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Oxygen enhanced the rate of photosynthetic 14C02 fixation in a freshwater diatom Nitzschia ruttnm 
Hust. The rate under 21% O2 (79% N2) was 20 to 35% higher than that under 0% O2 (100% N2)， and 
even under 100% O2， the rate was a1most the same or rather higher than that under 0% O2， The response 
to oxygen similar to that in total photosynthesis rate was observed only in 14C-incorporation into s-l，3・
glucans during photosynthesis. The photosynthetic response to oxygen concentrations was not alfected by 
批 CO2concentration during photosynthesis in the presence and absence ofO.l mM acetazolamide (AZA) ， 
a carbonic anhydrase inhibitor， a1though AZA decreased the photosynthetic affinity for CO2， increasing 
k同 forCO2 from about 2 to 9μM under21% O2・Veryl均hcarbonic anhydrase activity， which was most-
ly extracytoplasmic， was observed only when the cells were adapted to air. I4C-incorporation into glycolate 
during photosynthetic 14C02 fixation was negligible under 21% O2 and quite low even under 100% O2 in 
spite of也eC3・planttype 14C-labelling pattern of photosyn出eticproducts. The oxygen enhancement of 
CO2 fixation in this diatom does not seem to be related to“CO2 concentrating mechanism. but to photosyn-
thetic electron f10w such as the Mehler reaction. 
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Photosynthetic CO2 fixation in terrestrial 

C3 plants is inhibited competitively by oxygen 

when CO2 concentration is rate-limiting; by 

30 to 50% even under atmospheric conditions 

(21% O2， 0.035% CO2). Such oxygen inhibi-

tion is caused mainly by photorespiration 

derived from the oxygenase activity of RuBP 

carboxylase/oxygenase (Rubisco). 

In algae， different types of oxygen effects on 
photosynthesis have been reported. Unicellu-

lar algae such as Chlamydomonas reinhardtii 

show almost no oxygen inhibition ofphotosyn-

thesis when grown under limiting幽 CO2condi-

tions (Lloyd et al. 1977， Spalding et al. 1983a， 
b， Suzuki and Spaldi時 1989a，b). In air-

grown cells of Chlorella pyrenoidosa， oxygen inhi-

1 Present address and address for correspondence; 
Plant Eco・PhysiologyLaboratory， Tohoku National 
Agricultural Experiment Station， Shimo-Kuriyagawa， 
Morioka， Iwate， 020-01 Japan. 
2 Abbreviations: AZA， acetazolamide; RuBP， 

ribulose-l，5司bisphosphate.

bition was observed but was not sensitive to 

CO2 (Shelp and Canvin 1980， 1981). The 

lackofC02・sensitiveO2 inhibition in these al-

gae has been eXplained by the operation of a 

CO2 concentrating mechanism in air-adapted 

cells (Badger et al. 1980) which eliminates pho-

torespiration by raising the C02/02 ratio at 

the site ofRubisco and traps any released pho-

torespiratory CO2 very e伍ciently(Suzuki and 

Spalding 1989b). 

It has been reported in the cyanobacterium 

Anacystis nidulans that oxygen enhanced the 

rate of photosynthetic 14C02 fixation 

(Miyachi and Okabe 1976). The enhance-

ment was observed only under CO2・limiting

conditions and was highest under 10% O2・

They proposed that oxygen is necessary for 

providing the CO2 supply to the site of Rubis-

co in this alga， but no evidence has been 
presented for an oxygen requirement for the 

CO2・concentratingmechanism in any algal 

specles. 
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Oxygen enhancement of photosynthetic 
14C02 fixation has been also observed in a 

cryptomonad， Chroomonωsp. (Suzuki and Ika-
wa 1984a， b， 1985). The oxygen enhance-
ment， however， was not affected by CO2 con-
centration in this alga but was related to the 
oxygen requirement of the photosystems un-
der light-saturating conditions to overcome 

over-reduction. The excessive electrons 
produced in Chroomonas cells during photosyn-
thesis under light-saturating conditions seems 

to be removed from photosystem 1 by the 
Mehler reaction to keep adequate levels of 
A TP and NADPH for CO2 fixation (Suzuki 
and Ikawa 1984a， b， 1985). The oxygen en-
hancement was saturated under 2% O2， and 
under higher oxygen concentrations photos戸1・

thesis in Chroomonas sp. showed a CO2・msensl-
tive inhibition (Suzuki and Ikawa 1984a， 
1985) similar to that reported in C. pyrenoido・
sa. 

In this paper， we repo口anoxygen enhance-
ment of photosynthetic 14C02 fixation in a 

freshwater diatom Nitzschia ruttneri， which ap-
pears to have a different cause from that in 
Anacystis nidulans or Chroomonas sp. 

