The trend toward heavier 5 1 3C values of marine particulate organic carbon (POC) 

(decreased fractionation) at lower latitudes could be caused by reduced CO2 concentrations 

resulting from decreased solubility of the gas at higher temperatures. However, the lack of 

symmetry in the relationship between the northern and southern hemispheres (Goericke and 

Fry 1994) suggests that the relationship is more complicated. Temperature has a number of 

direct effects on phytoplankton and the medium in which they grow. Metabolic activity 

increases at higher temperatures (Beardall et al. 1998). This would in turn lead to higher 

growth rates and thus greater carbon demand. Higher temperatures also cause a shift in the 

inorganic carbon system from CO2 to carbonate (Beardall et al. 1998) and reduced affinity of 

RuBisCO for C0 2 (Davison 1987, Descolas-Gros and De Billy 1987). 

The combination of temperature effects has led to speculation that the need for CCMs 

is reduced at low temperatures (Raven 1991b). Assuming that CCM induction in marine 

phytoplankton results in reduced fractionation, this conclusion is consistent with the observed 

latitudinal trend in fractionation. However, other factors need to be considered. Oxygen 

concentration increases as temperature decreases. The competitive effect of oxygen on 

RuBisCO carboxylation might still necessitate CCM activity at low temperatures. The rate 

of C0 2 diffusion is lower at lower temperatures (Beardall et al. 1998) as is the rate of C0 2 

formation from bicarbonate (Raven and Geider 1988). 

The problem with interpreting the latitudinal trend on fractionation is that both CO2 

concentration and temperature are changing. In this study, the effect of temperature changes 

on isotope fractionation was investigated independently of CO2 concentration effects. This 

was accomplished by adjusting the pC02 level such that medium CO2 concentration 

remained constant. 
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Another way to examine the mechanism that controls fractionation is to acclimate 

cells to a given DIC concentration and then transfer them to another concentration. If CCM 

induction and the accompanying reduction in leakage rates (as proposed by Sharkey and 

Berry 1985) leads to reduced fractionation, then cells transferred from a low DIC 

concentration to a high one should continue to show reduced fractionation. This hypothesis 

assumes that CO2 does not enter via diffusion. If this were the case, then higher fractionation 

might still occur because cells would be flooded with CO2 from both the active uptake 

mechanism and also from diffusion and this CO2 could also diffuse back out of the cell. 

High DIC cells exhibiting large fractionation would be expected to exhibit a low 

fractionation when transferred to a low DIC concentration since they likely rely on CO2 

diffusion. This assumes that high DIC concentrations suppress active uptake and the 

induction process is slow. To test these hypotheses, cultures were transferred from a low 

DIC concentration to a high one and vice versa. 

A photosynthetic rate that exceeds the rate of uncatalyzed CO2 production from 

bicarbonate is an indication that cells are using active uptake (Raven 1991a). To test if this 

was the case in my cultures, measured rates of oxygen production in response to external 

DIC concentration were compared to rates of CO2 production from bicarbonate (Johnson 

1982) for the steady state cultures from Chapter 4. Photosynthetic rates exceeding the rate of 

CO2 production would imply that phytoplankton are capable of using bicarbonate as a carbon 

source. 

Finally, the data generated from the steady state experiments of Chapter 4 along with 

those of the temperature study from this chapter were applied to various models of carbon 

isotope fractionation. These include the models presented by Raven et al. (1993), Hinga et 

al. (1994), Rau et al. (1996), Laws et al. (1997), Sharkey and Berry (1985) and Keller and 
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Morel (1999, unpublished). Data from the two drawdown experiments were not used since 

the fractionation values were not instantaneous measurements and both the fractionation and 

K1/2DIC values as measured incorporate a delayed response. It is difficult to match a given 

DIC (CO2) concentration to a given value of fractionation or CCM induction state for this 

type of experiment. The overall objective of this chapter was to investigate possible 

mechanisms that control carbon isotope fractionation in the marine diatom Thalassiosira 

pseudonana. 



113 

5.2 Methods 

5.2.1 Experiments 

In all cases, the species used was Thalassiosira pseudonana (Clone 3H, NEPCC # 58, 

Northeast Pacific Culture Collection, University of British Columbia). The experimental 

design of the temperature response study was similar to that described in Chapter 3 except 

that cultures were grown at temperatures of 10, 14, 18, and 22°C. The short-term depletion 

experiments and photosynthetic kinetics were performed at the same temperature to which 

the cells were acclimated. A concentration of 35 pg mL"1 carbonic anhydrase (Bovine 

Erythrocyte EC 4.2.1.1, Sigma Chemical Company, St Louis, USA) was added to the 

depletion medium to ensure that isotopic equilibrium was achieved throughout the depletion 

experiments. 

For the transfer experiments, two separate depletions were performed. In the first 

experiment, cultures were grown at a specific ambient DIC concentration and the subsequent 

depletion was carried out at the same DIC concentration. The culture was then re-diluted and 

grown under identical conditions. Following at least six generations of logarithmic growth, a 

second depletion was carried out at a different DIC concentration. If cultures had been 

acclimated to a low DIC concentration, the second depletion experiment was carried out at a 

high DIC level. Similarly, high DIC acclimated cultures were transferred to a low DIC 

concentration. The transfer experiments were prepared by transferring the filtered cells to 

fresh medium of the desired DIC concentration and the depletion was carried out as 

described in the general methods. A CA concentration of 35 pg mL"1 was added to the 

depletion medium for the same reason as indicated above. The photosynthetic kinetics of the 

cells were determined using the same method as was used for the steady state experiments. 
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No CA was added to the cuvette during the photosynthetic kinetic experiments. Thus, with 

the possible exception of extracellular CA produced by the cells, CO2 production from 

bicarbonate in the medium was uncatalyzed. This was also true of the steady state culture 

photosynthetic kinetic experiments used to determine the potential use of bicarbonate. 

5.2.2 Modeling 

Experimental data for the modeling came from Chapter 3 (Thalassiosira pseudonana 

only) and the steady state cultures of Chapter 4 (referred to as "steady state data set"). In 

some cases, data from the entire thesis (excluding drawdown experiments from chapter 4) as 

well as that from Lee (1998) were used (referred to as "complete data set"). Fractionation 

values and growth rates were calculated as described in Chapter 4. DIC concentration was 

measured as described in the general methods and CO2 concentration was calculated from 

these DIC concentrations assuming a constant pH of 8.2, a value confirmed by determination 

throughout all experiments. Temperature was measured from the water bath in which the 

cultures were grown. A cell carbon quota of 6 pg cell"1 for Thalassiosira pseudonana was 

taken from Montagnes et al. (1994). A summary of relevant experimental results and values 

is included in Appendix B. 

The Rau et al. (1996) model is based on a spherical cell. When this was not the case, 

the authors recommended using the surface area equivalent cell radius assuming sphericity. 

This involves determining the surface area of the species in question and calculating the 

radius of a spherical cell that would have a similar surface area. Thalassiosira pseudonana 

cells are shaped like a flattened cylinder having a diameter of 4.5 pm and a length of 3.5 pm 

(NEPCC data). The surface area of a T. pseudonana cell was calculated using Equation 13. 
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This surface area was then used to calculate the appropriate spherical cell radius using 

Equation 14. Surface area was also used for the models of active uptake. 

SA=(2xnxRxL)+(2x7ixR 2) (13) 

R= (14) 
\ 4X71 

Where 

SA = surface area (pm ) 

7i = constant (3.141592654) 

R = radius (pm) 

L = length (pm) 
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5.3 Results 

5.3.1 Temperature Response Study 

The major influence of temperature on phytoplankton physiology is its effect on 

growth rate. Cultures of Thalassiosira pseudonana were grown at four different 

temperatures ranging from 14 to 22°C. Growth rates decreased as temperature decreased as 

expected (Figure 5.1), resulting in a Qjo of ca. 3.06. Growth rate determination at low 

temperatures was more reliable since the cultures were not diluted as frequently. This 

allowed for longer periods of undisturbed growth and more sample points. The DIC 

concentrations used were 0.5 mM (Low) and 2.00 mM (High). The difference between 

growth rates at the two DIC concentrations was not significant (t-test, a=0.05). 

The relationship between K1/2DIC and temperature was more complicated (Figure 

5.2). With the exception of the 22°C culture, K1/2DIC decreased with increasing 

temperatures in the low DIC cultures. The Ki / 2 DIC for the high DIC cultures fell into two 

groups: high DIC cells grown at higher (18 and 22°C) temperatures had lower K1/2DIC 

values than those grown at lower temperatures. As expected, fractionation decreased for 

both high and low DIC cells as temperature increased (Figure 5.3). 

