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AA comparison of CO2 uptake 

Abstract t 

Thee ability of the green alga Tetraedron minimum to acquire inorganic carbon 

fromm its environment was investigated and compared with that of 

Chlamydomonass noctigama. Tetraedron minimum showed a higher affinity for 

bicarbonatee ions than C. noctigama regardless whether i t was grown at high or 

loww CO2 concentrations. Furthermore, T. minimum was distinguished by the fact 

thatt it maintained a large intracellular pool of inorganic carbon. These features 

mayy explain why this alga is able to proliferate in alkaline conditions. 

Abbreviations:Abbreviations: CCM = carbon concentrating mechanism; Ci = inorganic carbon ; 
AZZ = acetazolamide ; EZ = ethoxyzolamide; Rubisco = ribulose bisphosphate 
carboxylase;; BTP = solid Bis-Tris-Propane 
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Introductio n n 

Inn aquatic photosynthetic organisms, the rate of photosynthesis may often be 

limitedd by the supply of CO2. The concentration of CO2 in water, when in 

equilibriumm with air, is generally lower than the Km of Rubisco. Moreover, CO2 is 

generallyy in equilibrium with HCO3- and CO32', which implies that even at 

slightlyy alkaline pH most of the dissolved inorganic carbon is in the latter forms, 

especiallyy HCO3" . However, many unicellular algae have developed means to 

optimizee the availability of CO2 for photosynthesis. Essentially this implies the 

activee transport of one of the forms of inorganic carbon into the cell. In addition, 

severall  isoforms of the enzyme carbonic anhydrase, which catalyze the 

interconversionn of COs and HCO,r, present in various cellular compartments, 

mayy play a role. In Chlamydomonas and a number of other algae, these 

adaptations,, collectively designated as the Carbon Concentrating Mechanism 

(CCM),, are induced by low external CO2 concentrations (Sültemeyer et al. 1989, 

1993). . 

Thiss paper describes the results of a study of the CCM in the chlorophyte 

TetraedronTetraedron minimum (Starr, 1954, Kovacik, 1975). It is frequently found in 

alkalinee lacustrine habitats. It has geochemical relevance as sedimentary 13C/12C 

biomarker,, since its fossilized cell walls are often present in oil-containing 

depositss (Gorth et al. 198). However, its use to reconstruct atmospheric CO2 

levelss in the past is restricted by the fact that the ratio of  13C/12C in 

phytoplanktonn is not only dependent on the discriminating action of Rubisco, but 

alsoo on a number of other factors, such as the preferential uptake of bicarbonate 

byy a CCM (Falkowski 1997, Freeman et al. 1990, Hayes 1993). This prompted us 

too study the CCM of T. minimum,. We compared its CCM with that of the related 

speciess Chlamydomonas, which has been described extensively (eg. Palmqvist et 

al.. 1994, Amoroso et al. 1998). The results show that T. minimum is 

distinguishedd by a stronger preference for bicarbonate as a substrate for 

photosynthesis.. This is accompanied by the maintenance of a relatively large 

intracellularr pool of inorganic carbon. Its ability to take up HCO3" efficiently may 

explainn why this alga is able to proliferate in alkaline conditions. 
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Material ss and Methods 

AlgalAlgal strains and culture conditions: Chlamydomonas noctigama (UTEX 220, 

fromm the Culture Collection of Algae, University of Texas at Austin, USA) and 

TetraedronTetraedron minimum (no. 33.72, from the Sammlung von Algenkulturen, 

Universitatt Göttingen, Germany) were grown in batch cultures in Bolds Basal 

Mediumm (Harris, 1989) or in continuous cultures in medium described by Kates 

andd Jones (1964) both at 20° in continuous light of 225 jxmol photons nr2 sec1 

providedd by daylight lamps (HPI/T 400 W, Philips, Eindhoven, The Netherlands). 

Thee cultures were aerated with ambient air (0.035% C02; low-C, cells), or with 

airr enriched with 5% (v/v) C02 (high-Ci cells). The pH of the cultures was 6.3, 

whichh was maintained by periodically adding sodium hydroxide or phosphate 

buffer.. Cell densities were determined by Coulter counting. 

GasGas exchange experiments: Gas exchange experiments were performed in a 

reactionn chamber to a mass spectrometer via a semipermeable membrane inlet 

systemm (Fock and Sultemeyer 1989). For each measurement cells were harvested 

byy centrifugation at 2000 rpm for 5 min, resuspended in fresh medium with 25 

mMM BTH, pH 8.0 at 30°. Each assay contained 5 - 10 \ig of chlorophyll ml1. The 

ratee of photosynthetic oxygen evolution, C02 and HCO3- uptake were determined 

usingg the disequilibrium technique described by Badger et al. (1994). 