Material and Methods 

The freshwater diatom Nitzschia ruttnm 
Hust. (NT-1A) is a gift from Dr. Isao Inouye， 
Institute of Biological Sciences， University of 
Tsukuba， Tsukuba， Ibaraki， J apan. The 
cells were grown axenically in 1-liter 
Saka伊 chiflasks containing 500 ml of a liquid 
medium modified from the FWT medium 
(Darley and Volcani 1971)， which has the 
following composition: Ca(N03)2・4H20，
0.15 g; K2HP04， 0.05 g; MgS04， 0.025 g; 
Na2Si04.9H20， 0.5 g; Darley and Volcani's 
trace elements， 1 ml; Bacto・tryptone，0.5 g; 
glycylglycine， 0.5 g; in 1 liter of distilled 
water， pH 7.6. The cells were illuminated 
with cool-white fluorescent tubes at an intensi-
ty of about 12-15 W.m-2 at the culture flask 
level， using 12・hlight 12・hdark cycle， and 
bubbled continuously with filtered air without 
supplementary CO2， at 180C. 

Cells in the late log phase of growth (6-7 

days old) were harvested by centrifugation at 
200 x g for 5 min and resuspended in 20 m M  

HEPES-KOH buffer， pH 7.6 (containing the 
inorganic components of the growth medi-

um). 
Photosynthetic 14C02 fixation experiment 

and the analysis of products were performed 
as described previously (Suzuki and Ikawa 

1984a， 1985). One ml of cell suspension 
(about 10μg Chl) was placed in spitz句 petest 
tube (16 x 150 mm) at 20oC. CO2・freegas 

mixtures with known ratios of 02/N2 were 
bubbled at 120 ml. min -1 through the algal 

suspension during the experiments. After 
10 min-illumination with a halogen lamp at 
200 W . m -1， photosynthetic CO2 fixation was 
started by injecting NaH14C03 and stopped 
5 min later by adding boiling ethanol to a con-

centration of 80% (v/v). For time-course ex-
periments， 6 ml of algal suspension was 
placed in a test tube. After injecting 
NaHC03， 1-ml aliquots of algal suspension 
were removed at intervals and put into a test 
tube containing 4 ml of boiling ethanol. 
Analysis of 14C02-fixation products was per-
formed using two-dimensional paper chro-

matography and the subsequent radioau-
tography (Suzuki and Ikawa 1984a， 1985). 

Carbonic anhydrase assays were performed 
by monitoring the pH change at 20C in 
25 mM  barbital-buffered solution (Spalding 
and Ogren 1982). Enzyme units were calcu-

lated from the equation: U=tb/t.-1， where tb 
and t. represent the time (sec) measured for 
the pH chang汚(8.0to 7.5) with buffer alone 

(tb) and with sample (t.) (Suzuki and Sp剥 ing
1989b). 
Chlorophyll was determined after extrac-

tion into 80% (v/v) ethanol (Suzuki and Ika-
wa 1984a). 

Results 

。砂'，geneffect on the rate ofμotosynthesis 
Figure 1 shows the relative rate ofphotosyn-

thetic 14C02 fixation in a diatom Nitzschia rut-
tnm under different concentrations of oxy-
gen. The photosynthesis rate was highest 
under 21% O2 and was higher by 20 to 35% 
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Fig. 1. Effect of oxygen on photosynthetic I4C02 fixation at 0.7 mM NaHC03・ Therate under 21% O2， 

81.5::t20.8μmol CO2 mg Chl-I h-I， w田 expressedas 100% and the relative rate under 。也erO2 concentrations 
were the means土SD(ve目icalb釘 s)of 19 independent experiments. 

也組 thatunder 0% O2・ The rate under 
100% O2 was 10 to 30% lower也anthat un-
der 21% O2， and was almost the same or 
slightly higher than that under 0% O2 in most 
of the experiments. This phenomenon， the 
oxygen enhancement of photosynthesis， ap-
pe町 ssimilar to that reported泊 Anacystisnidu-
lans， where the photosynthetic maximum was 
at around 10% O2 (Miyachi and Okabe 
1976). The oxygen enhancement in A. nidu-
lans was observed only under CO2・limiting
conditions. In N. ruttneri， however， the oxy-
gen enhancement was observed at all NaHC03 

concentrations tested and the response ofpho・
tosynthesis to oxygen was not affected by 
NaHC03 concentration at least within the 

range from 0.08 to 1.7 mM  (pH 7.6) (Fig. 
2). This CO2 insensitivity in the oxygen 
effect is very similar to that in Chroomonω. sp.， 
although photosynthesis was highest under 

2% O2 in Chroomonas (Suzuki and Ikawa 
1984a). The K同 ofphotosynthetic 14C02 
fixation for NaHC03 was lower than 50μM 

(about 2μM CO2 at pH 7.6) under 0% O2， 
21% O2 and 100% O2 in N. ruttneri (Fig. 2)， 
which is very close to that of Chroomonas sp. 
(Suzuki 'and Ikawa 1984a) or that of Chlamydo・
monas reinhardtii (Suzuki and Spalding 1989b). 