The results of Chapter 4 indicate the existence of a relationship between fractionation 

and K1/2DIC. To further test this hypothesis, fractionation values were plotted against 

K1/2DIC values for the cultures grown at different temperatures (Figure 5.4). There was a 

significant linear relationship between fractionation and K1/2DIC. Though the trend was 

similar to the steady state experiments described in Chapter 4, the relationship differed 

quantitatively. 
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Figure 5.1. Growth rates of Thalassiosira pseudonana cultures grown at different 
temperatures and at either low (0.5 mM) or high (2.0 mM) DIC concentrations. Error bars 
represent ± 1 standard deviation for at least four growth rate calculations. 
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Figure 5.2. K 1 / 2 D I C values for Thalassiosira pseudonana cultures grown at different 
temperatures and at either low (0.5 mM) or high (2.0 mM) DIC concentrations. Error bars 
represent ± 1 standard error of the regression through the raw data. 
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Figure 5.3. Fractionation by Thalassiosira pseudonana cultures grown at different 
temperatures and at either low (0.5 mM) or high (2.0mM) DIC concentrations. Error bars 
represent ± 1 standard error of the regression through the raw data. 
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Figure 5.4. Relationship between fractionation and K1/2DIC for Thalassiosira pseudonana 
cultures during the temperature experiment. The regression equation for the temperature 
study is Fractionation = 0.029(Ki/2DIC) + 10.98, (r2 = 0.771). The regression for the steady 
state cultures is shown for reference (See Figure 4.5). 
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5.3.2 Transfer Experiments 

The transfer experiments were designed to determine if low DIC-acclimated cells 

would respond similarly to high DIC-acclimated cultures when transferred to a high DIC 

concentration. Conversely, high DIC acclimated cultures were transferred to a low DIC 

concentration and compared to those acclimated to low DIC levels. One concern regarding 

experiments of this type is that sudden changes in DIC concentrations could influence the 

physiology of the cells. This might involve the induction or suppression of CCM activity. 

To more closely examine potential changes in the affinity of cells for carbon, photosynthetic 

kinetics were monitored during the time course of the depletion experiment. Figure 5.5 

shows the Ki/ 2DIC values during the experiments. When low (0.4 mM) DIC-acclimated cells 

were transferred to a high (2.0 mM) DIC concentration, there was no significant adjustment 

in their photosynthetic kinetics (Figure 5.5A). However, there was a decrease in the Ki/ 2DIC 

within approximately 2h following transfer of high (2.08 mM) DIC-acclimated cultures to 

low (0.45 mM) DIC concentrations (Figure 5.5B). The decrease was as much as 25% 

although ± 2 SE overlap does occur. Similar trends were observed for all three high-low DIC 

transfer experiments. Maximum photosynthetic rates did not change within 2h following 

transfer (data not shown). 

Figure 5.6A illustrates the K1/2DIC values for cultures transferred from low to high 

DIC concentration. Cultures were also grown and depletion experiments were conducted at a 

constant high or low DIC concentration. These are included in Figure 5.6 and 5.7 for 

comparison. The ambient and depletion DIC concentrations are summarized in Table 5.1. 

Cells transferred from a low to a high DIC concentration for the depletion experiment did not 

exhibit a significant change in K1/2DIC (Figure 5.6A) with the exception of the second 
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Figure 5.5. Changes in Ki/2DIC values for Thalassiosira pseudonana cultures following 
transfer from a low (0.4 mM) to a high (2.0 mM) DIC concentration (A), or from a high (2.08 
mM) to a low (0.45 mM) DIC concentration (B). Each bar represents a single curve 
(photosynthesis vs [DIC]) and error bars represent ± 1 standard error of the regression 
through the raw data. 
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1 2 3 

Experiment # 

Figure 5.6. K1/2DIC (A) and fractionation (B) for Thalassiosira pseudonana cultures from 
the low—»high transfer experiments. Comparative values are included for both high and low 
DIC cultures where the depletion was performed at the same DIC concentration under which 
the cultures were acclimated. Error bars represent ± 1 standard error of the regression 
through the raw data. 
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Table 5.1. Ambient DIC concentrations and the corresponding DIC concentrations under 
which the source depletion experiments were carried out for the transfer experiments. H—>L 
indicates that cultures were acclimated to a high DIC concentration with the depletion 
experiment being performed at low DIC concentrations (Figure 5.6). L—>H indicates the 
opposite of the H—»L experiments (Figure 5.7). For each transfer experiment, comparative 
depletion experiments (both high and low [DIC]) were performed where the acclimation and 
source depletion DIC concentration were the same. 

Manipulation 
(Experiment #) Reference Ambient [DIC] Depletion [DIC] 

(mM) (mM) 

Low 0.45 0.45 
Low-> High (1) Transfer 0.45 2.00 

High 2.00 2.00 

Low 0.67 0.67 
Low ^ High (2) Transfer 0.67 2.00 

High 2.00 2.00 

Low 1.00 1.00 
Low -> High (3) Transfer 1.00 3.00 

High 2.75 2.75 

High 2.75 2.75 
High -»Low (1) Transfer 2.75 0.60 

Low 0.67 0.67 

High 1.90 1.90 
High-> Low (2) Transfer 1.90 0.55 

Low 0.67 0.67 

High 2.00 2.00 
High ->• Low (3) Transfer 2.00 0.45 

Low 0.45 0.45 
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experiment. In all three trials, fractionation for the transferred cultures was significantly 

higher than either that of the low and high DIC-acclimated cultures (Figure 5.6B). This 

effect was most pronounced in the second experiment. 

Figures 5.7A and B summarize experiments similar to those described by Figure 5.6; 

but in this case, the transfers were from a high to a low DIC concentration. Low and high 

DIC cultures where the depletion experiments were carried out at the same DIC 

concentrations as ambient are included for comparison. In two of the three trials, K1/2DIC 

decreased following transfer, although only one was significant (Figure 5.7A). In all three 

experiments, K1/2DIC values were significantly higher than that of the low DIC-acclimated 

cultures. Fractionation was lower than during the high DIC depletion experiments in two out 

of the three experiments, though this difference was only significantly different for the third 

experiment (Figure 5.7B). In all three cases, fractionation was not significantly different 

from the low DIC-acclimated depletion experiments (Figure 5.7B). 

5.3.3 Modeling 

There are numerous models of carbon isotope fractionation. They all involve 

diffusion, and a few incorporate the possible effects of active uptake. The assumption that 

phytoplankton rely on diffusion to meet their carbon requirements necessitates the 

consideration of both the rate of CO2 production from bicarbonate and the diffusion to and 

across the plasmalemma. To determine whether the rate of CO2 production from bicarbonate 

was sufficient to supply the observed photosynthetic rates during the photosynthetic kinetics 

(DIC curve) experiments, rate constants were used from Johnson (1982). Figures 5.8A-J 

demonstrate that low (below 1.22 mM) DIC-acclimated cultures were capable of 
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Figure 5.7. K1/2DIC (A), and fractionation (B), for Thalassiosira pseudonana cultures from 
the high—>low transfer experiments. Comparative values are included for both high and low 
DIC cultures where the depletion was performed at the same DIC concentration under which 
the cultures were acclimated. Error bars represent ± 1 standard error of the regression 
through the raw data. 
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Figure 5.8. Photosynthetic oxygen evolution rates in response to external DIC concentration 
for Thalassiosira pseudonana cultures acclimated to ambient DIC concentrations ranging 
from 0 .20 mM (A), to 2 .75 mM (J). The corresponding rate of uncatalyzed CO2 formation 
from bicarbonate is included for comparison. 
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photosynthetic rates exceeding the uncatalyzed rate of CO2 production from bicarbonate. 

This ability diminishes as cultures were acclimated to higher ambient DIC levels. To insure 

that photosynthetic rates did not exceed the CO2 supply rate during depletion experiments, 

lower cell densities were used and carbonic anhydrase was added. The implications of 

photosynthetic rates exceeding uncatalyzed CO2 production will be discussed further. 

The models used in this section were all taken from the literature and are described in 

Appendices C through I. The data used for the modeling are presented in Appendix B. The 

key aspect of many of these models is the fractionation associated with carbon fixation. 

Estimates used by various authors range from 25 to 29%o. The range is justified by the 

potential reduction if fractionation during carbon fixation caused by the enzyme PEPCase. 

This enzyme is believed to exhibit a fractionation of only 4.7%o (O'Leary et al. 1992). 

Furthermore, the estimate of 29%o for RuBisCO is based on a higher plant form (Guy et al. 

1987, 1993). Due to the uncertainty regarding the estimated fractionation of carbon fixation 

in T. pseudonana, the values used by the authors of the models were used in this thesis. 

Models of fractionation based on diffusion have some common characteristics. They 

all assume that the species of carbon diffusing passively across the plasmalemma is CO2. 

This is logical since the charged bicarbonate ion would tend not to cross the lipid membrane. 

The second feature is that, since CO2 is taken up, fractionation is expressed relative to the 

8 1 3C of the CO2. This value can be determined, if not independently measured, from the 

equations of Mook et al. (1974) and the 8 1 3C of the total DIC. This method of calculating the 

8 1 3C of CO2 from the 8 1 3C of the DIC assumes that there is isotopic equilibrium between 

CO2 and bicarbonate. A second assumption here is that the 8 1 3C of the bicarbonate is similar 
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to that of the total DIC pool. At a pH of 8.2, this assumption is reasonable since most of the 

DIC is in the form of bicarbonate. Fractionation relative to CO2 is often referred to as sp. 

Diffusion-based fractionation models range from the relatively simple to highly 

complex. Three models of fractionation based on passive carbon uptake are presented in 

Figures 5.9 to 5.11. Perhaps the easiest way to predict fractionation is to determine the 

relative concentrations of CO2 inside and outside the cell. Figure 5.9, derived from Raven et 

al. (1993), is presented conceptually since the internal C0 2 concentration was not measured 

during the experiments described in this thesis and thus data fits were not possible. In theory, 

a low CO2 concentration inside the cell relative to outside the cell indicates a diffusional 

limitation of photosynthesis. As diffusion becomes less limiting, fractionation is predicted to 

increase based on this model (Figure 5.9). 