UptakeUptake of radioactive inorganic carbon: Cells were harvested, washed three times 

withh tap water, transferred to C02-free tap water and incubated in the light after 

flushingflushing with N2 to deplete their internal Ci content. A sample of 100 ul 

containingg 106 cells was then presented with approximately 105 cpm NaH14CC>3 

(1.966 Gbq mmol1, Amersham, Buckinghamshire, UK). Samples were collected by 

thee silicone-oil filtration method (Badger et al. 198). Acetozolamide (1 mg ml1, 

Sigma)) and 6-ethoxyzolamide (1 mg ml1, Sigma) were added during incubation, if 

necessary,, to inhibit the carbonic anhydrase activity. 

AssayAssay of carbonic anhydrase: Cells were collected by centrifugation and 

resuspendedd in 10 mM Tris buffer, pH 8.0, at a density of 106 cells ml1. Carbonic 

anhydrasee activity was determined using both the method of Wilbur and 

Andersonn (1948) and a spectrometric assay described by Pocker and Stone (1967). 

Bothh methods were normalized by using pure carbonic anhydrase ( lmg ml1, 

5,8000 WA units mg1 protein, Sigma). Actetozolamide and 6-ethoxyzolamide were 

added,, as above, to inhibit the carbonic anhydrase activity. 
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Resultss and Discussion 

T.T. minimum and C. noctigama cells were grown in continuous cultures aerated 

withh ambient air (low-G cells) or air enriched with 5% CO2 (high-Cj cells) in 

continuouss light. Their ability to take up HCO;r and COs was studied using mass 

spectrometryy (Fock and Sültemeyer 1989). The half-maximal photosynthetic 

ratess Km (HCO3) and Km (CO2), which are reciprocal measures of the affinity for 

HCO;rr or CO2, respectively, were determined. Table 1 shows that both 

parameterss were much lower in low-Ci than in high-Ci cells of both species. 

Apparently,, the low availability of CO2 during growth had resulted in the 

activationn of a CCM, facilitating the use of CO2 and HCO3 as a substrate for 

photosynthesis.. However, for both cell types the Km (HCO3) values of T. 

minimumminimum were considerably lower than those of C. noctigama, while the reverse 

wass true for the Km (CO2) values. This indicates that T. minimum is a more 

efficientt HCO3- user than C. noctigama. This was corroborated by the fact that 

thee addition of CA to the cell suspension had a stronger stimulating effect on the 

photosyntheticc rate of C. noctigama than of T. minimum (results not shown). 

Thus,, by comparison, it appears that HCO3" is an efficient substrate for 

photosynthesiss in T. minimum, while C. noctigama is more dependent on the 

availabilityy of CO2. Nonetheless, in both T. minimum and C. noctigama, low-Ci 

cellss showed an increased activity of external carbonic anhydrase over high-Ci 

cellss (Table 2). 

Tablee 1. Km values of net O2 production, net HCO3' transport and gross CO2 transport 
forr their substrates during steady state photosynthesis by intact cells of Tetraedron 
minimumminimum and Chlamydomonas noctigama. The data were obtained by mass 
spectrometry.. Standard deviations are indicated (N = 3). 

Celll  type 

T.T. minimum 
Highh C02 

L0WCO2 2 

C.. noctigama 
Highh C02 

Loww CO2 

Kmm net O2 production 

8688 4 
2988  33 

4177 6 
1033  20 

Kmm HCO3-
uM M 

8411 6 
2799 +129 

3799 1 
75++ 11 

K m C 02 2 

9.44 6 
2.22 6 

8.55 4 
4.22 2 

24 4 



AA comparison of C02 uptake 

Tablee 2. Activity of extracellular carbonic anhydrase in high-Cj and low-Ci cells of 
TetraedronTetraedron minimum and Chlamydomoiias noctigama grown at pH 6.3. The 
specificc activities are expressed in Wilburn & Anderson units. One unit causes 
thee pH of a 0.02 M Tris buffer to drop from pH 8.3 to 7.3 per min at 0°C. The 
standardd deviations are indicated (N = 8). 