The model presented in Figure 5.10, taken from Hinga et al. (1994), is essentially 

another presentation of the model described in Figure 5.9. The model is independent of 

growth rate although growth rate would influence the difference between internal and 

external CO2 concentrations. As a result, only the steady state data set was superimposed on 

the model predictions of ep. These cultures all had a similar growth rate of ca. 1.4 d"1. This 

model assumes that the combined discrimination by RuBisCO and other carboxylase 

enzymes is 27%o and hence the maximum predicted sp values should be 27%o when the 

internal and external C 0 2 concentrations are equal (Ce - Q = 0). The data did not fit any 

given trend line indicating that the difference between the internal and external CO2 

concentration depends on the ambient external C0 2 concentration. As the external CO2 

concentration increased, the difference between the two concentrations (Ce - Cj) increased. 

The model presented in Figure 5.11 (Rau et al. 1996) is a more complex one that 

considers diffusion through the cell's boundary layer and its plasmalemma. The 
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limitation of carbon fixation by diffusion and ep values for phytoplankton relying on CO2 
diffusion (Raven etal. 1993). 
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Figure 5.10. Second diffusion model. Comparison of measured ep values for Thalassiosira 
pseudonana cultures (Steady state data set) grown at various ambient external CO2 
concentrations with model trend lines based on the C0 2 concentration gradient across the cell 
plasmalemma. The model assumes passive CO2 entry into cells. The model was taken from 
Hinga et al. (1994) though it was first proposed by Farquhar et al. (1982). 



132 

c3 
e 

'•^ o 
>-

a 
o 

< 

35 
i 1 1 i i i i i i i i — i — i — i — i — i — i — i — i — i — i — i — i — i — i i 

• Steady State 
o Multiple Species 
A Temperature 

30 A Light Level 

: • 
25 A 

• 

A * A 

20 
A • • • A 

-
-

A * * A 

15 _ ° . A 15 
- • • 
- • -

10 
1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 

10 15 20 25 

Predicted Fractionation (%o) 

30 35 

Figure 5.11. Third diffusion model. Comparison of measured fractionation values for 
Thalassiosira pseudonana cultures (complete data set) grown under various conditions to 
predicted values generated from the model proposed by Rau et al. (1996). The model 
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fractionation associated with carbon fixation (various carboxylase enzymes) in this model 

was assumed to be 25%o. Fractionation was plotted relative to total DIC and the complete 

data set was used. In all cases, the cells exhibited lower fractionation than predicted by the 

model. 

The preceding models all ignore the possible effects of active uptake on carbon 

isotope fractionation. Laws et al. (1995) found a linear relationship between the ratio of 

growth rate to external CO2 concentration (p/Ce) and fractionation (ep). However, at low 

(less than 10 pM) external CO2 concentrations, the relationship ceased to be linear for 

Phaeodactylum tricornutum (Laws et al. 1997). The curvature of their revised model was 

interpreted to represent active uptake. The linear regression shown in Figure 5.12 was fitted 

through experimental data where the external CO2 concentration was greater than 10 pM and 

represents the diffusion only version of the model found to be applicable only at high CO2 

concentrations. The relationship between p/C e and ep was significant (p=0.05) for the linear 

portion of the full data set (Figure 5.12A); however, this was not the case for the reduced 

data set (Figure 5.12B). When the nonlinear model (Laws et al. 1997) was used, the 

regression was significant for both data sets (p<0.001). The parameters estimated with the 

non-linear model are the minimum and maximum fractionation expressed by cells (Table 

5.2). The maximum fractionation parameter estimates were well below the expected value of 

ca. 27 - 29%o based on the discrimination by RuBisCO. 

The model used by Sharkey and Berry (1985) is based on the ratio of carbon efflux 

(F3) to carbon influx (Fi). This model is similar to the fractional limitation model involving 

only diffusion. The higher the F3/F1 ratio, the more leakage is occurring and fractionation 

should increase. The carbon influx and efflux rates were not measured during the 
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Figure 5.12. First model of active uptake. Model regression through measured ep values for 
Thalassiosira pseudonana cultures grown under various conditions for the complete data set 
( A ) , and the steady state data set (B). The model assumes that above an external CO2 
concentration of 10 pM, cells rely on passive CO2 entry and that active uptake occurs below 
this concentration. Fitted parameter values are included in Table 5.2. The model was taken 
from Laws et al. (1997). 
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Table 5.2. Values for the parameters ± 1 SE (regression fits) from the first active uptake 
model representing the minimum possible ep value presumably due to uptake fractionation 
(Si) and maximum possible sp value presumably due to fixation fractionation (e2)-. Values 
are for regressions through the entire data set and the steady state only data set. 

8 i ' ± S E e2' ± S E 
Data Set (%0) (%0) 

All Data 

Steady State Only 

-2.95 ± 0.90 

-2.18 ±0.46 

20.66 ± 1.76 

17.45 ± 1.11 
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experiments presented in this thesis. However, the ratio can be predicted from the 

fractionation data obtained here. Figure 5.13 suggests that low DIC cells lose approximately 

15% of the carbon taken up while high DIC cells lose three times this amount. Since carbon 

efflux was not measured, the F3/F1 ratios are theoretical values based on the observed 

fractionation. 

Despite their consideration of active uptake, the two preceding models are relatively 

simple. Figure 5.14 presents the results of fitting both the complete and steady state data sets 

to the model presented by Keller and Morel (1999). This model predicts that phytoplankton 

maintain CCM activity proportional to the photosynthetic rate and can incorporate active 

uptake of either bicarbonate or CO2 with the balance of carbon supplied by CO2 diffusion. 

The model fit was identical for either CO2 or bicarbonate active uptake and the regression -

was significant for both the complete and reduced data sets (p<0.001). Using this model, 

regression estimates of y (ratio of active carbon uptake to photosynthesis) and p (cell wall 

permeability) can be obtained. The parameter estimates differed depending on the species of 

carbon used by the CCM (Table 5.3) although they always fell within the tolerable range 

suggested by Keller and Morel (1999). The fractionation expressed by RuBisCO was set to 

29%o and active uptake fractionation was set to 0%o. As previously mentioned, there is 

considerably uncertainty over the maximum expected fractionation during carbon fixation 

and active uptake. 

Alternatively, one can assume that phytoplankton only use active uptake at low DIC 

concentrations. This assumes that cells maintain a minimum internal CO2 concentration 

(CO2 i,criticai)- The models presented in figure 5.15 are for active uptake of bicarbonate or 

CO2. The pure diffusion model is also included for comparison. Calculations for 

Thalassiosira pseudonana (see Appendix I) suggest that at external CO2 concentrations 
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Figure 5.13. Second model of active uptake. Predicted values of fractionation limitation of 
photosynthesis in cultures of Thalassiosira pseudonana grown under various conditions for the 
complete data set (A) and the steady state data set (B). The r2 values were 0.41 and 0.89 
respectively. The model was taken from Sharkey and Berry (1985). 
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Figure 5.14. Third model of active uptake. Model regression through measured ep values 
for Thalassiosira pseudonana cultures grown under various conditions for the complete data 
set (A), and the steady state data set (B). The r2 values were 0.67 and 0.92 respectively. The 
regression fit is independent of the source of carbon used during active transport. The model 
was taken from Keller and Morel (1999). 
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Figure 5.15. Fourth model of active uptake. Model regression through measured sp values 
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model was developed by Keller and Morel (unpublished). 
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Table 5 . 3 . Values for the parameters ± 1 SE (regression fits) from the third active uptake 
model representing the active carbon uptake: photosynthetic rate ratio (y) and membrane 
permeability to CO2 (P). Values are for regressions through the entire data set and the steady 
state only data set. The form of carbon actively transported was either CO2 or bicarbonate. 

Data Set Source y ± SE P ± SE 
(unitless) (m s_1) 

All Data C0 2 1.12 ±0.04 3.89 x 10"7 ± 5.55 x 10"7 

Steady State Only C0 2 0.98 ± 0.03 4.95 x 10"6 ± 4.65 x 10"7 

All Data HC0 3 ' 1.74 ±0.10 6.05 x 10"6 ± 7.62 x IO-7 

Steady State Only HC03" 1.43 ±0.01 7.20 x 10"7 ± 5.84 x 10"7 
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below 12.5 uM. cells require active uptake to supplement CO2 diffusion to maintain growth 

rates that were observed for the steady state data set cultures. Above this concentration, 

diffusion is sufficient to meet cellular demand. The regression was significant assuming 

bicarbonate was actively taken up (p<0.001); however, the model fit assuming active CO2 

uptake was not significant at the 95% confidence level. The data clearly did not fit the pure 

diffusion model. The membrane permeability parameter estimates resulting from fitting the 

steady state data to this model are included in Table 5.4. 
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Table 5.4. Values for the membrane permeability to CO2 (P) ± 1 SE (regression fits) for the 
fourth active uptake model. Values are for the steady state data set only and assume either 
bicarbonate or CO2 uptake. 

Carbon Source P ± SE 
(m s"1) 

C0 2 

HCO3" 

4.15 x 10"6± 6.41 x IO"7 

1.05 x 10"5± 3.86 x 10"7 



143 

5.4 Discussion 

5.4.1 Temperature Response Study 

Changes in temperature have a strong influence on phytoplankton growth rates. 

Other factors influenced by temperature include C0 2 solubility and diffusion rates (Raven 

1991a). Raven (1991a) suggested that the increased CO2 concentration at lower temperatures 

is offset by the reduced rate of diffusion through seawater. However, the more important 

impact of lower temperatures is a reduced growth rate. As a result, cells growing at lower 

temperatures should be less limited by CO2 diffusion and low temperature cells are also less 

likely to require a CCM (Raven 1991a) though cold water species may still possess CCM 

activity (Mitchell and Beardall 1996). Both reduced diffusion limitation of photosynthesis 

and decreased CCM activity would result in higher fractionation when cells are grown at 

lower temperatures. An increase in CCM activity as temperatures increase would suggest 

that active carbon uptake might be at least partially responsible for any observed changes in 

fractionation. 

The results of the temperature response study support the hypothesis that 

fractionation is influenced by CCM activity. That is to say, growth rate increased with 

temperature. Growth rate was more than three times faster at 22°C than at 10°C (Q10 = 3.06). 

Lower growth rates appeared to be accompanied by reduced affinity for carbon, as indicated 

by higher Ki/ 2DIC values and increased fractionation, as predicted. At lower temperatures, 

phytoplankton photosynthesis would be less limited by carbon, thus reducing the necessity 

for CCM activity. Reduced CCM activity would in turn result in higher fractionation. 

Ignoring the changes in CCM activity, these results are also in accord with diffusion 

models of fractionation. At lower growth rates (lower temperatures), cells are less limited by 
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CO2 diffusion. Diffusion of CO2 in seawater is only ca. 30% faster at 22°C relative to 10°C 

(Raven 1991a) whereas growth rate increases by more than three fold. Fractionation should 

increase as diffusion becomes less limiting. This is exactly what was observed in this 

experiment. However, changes in the K1/2DIC value indicate that the photosynthetic 

physiology changed as temperature changed. 

Although this is the first study to simultaneously examine changes in both 

fractionation and CCM activity in response to varying temperature, responses in fractionation 

to temperature changes have been documented. Johnston (1996) found that decreased 

growth rates in response to lower temperatures resulted in increased fractionation in both 

Phaeodactylum tricornutum and Emiliania huxleyi. In contrast, reduced growth rates caused 

by light limitation were accompanied by reduced fractionation in E. huxleyi, but not P. 

tricornutum. It is possible that under reduced light levels, E. huxleyi cells used active carbon 

uptake to prevent photorespiration, thus enabling more efficient use of the limited light 

energy. Active uptake would result in reduced fractionation. This theory might also explain 

why CCM activity increased and fractionation decreased in nitrogen stressed Chlorella 

emersonii cultures (Beardall et al. 1982). The non-uniform fractionation response to growth 

rate changes brought about by different means in P. tricornutum and E. huxleyi, highlights 

the importance of species variability when interpreting phytoplankton fractionation 

experiments. 

Hinga et al. (1994) found that fractionation actually increased with higher 

temperatures in the diatom Skeletonema costatum. This is the opposite to what one might 

expect and from the results of this study. They attributed the effects to increased CO2 

diffusion rates at the higher temperatures. Though they did not measure growth rates at all 

three temperatures tested, the diffusion rate effect must have exceeded any growth rate effect 
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on fractionation. They did compare growth rate changes for cultures grown at 15°C and 

found no correlation between fractionation and growth rate. This agrees with the data of 

Korb et al. (1996) who found that growth rate changes in light-limited chemostats did not 

result in changes in fractionation in two species of marine diatoms. 

Data on the diatom Thalassiosira pseudonana are limited to the effects of light-

limited growth rate changes (Lee 1998). The decrease in growth rate was accompanied by 

increased fractionation. However, K1/2DIC values actually decreased with decreasing growth 

rate when one would expect them to increase. The apparent increase in cell affinity for 

carbon at lower light levels (lower growth rates) was attributed to cell size changes, since low 

light cells were smaller. This could result in an apparent increase in affinity even if cells 

were relying on diffusion since the boundary layer is thinner for smaller cells (Falkowski and 

Raven 1998). No changes in cell size were noted in the temperature study, thus avoiding this 

complication. Another possibility is that, like the E. huxleyi cultures from Johnston (1996), 

low light cultures might use active uptake to reduce photorespiration. Higher fractionation 

could still occur if efflux rates remained high. 

Clearly, the data on the influence of growth rate changes on fractionation are not 

consistent. Of considerable concern is the fact that the effects of growth rate can vary 

depending on the limiting factor. Nitrogen often limits phytoplankton growth in marine 

environments. Nitrogen stress has been shown to cause increased CCM activity (Beardall et 

al. 1982) which in turn influences fractionation. This is the opposite of what one might 

expect if reduced growth rates simply resulted in less demand for carbon and hence CCM 

activity. As a result, both the cause of growth rate limitation and species variability must be 

considered when interpreting the influence of growth rate changes on isotope fractionation. 
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5.4.2 Transfer Experiments 

The ability of phytoplankton to actively take up carbon is widespread (Falkowski and 

Raven 1998) and the mechanisms involved in active uptake are thought to be diverse (Badger 

et al. 1998). Most physiological models of active uptake are based on the photosynthetic 

characteristics and physiology of freshwater Synechococcus species and Chlamydomonas 

reinhardtii. This is likely due to the ease of culturing, the lack of bulky cell walls, and the 

well characterized genome of these species. Nonetheless, one can extrapolate such models to 

marine phytoplankton species. 

The transfer experiments were designed to shed further light on the mechanism 

involved in active uptake in Thalassiosira pseudonana. Sharkey and Berry (1985) proposed 

that reduced fractionation occurring simultaneously with increased CCM activity and was the 

result of reduced plasmalemma permeability to diffusive CO2 efflux. If this were the case, 

one would expect that low DIC-acclimated cells possessing CCM activity would continue to 

express a low fractionation even when transferred to high DIC concentrations. Thus, 

continued low fractionation would serve as strong evidence that CCM activity was regulating 

fractionation. However, if plasmalemma permeability to CO2 did not change, the results 

would be inconclusive. One could not distinguish between the reduced CO2 diffusion 

limitation of photosynthesis from simple flooding of the cell with CO2 caused by CCM 

activity and the subsequent efflux. Both situations would result in increased fractionation. 

In the experiments where Thalassiosira pseudonana cells were grown at low DIC 

concentrations and fractionation was subsequently measured at high DIC concentrations, 

fractionation was higher than if the cells had been acclimated to the high DIC concentrations 
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prior to the depletion experiment. The elevated fractionation would appear to rule out an 

active uptake mechanism that involves a reduced permeability of the plasmalemma to CO2 

efflux. However, the K1/2DIC values did not change during the experiment, indicating that 

the cells still possessed CCM activity. These data are in accord with the hypothesis that the 

cells were flooded with carbon that exceeded the amount that could be fixed or sequestered 

internally. The excess C0 2 was allowed to diffuse back out across the plasmalemma and 

thus the cell more closely resembles an open system. 

The experiments where cells were acclimated to high DIC concentrations and 

fractionation was subsequently measured at low DIC concentrations were in accord with the 

hypothesis that cells rely on CO2 diffusion when grown at high DIC concentrations. Such 

cells should possess a low level of CCM activity since diffusion rates would be higher. This 

is not to say that CCM activity is completely suppressed under these conditions. 

Fractionation decreased and was statistically indistinguishable from the cells acclimated to 

low DIC concentrations. Though K1/2DIC values began to decrease during the depletion 

experiment, they remained at levels well above those of the low DIC cells. 

The results of the experiments described above neither support or refute the 

hypothesis that CCM induction state is the primary mechanism behind changes in 

fractionation. It is possible that carbon is sequestered within an internal organelle in T. 

pseudonana. Photosynthetic carbon fixation by RuBisCO takes place in the chloroplast 

stroma (Falkowski and Raven 1998). In diatoms, there are four membranes separating the 

chloroplast stroma from the cytosol. It has been suggested that carbon is actively transported 

into the chloroplast (Badger et al. 1998, Falkowski and Raven 1998). Additionally, 

pyrenoids have been found within the chloroplast for many species, including the marine 

diatom Phaeodactylum tricornutum (Falkowski and Raven 1998). Cells may maintain low 



cytoplasmic carbon concentrations to reduce loss via efflux while elevating the concentration 

of CO2 around RuBisCO. Such a mechanism would be consistent with the data obtained in 

the transfer experiments. Perhaps the rate of active carbon transport exceeded the rate that 

carbon could be sequestered when low DIC cells were transferred to high DIC resulting in 

efflux. This would in turn result in increased fractionation. 

A great deal of diversity has been found to exist across taxonomic groups of 

phytoplankton with respect to the nature of the CCM (Badger et al. 1998). The active uptake 

mechanisms of marine phytoplankton have been poorly characterized to date. Given the 

results presented thus far, it is likely that reduced permeability of the outer membrane to CO2 

efflux does not occur in T. pseudonana. The results are insufficient to determine the features 

of the CCM possessed by T. pseudonana, but are consistent with some form of internal 

sequestering of carbon. My data support a mixed model in that under high DIC 

concentrations, T. pseudonana cultures rely on CO2 diffusion but use active carbon uptake 

when C0 2 becomes limiting. 