Species s 

C.C. noctigama 

T.T. minimum 

Specificc activity 

High-Cii  cells Low-Ci cells 

155 7 59 6 

33 26 8 

Anotherr difference in carbon acquirement between both species was revealed by 

usingg H14C03_ as substrate. Intracellular pools of acid-labile (non-bound) and 

acid-stablee (assimilated) forms of Ci were distinguished using the silicone oil 

techniquee described by Badger et al. (1980). The results, presented in Fig.1, were 

obtainedd in one single, representative experiment. Low-Ci cells of C. noctigama 

exhibitedd a much higher initial uptake rate of the label in comparison with high-

Cii  cells (Fig. la). Approximately twenty percent of the radioactivity taken up by 

Tablee 3. Uptake of NaH14C03 by high-Ci and low-Ci cells of Chlamydomoiias 
noctigamanoctigama and Tetraedron minimum. NaH^CCh (6.101 cpm, 1.96 Gbq mmol1) 
wass administered to a cell suspension (106 cells in 100 |il water with or without 
1000 (Xg AZ and/or EZ). After 5 min, the cells were isolated by centrifugation 
throughh silicone oil according to Badger et al. (1980). Data are expressed as 
percentagee of control values (italics). Standard deviations are indicated (N=4) 

Species s 

T.T. minimum 

C.. noctigama 

Addition n 

AZ Z 
EZ Z 

AZ Z 
EZ Z 

Uptakee of radioactivity (%) 

Total l 

High-Cii  cells Low-Ci cells 

100100 100 
1000  5 96  8 
388  6 36  3 
100100 100 
977 7 69 1 
300 9 24 7 
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thee cells after incubation in the light was acid-labile without a clear difference 

betweenn the two cell types (Fig. lb). A large proportion of the acid-labile label 

(approximatelyy 50%) could be chased away by the addition of cold HCO3- (Fig. lc). 

T.T. minimum cells, on the other hand, showed a high uptake rate which was equal 

forr both high-Ci and low-C, cells (Fig. Id). About 65% of the radioactivity taken 

upp was acid-labile in both cell types, suggesting a much larger internal Cj pool 

underr both conditions than in C. noctigama (Fig. le). Again, most of the acid-

labilee 14C (about 60%) was chasable by the addition of cold HCO3- (Fig. If). The 

estimatedd intracellular pool sizes for inorganic carbon based on data in these 

figuress were 350 and 110 fmol cell'1, respectively. 

Thesee experiments were also done in the presence or absence of the carbonic 

anhydrasee inhibitors acetazolamide (AZ), which inhibits external CA, and 

ethoxyzolamidee (EZ), which also inhibits the internal CAs (Palmqvist et al. 

1994).. Table 3 shows that in C. noctigama AZ inhibited the uptake of NaH] 4C03 

inn low-Ci but not in high-Ci cells, which is consistent with the relatively low level 

off  CA in the latter type cells. However, EZ severely limited the assimilation of 

labell  in both cell types, suggesting a role for internal CA in making CO2 available 

too Rubisco. In T. minimum, AZ had hardly an effect on the uptake of NaH14C03 

inn high- and low-Ci cells, showing that external CA does not play an important 

rolee in Cj uptake. As in C. noctigama, addition by EZ prevented the assimilation 

off  14C considerably. 

Fig.. 1: Uptake of NaH14COs by high-Ci (B)and low-Ci O) cells of T, minimum 

(Figss la, lb, lc) and C noctigama (Figs. Id, 1 e, 10. NaHuCOa (approx. 105 cpm; 

1.966 Gbq mmol1) was administered to a cell suspension (106 cells per 100 ul 

water)) at time 0. The cells were incubated in the light (225 umole photons nr2 s-

')) and at various times samples were taken, from which the cells were isolated 

byy centrifugation through silicone oil (Badger et al., 1980). Al l data were 

obtainedd in one single, representative, experiment. Figs la, Id, total 

radioactivityy taken up; Figs lb, le, samples collected as in Figs la, Id were 

incubatedd for minimal 4h in IN HC1 and aerated before scintillation fluid was 

added.. The difference between total and acid-stable radioactivity is defined as 

acid-labilee Cj, and is expressed as percentage of total radioactivity taken up; 

Figss lc, If, cells incubated as in Figs la, Id; arrows indicate the time of 

additionn of excess non-radioactive NaHC03 (0.5 M final concentration) 
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Takenn together, these results indicate that T. minimum is distinguished by being 

aa relatively efficient user of HCO3" as substrate for photosynthesis, and having 

thee ability to accumulate intracellularly acid-labile Ci to considerable extent. 

Thesee properties may explain why this species is able to sustain alkaline 

conditionss and make T. minimum an interesting model system for studying the 

mechanismm of HCO3* uptake and assimilation. 
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