5.4.3 F o r m of Inorganic Ca rbon Transported 

Although a number of possible mechanisms have been proposed, the form of 

inorganic carbon actively transported by marine phytoplankton remains largely unresolved. 

Carbon can pass through the plasmalemma by several means (Figure 3.9). The most likely 

method under high CO2 concentrations is simple diffusion of CO2. Under reduced carbon 

concentrations, external CO2 concentrations could become limiting to phytoplankton 

photosynthesis. This limitation could be alleviated by accelerated production of CO2 from 

bicarbonate mediated by the enzyme carbonic anhydrase (CA). The CO2 generated could 
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then either be actively taken up or simply diffuse across the plasmalemma. Either way, CO2 

could still become depleted within the boundary layer (Riebesell et al. 1993b) though 

external CA would reduce this potential limitation. Without the use of external CA, one 

might conclude that active transport of CO2 is unlikely since its production from bicarbonate 

is slow. 

Alternatively, bicarbonate could be actively transported across the plasmalemma and 

later converted to CO2 internally. This method would reduce the potential loss of carbon 

through efflux since bicarbonate would tend not to leak out across the plasmalemma due to 

its negative charge (Korb et al. 1997). It is difficult to definitively prove that phytoplankton 

can use bicarbonate either directly or indirectly using external CA due to the CO2 -

bicarbonate interconversion. 

One method of determining whether cells rely on passive CO2 diffusion is to compare 

observed photosynthetic rates to the theoretical rate of uncatalyzed CO2 production from 

bicarbonate (Laws et al. 1998). This approach was first used by Briggs (1959) to support the 

theory of bicarbonate use by microalgae. The results presented in Figure 5.8 indicate that 

Thalassiosira pseudonana cells acclimated to ambient DIC concentrations at or below 1.22 

mM were capable of sustaining photosynthetic rates greater than the rate of uncatalyzed CO2 

production from bicarbonate. This suggests that the cells were using bicarbonate. Similar 

evidence has been found for a number of other species of marine phytoplankton. These . 

include the diatoms Phaeodactylum tricornutum (Burns and Beardall 1987, Coleman and 

Rotatore 1995), Chaetoceros calcitrans (Korb et al. 1997), Cosinodiscus sp. (Goldman 

1999), Cyclotella sp. (Coleman and Rotatore 1995), Ditylum brightwellii (Goldman 1999, 

Korb et al. 1997), and Skeletonema costatum (Korb et al. 1997). Active uptake of 
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bicarbonate has also been found for mixed natural phytoplankton assemblages (Tortell et al. 

1997). 

A photosynthetic rate exceeding uncatalyzed conversion of bicarbonate to CO2 is 

consistent with either the use of external CA to accelerate the conversion rate or the direct 

transport of bicarbonate during active carbon uptake. There is conflicting evidence that 

marine phytoplankton produce extracellular CA. Extracellular CA has been observed for 

Phaeodactylum tricornutum by Bums and Beardall (1985), although Iglesias-Rodrigues and 

Merrett (1997) found that external CA was only produced by this species when DIC was 

significantly depleted. Merrett (1991) did not find external CA in cultures of Skeletonema 

costatum. 

There is evidence that bicarbonate is directly taken up by marine microalgae (Merrett 

et al. 1996, Colman and Rotatore 1995, Tortell et al. 1997). The nature of active bicarbonate 

uptake is largely unknown, although some hypotheses have been proposed. One possibility 

is an anion antiport system using chloride ions (Drechsler et al. 1993, 1994). Alternatively, 

hydroxide, sulphate, or nitrate ions could function as the anion for the antiport system, 

although nitrate is typically limiting in marine environments. Another possible mechanism is 

a proton co-transport system (Lucas 1983). However, given its abundance, the co-transport 

of sodium ions is more plausible for marine phytoplankton (Dixon and Merrett 1988) though 

few co-transport mechanisms have been identified (Ritchie 1998). 

The mechanism by which Thalassiosira pseudonana actively transports carbon 

remains unknown. The high rates of photosynthesis observed in the low DIC experiments 

relative to rates of CO2 production from bicarbonate strongly suggest bicarbonate use. The 

results are consistent with either direct bicarbonate transport or the use of external CA. Since 

photosynthetic rates of high DIC cells did not exceed the uncatalyzed rate of C 0 2 production 
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from bicarbonate, one cannot conclude that these cells were using bicarbonate. High DIC 

cells could potentially rely on C0 2 diffusion though the restriction by the boundary layer has 

not been considered in this discussion. 

A more plausible conclusion is that the ability to use bicarbonate is gradually induced 

as CO2 becomes limiting. This is supported by the gradual change in K1/2DIC values of 

Thalassiosira pseudonana in the steady state experiments. The exact nature of the signal 

leading to CCM induction in phytoplankton might involve the total DIC concentration, CO2 

concentration, or CO2 : 0 2 ratio (Kaplan et al. 1998). However, evidence from the 

drawdown experiments indicates that CO2 concentration rather than that of DIC is involved. 

The isotopic content of phytoplankton provides further evidence for bicarbonate 

uptake. Fractionation values relative to total DIC exceeding 29%o (the fractionation 

associated with RuBisCO) have been taken as evidence that CO2 is used. This is because 

CO2 is ca. 10%o more negative than DIC at 18°C. Though fractionation values falling below 

29%o relative to DIC do not rule out diffusive CO2 entry, they are not inconsistent with 

bicarbonate use (Korb et al. 1997). However, fractionation values relative to DIC below ca. 

10%o would strongly suggest direct bicarbonate transport. If, on the other hand, external CA 

was used to accelerate CO2 formation from bicarbonate with the resulting CO2 entering the 

cells, fractionation should not drop below 10%o relative to the DIC. 

With the exception of the transfer experiment where low DIC cells were transferred 

to a high DIC concentration, fractionation values relative to DIC for experiments described in 

this thesis were consistently below 29%o. Although there is no proof that bicarbonate is used, 

the results are compatible with this hypothesis. The lowest fractionation relative to DIC 

observed was ca. 9.1%o (ca. 0%o relative to CO2). These cells were acclimated to high DIC 

and then transferred to a low DIC concentration. As a result, they were most likely relying 
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on CO2 diffusion. The fractionation value obtained is consistent with the theoretical 

minimum fractionation value possible if CO2 diffusion was used exclusively. However, even 

low DIC acclimated cultures possessing CCM activity did not exhibit fractionation below 

10%o. This, in itself, supports the idea that T. pseudonana uses bicarbonate by means of 

external CA. While fractionation data can shed some light on the possible mechanism of 

carbon uptake, it is not sufficient to definitively prove that bicarbonate uptake is occurring 

(Korb etal. 1997). 

5.4.4 Models of Phytoplankton Isotope Fractionation 

Although the results presented here are not sufficient to prove that changes in 

fractionation are the direct result of changes in the induction state of the CCM, there is a 

strong indication that this is the case. An increase in CCM activity appears to result in 

reduced fractionation. However, models of carbon isotope fractionation based solely on CO2 

diffusive uptake also predict a decrease in fractionation as CO2 concentration decreases. It is 

interesting to examine various hypothetical models of isotope fractionation in phytoplankton 

and compare experimental data with predicted results from these models. To that end, 

several models of isotope fractionation by phytoplankton were included in this chapter. 

The first diffusion model was included mostly for conceptual purposes. This is the 

traditional model where fractionation relative to CO2 falls between two extremes depending 

on the degree of limitation imposed by diffusion. When carbon fixation is completely 

limited by the rate of carboxylation by RuBisCO, fractionation should approach the 

theoretical maximum value of 29%o (Raven et al. 1993). Conversely, when diffusion is the 

limiting step, fractionation approaches 0.7%o. The model is based on measurements of both 
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the internal and external CO2 concentrations. The internal CO2 concentration was not 

measured in these experiments and thus it is not possible to determine if the data fit this 

model. 

The second diffusion model is that of Hinga et al. (1994), although it was originally 

proposed by Farquhar et al. (1982). This model uses fractionation relative to CO2 (sp) with 

the upper limit of fractionation assumed to be 27%o as a result of the fractionation expressed 

during carbon fixation by both RuBisCO and the other carboxylase enzymes. The 

fractionation values that I obtained under high external CO2 concentrations were well below 

the maximum predicted by the model (Figure 5.10). One would expect cells grown at high 

CO2 concentrations to have a smaller difference between external and internal CO2 

concentrations than those grown at low DIC. This is because diffusion becomes less limiting 

as external CO2 concentrations increase. 

Similar conclusions were reached by Hinga et al. (1994) for Skeletonema costatum 

fractionation. Interestingly, the trend in their data parallels my own data. They concluded 

that varying degrees of p-carboxylation and pH effects might have influenced their results. I 

did not conduct experiments under extremely high carbon concentrations (> 20 mM CO2), 

and hence I was not able to determine the upper limit of fractionation. However, a 

fractionation of 38.3%o was obtained for low DIC acclimated cells upon transfer to a high 

DIC concentration. This would correspond to an sp value of ca. 28.5%o, which approaches 

the maximum value of higher plant RuBisCO (Guy et al. 1993). 

The third diffusion model (Rau et al. 1996) perhaps best illustrates that active uptake 

has a strong influence on carbon isotope fractionation. This model is by far the most 

comprehensive model of fractionation based on CO2 diffusion. The foundation of the model 

is based on the idea that CO2 must first diffuse to the outer edge of the boundary layer 
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surrounding a phytoplankton cell and then across the boundary layer where it passively 

crosses the plasmalemma. The data from this thesis consistently fall below the values 

predicted by the model (Figure 5.11), a result that would be expected if active carbon uptake 

was occurring. 

There are many issues that the Rau et al. (1996) model does not address. The first 

and most important is the potential ability of phytoplankton to actively take up bicarbonate 

(Raven 1993b). The direct transport of bicarbonate would presumably reduce the 

fractionation expressed by phytoplankton since it is ca. 10%o heavier than CO2. The model 

also fails to consider the possibility of external CA activity. The existence of both 

bicarbonate uptake and external CA activity is not in doubt (Turpin 1993) and they ultimately 

cast uncertainty on the adequacy of this model to explain the range in 8 C values found in 

nature. Another concern with this model is the considerable range in permeability estimates 

of phytoplankton membranes (see Keller and Morel 1999). However, adjusting the 

permeability value does not significantly improve the fit of my experimental data to this 

model. 

The potential involvement of active carbon uptake by phytoplankton was recognized 

by Laws et al. (1997). As one would expect, higher values of p/C02 resulted in reduced 

fractionation. The model assumes that passive CO2 diffusion was sufficient to supply a cell's 

carbon demand when external CO2 concentrations were greater than 10 pmol kg"1. Below 

this concentration, active uptake of CO2 was suggested to account for the deviation from a 

linear relationship between p/CC>2 and ep, although the interpretation that CO2 was 

transported and not bicarbonate is controversial. Keller and Morel (1999) show that the data 

of Laws et al. (1997) are consistent with active uptake of both bicarbonate and CO2. 
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There is a good fit of the data that I obtained to the non-linear model of Laws et al. 

(1997) (Figure 5.12). This fit may be consistent with the idea that phytoplankton grown at a 

low external C0 2 concentration rely to some extent on a CCM since the data do not fit the 

linear relationship between p/CG*2 and sp predicted if cells rely solely on diffusion. It is 

interesting to note that the lower sp limit parameters (Table 5.2) obtained from the 

regressions were below 0%o (ca. 10%o relative to DIC) and well below the 5.5%o obtained by 

Laws et al. (1997) suggesting that bicarbonate might be the inorganic species of carbon 

actively transported. Definitive evidence that bicarbonate was transported would manifest 

itself in negative E p values (ie. fractionation relative to DIC approaches 0%o) when CO2 

concentrations are low (Laws et al. 1997). One must note that no actual negative ep values 

were measured during my experiments. This could be due to an efflux of CO2 produced 

internally from the transported bicarbonate. Alternatively, it suggests that CO2, produced by 

external CA, is the form of inorganic carbon that crosses the plasmalemma. 

The model proposed by Sharkey and Berry (1985) is based on the concept of cell 

membrane leakiness. They propose that high CO2 cells rely on diffusion to meet cell carbon 

requirements. They observed sp values of 28%o, close to the theoretical maximum value 

resulting from the discrimination by RuBisCO. However, this value decreased significantly 

when cells possessed CCM activity as inferred by increased affinity for carbon. The model 

they proposed predicts that the relative rates of influx and efflux are responsible for the 

measured fractionation values. Although the influx and efflux rates were not measured in 

this thesis, one can calculate the ratio of efflux to influx. When the data are applied to this 

model (Figure 5.13), it appears that the rate of efflux relative to influx is three times higher 

for cells acclimated to high DIC concentrations compared to low DIC cells; high DIC cells 
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loose approximately half of all carbon taken up. It would be advantageous for carbon limited 

cells to reduce the rate of efflux by either reduced membrane permeability to CO2 (Sharkey 

and Berry 1985) or sequestering of carbon within the cell (Badger 1998). The mechanism of 

carbon sequestration is still being debated. 

CO2 efflux rates exceeding those of CO2 uptake (net CO2 efflux) during 

photosynthesis have been documented for a marine Synechococcus species (Tchernov et al. 

1998). The authors suggest that actively transported bicarbonate was converted to CO2 

within the cell, perhaps by means of internal CA, and the resulting CO2 was free to leak back 

out of the cell. The apparent waste of energy expended during active bicarbonate uptake 

could be explained by the need for cells to dissipate excess light energy (Kaplan et al. 1998). 

Although these experiments were carried out on a marine Synechococcus species, it is 

possible that such mechanisms are widespread among other classes of marine phytoplankton. 

There are two comprehensive models of phytoplankton carbon isotope fractionation 

that acknowledge the ability of cells to actively transport carbon. The first of these models 

(Keller and Morel 1999) assumes that phytoplankton adjust their active carbon uptake in a 

constant ratio (y) to their carbon fixation rate (Keller and Morel 1999). Whether this form of 

CCM regulation is applicable remains to be tested. Nonetheless, the data from this thesis fit 

the model well (Figure 5.14). This is especially the case for the steady state experimental 

data. The model can be set up to assume active uptake of either CO2 or bicarbonate. In both 

cases, the fits are identical, although the fitted parameters are different (Table 5.3). 

According to the model, if cells are actively transporting bicarbonate, they must maintain 

higher rates of active transport relative to photosynthetic rates. In both cases, the membrane 

permeability is within the range suggested by Keller and Morel (1999). 
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Instead of maintaining active uptake rates in constant proportion to photosynthesis, 

phytoplankton cells are more likely to maintain a critical internal CO2 level. This is the 

premise behind the fourth model of fractionation based on active uptake (Keller and Morel 

unpublished). If the diffusive uptake of external CO2 is insufficient to maintain the critical 

internal CO2 concentration, active uptake would be induced. An important parameter of this 

model is the critical CO2 concentration required to support a given growth rate. 

The critical internal CO2 concentration depends on a number of factors, including the 

quantity and K m of RuBisCO, growth rate and cell carbon quota. In this case, the maximum 

photosynthetic rate per cell under logarithmic growth for my cultures was used in order to 

eliminate the need to use chlorophyll and RuBisCO concentrations. The maximum 

photosynthetic rate was used as V m a x and the K m was assumed to be 40 pM, a value similar to 

that for RuBisCO isolated from the marine diatom Phaeodactylum tricornutum (Badger 

1998), in the Michaelis-Menten equation. A growth rate of 1.4 d"1 was assumed since this 

was the average value of the steady state experiment. Cell carbon quota was estimated to be 

6 pg carbon per cell (Montagnes et al. 1994). With these values, a critical internal CO2 

concentration of 8.33 pM was calculated (see Appendix I). 

Using this value for the critical internal CO2 concentration, the data from the steady 

state experiments were found to fit very well if cells were assumed to supplement CO2 

diffusion with active transport of bicarbonate (Figure 5.15). However, the data did not fit the 

model if CO2 was used as the carbon source for the CCM (Figure 5.15). These results 

support the hypothesis that the CCM in Thalassiosira pseudonana actively transports 

bicarbonate rather than CO2. However, the evidence provided by models must be taken as 

circumstantial at best. Until direct evidence of bicarbonate use by T. pseudonana is obtained, 

one can only speculate on the source of inorganic carbon actively transported by this species. 
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Of the models presented above, the ones that consider active uptake are most likely to 

be representative of actual phytoplankton physiology since there is overwhelming evidence 

that phytoplankton do use active uptake. It is unlikely that, given the variability in strategies 

employed by marine phytoplankton to accumulate inorganic carbon, one model will be 

capable of accurately predicting the isotopic fractionation of a given species. The potential 

effect of species variability on the 5 1 3C values of natural phytoplankton assemblages is 

profound because even separate isolates of a single species can have different CCM 

characteristics (Colman and Rotatore 1995). Nevertheless, simplified models of carbon 

isotope fractionation are useful in that they have stimulated interest and occasional 

controversy (Turpin 1993) regarding the factors that influence 8 1 3C of marine phytoplankton. 
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Summary 

The main objective of this thesis was to gain a better understanding of how the 

induction of the carbon concentrating mechanism influences carbon isotope fractionation in 

marine phytoplankton. Given the potential use of the isotopic content of phytoplankton 

preserved in marine sediments as a proxy for past atmospheric CO2 concentrations, an 

understanding of how CCM activity influences fractionation is very important. In the past, 

models of carbon isotope fractionation have largely ignored the potential influence of CCM 

activity on fractionation. The results of this thesis suggest that CCM induction must be 

considered. 

Six species of marine phytoplankton, including four diatoms, a chlorophyte, and a 

cyanobacterium, all showed reduced fractionation when grown at lower DIC levels. This 

reduced fractionation was accompanied by a reduction in the K1/2DIC value. Reduced 

K1/2DIC values indicate a higher affinity of the cell for carbon. This has traditionally been 

viewed as strong evidence for CCM activity. No significant relationship was found between 

fractionation and either growth rate or cell volume. The results suggest that reduced 

fractionation occurs under low DIC concentrations and this could at least be partially due to 

CCM induction. 

A more detailed examination of the interaction between fractionation and CCM 

induction was carried out on the marine diatom Thalassiosira pseudonana. This species was 

chosen mainly because it was easy to culture and withstood the manipulations required for 

the experiments. It also demonstrated a substantial range in K1/2DIC values. Two types of 

experiments were carried out. The first involved growing cultures at steady state DIC (CO2) 
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concentrations while maintaining a constant pH and temperature. The results indicate that 

CCM induction is a gradual process and that it occurs over an ecologically relevant range of 

CO2 concentrations. A decrease in fractionation was correlated with CCM induction. 

Growth rates were relatively constant throughout the entire range of DIC concentrations 

tested. The second type of experiment used a closed system DIC drawdown approach. Two 

experiments were carried out; one with buffered medium and the other with unbuffered 

medium. In both cases, reduced fractionation and increased CCM induction occurred as the 

medium DIC concentration decreased. Fractionation and CCM induction appeared to 

respond to changes in CO2 concentration rather than those of DIC. 

The final section of the thesis attempted to gain insight into the possible nature of the 

CCM in Thalassiosira pseudonana. The effect of growth rate changes in response to culture 

temperature on both fractionation and CCM induction was investigated. At lower growth 

rates, both fractionation and K1/2DIC values were higher. This result strengthens the 

hypothesis that CCM induction results in reduced fractionation. Experiments where cultures 

were acclimated to one DIC concentration and where fractionation was subsequently 

measured at a different DIC concentration (transfer experiments) indicated that CCM 

induction by T. pseudonana does not involve reduced outer membrane permeability to CO2 

as has been suggested for other species. 

The final aspect of the thesis was to apply various models of isotope fractionation to 

the data from the thesis. The results suggest, not surprisingly, that fractionation is not well 

described by models that fail to consider active carbon uptake. The results of the modeling 

and the transfer experiments suggest that bicarbonate can be used as a carbon source by T. 

pseudonana. The data suggest that external CA is used to accelerate CO2 formation from 
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bicarbonate and that the CO2 is subsequently taken up by the cells. The carbon transported 

might be sequestered within the cell to avoid diffusive efflux. 

Given the results of this thesis, one must consider the influence of CCM induction on 

carbon isotope fractionation when interpreting the relationship between CO2 concentration 

and phytoplankton isotope content. CCM induction occurred over an ecologically relevant 

range of CO2 concentrations. Although all species tested exhibited reduced fractionation 

simultaneously with increased CCM induction, considerable species variability was 

observed. This is potentially due to the different forms of CCM possessed by these species. 
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Implications and Future Studies 

Primary productivity in the marine environment has traditionally been assumed to be 

limited by nitrogen. Only in the past few years has the importance of trace metal limitation 

been considered. Even less likely was the prospect of carbon limitation of phytoplankton 

growth. While there is ample dissolved inorganic carbon to support phytoplankton growth, 

only a small portion of this carbon pool is in the form of CO2. It is this form of carbon that is 

ultimately fixed by RuBisCO, the major carbon fixation enzyme used in photosynthesis. 

This has led some authors to suggest that phytoplankton growth could be limited by CO2 

supply. 

While CO2 concentration could be limiting to photosynthesis, most species of marine 

phytoplankton possess the ability to actively transport carbon. Thus, while photosynthesis is 

limited by CO2 supply, growth rate is maintained as a result of active carbon transport. An 

interesting finding is that nitrogen limitation resulted in CCM induction in the freshwater 

alga Chlorella emersonii (Beardall et al. 1982). Induction of active uptake is thought to 

result in the suppression of oxygenase activity of RuBisCO, and this would increase nitrogen 

use efficiency. It would be interesting to determine if nitrogen limitation in marine 

phytoplankton also results in CCM induction. If so, CCM induction could reduce 

fractionation below that expected based on the availability of CO2. 

Carbonic anhydrase has been linked to the active uptake mechanism in several algal 

species. This enzyme requires zinc and hence zinc limitation has important implications for 

CCM activity (Morel et al. 1994). Zinc and carbon might co-limit primary productivity in 

some marine environments where cells require CCM activity to maintain high growth rates. 

The potential for trace metal limitation of primary productivity has already been 
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demonstrated for iron (Martin et al. 1991). The influence of nitrogen on CCM induction 

suggests that iron limitation might also influence active carbon uptake since iron is required 

for enzymes involved in nitrate assimilation. The physiology of phytoplankton cells is 

undoubtedly complex and the potential involvement of both macro- and micronutrients must 

be considered. In addition, different species might respond to nutrient limitation in different 

ways and possess different mechanisms of active carbon uptake. Changes in the CO2 

concentration associated with global warming will undoubtedly influence the dynamics of 

phytoplankton assemblages as a result of their different nutrient use efficiencies. 

Future research should examine the influence of nitrogen and trace metal limitation 

on both CCM induction and fractionation. The focus should be on bloom forming species 

since they are more likely to be present in marine sediments. Recent work has focused on 

biomarkers since they are uniquely representative of specific algal groups. With the 

complexity alluded to above, it is unlikely that a simple correlation between CO2 

concentration and carbon isotope fractionation will be established. If this is indeed the case, 

the use of carbon isotopic content of phytoplankton preserved in the sediments as a 

paleobarometer will not be possible. 
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Appendix A 

Cell Volume Determination 

Table A.1. Various size measurements of the six phytoplankton species tested. 
Cylindrical cell volume calculated using v = TITM; spherical cell volume calculated 
using v = 4/3-7i-r3; oblong cell volume calculated using v = 1-t-w (t and w are average 
across length of cell). Data are from Northeast Pacific Culture Collection (NEPCC) or 
from the reference cited. 

Species Shape Radius Length Thickness Width Volume Reference 
(pm) (pm) (pm) (pm) (pm3) 

T. pseudonana Cylinder 2.25 3.50 n/a n/a 55.67 NEPCC 

T. weissflogii Cylinder 5.75 11.50 n/a n/a 1194.49 NEPCC 

P. tricornutum Oblong n/a 14.20 1.40 2.05 40.75 Popp et al. 1998 

S. costatum Cylinder 2.45 11.60 n/a n/a 218.75 NEPCC 

S. bacillaris Sphere 0.68 n/a n/a n/a 1.32 Popp era/. 1998 

D. tertiolecta Sphere 4.10 n/a n/a n/a 288.70 NEPCC 
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Appendix C 

Diffusion Model # 1 

Source 

Equations : 

Raven et al. (1993) 

C c _[ (A+l ) -a d i f f ] 

C B [acarbox — a d i f f ] 

Limitation by diffusion =1 — 

1000 

Where : Cc = [CO2] at carboxylation site (mol m' 

C B = [CO2] in the bulk medium (mol m": 

adiff = 1.0007 (unitless) 

aCarbox = 1.029 (unitless) 

A = fractionation (unitless) 

Note : 

Figure : 

Limitation by carboxylation = 

Figure 5.8 



Appendix D 

Diffusion Model # 2 

Source : Hinga et al. (1994); Farquhar et al. (1982) 

E q u a t i o n : C L = [ (5 ' 3 piant -5' 3 C0 2 )+d] 

C e [d + f] 

Where : Q = internal [C02] (mol m"3) 

C e = external [C02] (mol m"3) 

d = fractionation during C02 diffusion (%o) 

f = fractionation by RuBisCO + other enzymes (%o) 

Note : 

Figure: 

This is a variation of equation 15 presented in Appendix 

Figure 5.9 



Appendix E 

Diffusion Model # 3 

Source : 

Equations : 

Rau etal. (1996) 

b 
ep=e f+- (19) 

t> = - ( 8 f ~ 8 d ) Q s 
1 

- + — 
D T ( l + r /r k ) P 

Q s = 
47TT2 

D T — DT(FreshWater) x [0.9508-(7.389xl0"4Tc)] 

DT(FreshWa,er)=5.019xlO-6e 

r k = i 

D T 

k* 

Q r = Y c X H i 

L+D p.=px 
L 

k ^ k ^ ^ O H - J + k ^ 

RTv 

k -k 
N T K ) K l ( T K o ) 

R T K l 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

(27) 

(28) 
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RT K 

k -k 
K 2 ( T K ) - K 2 ( T K o ) 

e ^ 
RT K ( 

[OH"]= K w 

[FT] 

[H+]=10"pH 

Kw=10"p K w 

p K w = 3441.0 
-+ 2.241-(o.09415Vs) 

Related Equations : 5 1 3CC e =5 1 3C I C 0 2 +23.644- 9701.5 

c r = c e 

c =c 

4TirDT(l+r/r k) 

yc=3.154xlO-'4V 14 7-0.758 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

(35) 

(36) 

(37) 

Note - This model assumes fractionation by RuBisCO to be 

25%o and a fractionation of 0.7%o for CO2 diffusion. 

Figure Figure 5.10 
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T a b l e E . l . Brief description of the equations used in the model of carbon isotope 
fractionation described in this appendix. 

Equation 

# 

Function of Equation 

1 Calculate the fractionation relative to external CO2 concentration 

2 Calculate the constant 'b' for the Farquhar et al. (1982) model 

3 Calculation of CO2 uptake rate per unit cell surface area 

4 Calculate temperature sensitive diffusivity of CO2 in seawater (Li and 

Gregory 1974) 

5 Calculate temperature sensitive diffusivity of CO2 in fresh water (Jahne et al. 

1987) 

6 Calculate reacto-diffusive length 

7 Calculate CO2 uptake rate per cell to support a given growth rate 

8 Convert per day growth rate to instantaneous growth rate (pi = p when 24 h 

Light) 

9 Rate coefficient calculation 

10 Correct ki to appropriate temperature 

11 Correct k2 to appropriate temperature 

12 Calculate hydroxide ion concentration 

13 Calculate hydrogen ion concentration 

14 Calculate Kw 

15 Calculate pKw for given temperature and salinity 

16 Calculate isotope content of CO2 based on total DIC isotope content (Mook 

etal. 1974) 

17 Calculate CO2 concentration at cell surface 

18 Calculate CO2 concentration inside cell 

19 Estimation of cell carbon content based on volume (Strathmann 1967) 
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Table E.2. Listing of parameters, definitions, and base values used in the carbon isotope 
fractionation model described in this appendix. 

Variable Definition Source Value Units 

B (Sp - 6f) C e Calculated % 0 pM 
C e Ambient CO2 Input Variable mol m"3 

c, Intracellular CO2 Calculated mol m"3 

cr CO2 at cell surface Calculated mol m"3 

D Dark period Input 0 H 
81 3Cce Isotope content of C e Calculated %0 

5 n C c i 

Isotope content of Q Calculated %0 

S Cphyto Isotope content of POC Calculated %0 

S 1 3 C D I C Isotope content of total DIC Input 0 %0 

A 8 5 1 3 CDIC - 8 1 3 C p h y t o Output %0 

D T D T corrected for salt water Calculated mV 
Dl(Fresh Water) Temp sensitive diffusivity of CO2 Calculated mV 
Ed Diffusion isotope fractionation Assumed 0.70 %0 

£f Enzymatic isotope fractionation Assumed 25.00 %0 

ep 8 1 3Cce - 813CPhyto Output %0 

E d Activation energy (diffusion) Constant 19,510 J mol"1 

E k Activation energy (reaction) Constant 62,800 J mol"1 

Yc Carbon content per cell Input 5.00 x 10"13 molC 
k' Rate coefficient Calculated s"1 

kl(Tko) Rate coefficient at 25C Constant 8,500 m3 mol"1 s"1 

k2(Tko) Rate coefficient at 25C Constant 3 x 10"5 s"1 

kl(TK) Rate coefficient Calculated m3 mol"1 s"1 

k2(TK) Rate coefficient Calculated s"1 

K w Constant Calculated Unitless 
L Light period Input 24 H 
11 

Specific growth rate Input Variable d"1 

Hi Instantaneous growth rate Calculated s"1 

71 Constant Constant 3.1416 Unitless 
P Membrane permeability to CO2 Assumed 1.0 x IO-4 m s"1 

pH pH of growth medium Input 8.2 Unitless 
pK w Calculated Value Calculated Unitless 
Q r CO2 uptake rate per cell Calculated mol C s"1 

Q s CO2 uptake per unit surface area Calculated mol C m"2 s"1 

r Surface area equivalent radius Input 2.54 x 10"6 M 
R gas constant Constant 8.3143 J K"1 mol"1 

Reacto-diffusive length Calculated M 
S Salinity Input 35 Psu 
T c Temperature Input Variable °C 
T k Temperature (273.15 + Tc) Calculated °K 
Tko Temperature in °K at 25°C Constant 298.15 °K 
V Cell volume Input n/a urn3 
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Appendix F 

Active Uptake Model # 1 

Source: 

Equation: 

Where 

Note 

Laws etal. (1997) 

f • \ 
: 0.225 

g 2 - £ p 

V S P - £ I j 
(38) 

Figure 

p = growth rate (d"1) 

C e = external CO2 concentration (pmol kg"1) 

E p = observed fractionation relative to CO2 (%o) 

e', = minimum possible ep value presumably due to uptake 

fractionation (%o) 

e2 = maximum possible ep value presumably due to fixation 

fractionation (%o) 

- e\ ande2 are parameters fitted through regression. 

- Linear regression is for Ce>10 pmol kg"1. Non-linear 

regression (above model) is for entire range of C e . 

Figure 5.11 



Appendix G 

184 

Active Model # 2 

Source : 

Equation: 

Where 

Sharkey and Berry (1985) 

D=d+b,^- (39) 

D = observed fractionation by the phytoplankton relative to 

dissolved C0 2 in the medium (%o) 

d = equilibrium fractionation associated with hydration of 

C0 2 (%o) 

b3 = fractionation by RuBisCO (%o) 

Fi = influx rate of carbon (relative) 

F3 = efflux rate of carbon (relative) 

l3 _ leakiness of the cell. 

Figure Figure 5.13 
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Appendix H 

Active Model # 3 

Source Keller and Morel (1999) 

Equation £P = et + [ C 0 2 ] 0 x P x A 

P-XQc 
+y 

( 5 ' 3 C C 0 2 , 0 -S'^source) + 

l + ( y - l ) M-xQc 
[ C 0 2 ] 0 x P x A 

1+Y 
f \ ( 6 f ix 6diff 

M-xQc 
[ C 0 2 ] G x P x A 

) (40) 

Where See Table H.I 

Note : - Relationship between 8 1 3C of DIC and CO2 is described by 

Equation 34 of Appendix E. 

- S f l x assumed to be 29%o and st to be 0%o 

Figure: Figure 5.13 
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Table H. l . Listing of parameters, definitions, and base values used in the carbon isotope 
fractionation model described in this appendix. 

Parameter Description Source Value Units 

A 

[C02]0 

51 3Cco2,o 

8 1 3C S 

Ediff 

Sfix 

St 

y 

p 

Qc 

Cell surface area 

External CO2 concentration 

5 1 3C of the external C0 2 

Input 

Input 

Input 

Input 

Active uptake fractionation relative to 

source carbon (CO2 or HCO3") 

Active carbon uptake ratio 

Growth rate 

Membrane permeability 

Cellular carbon content 

Fitted 

Input 

Fitted 

Input 

8.13 x 10 

Variable 

-7.5 

8 1 3C of either C0 2 or HC03" actively 

transported 

Diffusion fractionation relative to C0 2 Assumed 0.70 

Fixation fractionation relative to C 0 2 Assumed 29.00 

Observed fractionation relative to C 0 2 Output 

Assumed 0.00 

m 
•5 

mol m 

% 0 

% 0 

% 0 

% 0 

% 0 

% c 

Unitless 

Variable s" 

m s"1 

5.00 xlO"13 mol 
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Appendix I 

Active Model # 4 

Source Keller and Morel (unpublished) 

Equation : £ P = - 1 — 
[C0 2 ] 0 xPxA 

uxQ̂  + ftCOaxPxA) 
(813C -e.) 
V source t / 

[ C 0 2 ] 0 x P x A 

.GixQj+JCOjlxPxAX 
(°" C C Q 2 ^ 8 d i f f ) 

+ ( 
1+ 

V v 

P - X Q c 

[ C O ^ x P x A j J 

fix e diff ) 

+ 5 1 3 C CO, (41) 

[ C O J - t C O j l ^ i f t C O ^ ^ t C O j ] , . .critical 
n x Q x 

P x A 

[ C 0 2 ] i = [ C 0 2 ] 0 - ^ ^ - otherwise 
P x A 

(42) 

[C02]. critical 
V x K m 

V m a x - V 
(43) 

V=Q c xp (44) 
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Table 1.1. Listing of parameters, definitions, and base values used in the carbon isotope 
fractionation model described in this appendix. 

Parameter Description Source Value Units 

A Cell surface area Input 8.13 x 10"11 m2 

[C0 2], Internal C 0 2 concentration Input 8.33 x IO"3 mol m3 

[C02]l,Critical Critical internal C 0 2 concentration Input Variable mol m3 

[C0 2 ] 0 
External C 0 2 concentration Input Variable mol m3 

S13Co02,o 6 1 3C of the external C 0 2 Input -7.5 % 0 

O v-source 8 1 3C of either C 0 2 or HC0 3 " actively Input % 0 

transported 

Ediff Diffusion fractionation relative to C 0 2 Assumed 0.70 % 0 

Efix Fixation fractionation relative to C 0 2 Assumed 29.00 °/oo 

E p 
Observed fractionation relative to C 0 2 Output % 0 

Et Active uptake fractionation relative to Assumed 0.00 % 0 

source carbon (C0 2 or HCO3") 

Y Active carbon uptake ratio Fitted Unitless 

Km Half saturation constant of RuBisCO Assumed 40* pM 

Ii Growth rate Input Variable s"1 

P Membrane permeability Fitted m s"1 

Q c Cellular carbon content Input 5.00 x 10"13 mol 

V Minimum photosynthetic rate required Calculated 8.10 x IO -18 mol s"1 

to support a given growth rate 

Vmax Maximum photosynthetic rate Input 4.70 x 10"17 mol s"1 

* From Badger (1998) for Phaeodactylum tricornutum 



- Relationship between 8 C of DIC and CO2 is described by 

Equation 34 of Appendix E. 

- 6 f l x assumed to be 29 %o and et to be 0 %o 

Figure 5.14 