UC-labelling pattern during photosynthetic uC02 

.fixation 
Fi思ue3 shows the percentage 14C-incorpo-

ration into individual products in也e80% 
ethanol soluble fraction during photosynthe-
tic 14C02 fixation under 21 % O2 at 0.66 m M  

NaHC03 (33μM CO2 at pH 7.6). About 
85% was inco中oratedinto 3・phosphoglycer-
ate， and more than 90% was in phospl凶 ees-
ters， after 12 sec of 14C02 fixation. The per-
centage incorporation into 3-phosphoglycer-
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Fig. 2. Effect of oxygen on photosyn出eticI4C02 fixation at various NaHCO， concf，ntrations. A， 0% O2; 
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Ejfect 01 0砂>genon UC distribution among the 

products 
Table 1 shows the effect of oxygen on 14C-

distribution among individual products dur-
ing photosynthetic 14C02 fixation. Percent 

14C-incorporation into glycolate， glycine and 
serine， which are photorespiratory products 
in green plants， was very low， and that in gly-
cine and serine did not increase with increas-

ing oxygen， although that in glycolate was in-
creased slightly. Percentage in glycine and 

serine， on the other hand， decreased with in-
creasing oxygen. The major part of 14C in 

glycine and serine seems not to come from 

photorespiration. Instead， percentages of 
14C in glutamate and aspartate were increased 
with increasing oxygen. 

Percentage of 14C in 3-phosphoglycerate 

decreased with increasing oxygen， while the 
other phosphate esters showed no significant 

change. Relative 14C-incorporation into the 

80% ethanol-insoluble fraction， mostly s-1 ，3・
glucans (so・calledcrysolaminalin)， was max-
imal under 21% O2 where the photosynthetic 
rate was highest. However， percentage in 

ate decreased with increasing time. No such 
negative curve was observed for 14C-incorpo・

ration into other products， and no more than 
6% of 14C in the soluble fraction was found in 

C4 acids， aspartate and malate， after 12 sec. 
These results suggest that 3・phosphoglycerate

is the initial stable product of photosynthetic 
CO2 fixation and that the photosynthetic path-

way in this diatom is very similar to that of C3 

plants. However，“C-incorporation into the 

products involved in photorespiration， such 
as glycolate， glycine and serine， was very low 
during 10-min photosynthesis under 21% O2・

Total 14C incorporated into acid-stable 

products increased almost linearly for 10 min 

after NaH14C03 addition， but a large portion 
(about 74%) ofthe 14C fixed was found in the 

80% ethanol-insoluble fraction after 10 min; 

whereas only about 30% was found after 

1 min (data not shown). Preliminary studies 

using s・1，3-g1ucanaseshowed that most of 
14C in the insoluble fraction seems to be incor-

porated into s-l，3-g1ucans， at least during 
5 min of 14C02 fixation (data not shown). 
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enhancement is related to energy supply. 
However， an accumulation of 14C-triose phos-
phate under anaerobic condition (Suzuki and 

Ikawa 1985) was not observed. 

the soluble glucans was highest under 0% O2 

and decreased with increasing oxygen. 
The relatively high 14C・incorporationinto 

3-phosphoglycerate and soluble glucans un-

der 0% O2 suggests that the cause of oxygen 
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Table 1. Effect of oxygen on distribution of 14C among the products after 5・minof photos'戸lthetic14C02 fixa-
tion in Nitzschia ruttneri at 0.7 m M  NaHC03， pH 7.6組 d20oC. Chl content in the cell suspension was 12μg ・ ml- 1 •

02 concentration in bubbling gas 

product 0% 21% 100% 

amounta % amounta % amounta % 

(origin) 0.2 0.0 0.2 0.0 0.1 0.0 

phosphate esters 79.0 20.7 99.9 15.6 77.4 13.5 

3-PGAb 65.3 17.1 81.3 12.7 56.7 9.9 

。也ers 13.8 3.6 18.6 2.9 20.6 3.6 

aspartate 12.3 3.2 24.3 3.8 37.2 6.5 

glutamate 6.9 1.8 16.6 2.6 49.3 8.6 

Gly+Ser" 4.0 1.0 5.1 0.8 4.8 0.8 

citrate 0.4 0.1 0.3 0.0 1.1 0.2 

maIate 1.5 0.4 4.5 0.7 4.6 0.8 

glycolate 0.0 0.0 1.3 0.2 8.0 1.4 

glutamine 0.0 0.0 0.6 0.1 2.3 0.4 

aIanine 2.9 0.8 3.8 0.6 5.7 1.0 

lipids 42.8 11.2 54.4 8.5 74.5 13.0 

s.glucansd 34.8 9.1 48.0 7.5 26.4 4.6 

insolublee 175.6 46.0 369.4 57.7 272.2 47.5 

others 21.4 5.6 11.8 1.8 9.7 1.7 

totaI 381.7 (100) 640.2f (100) 573.3 (100) 

adpm・ngChl-1;b 3・phosphoglycerate;C glycine and serine; d s・1，3-glucansin 80% ethanol-soluble企action;e 80% 
ethanol-insoluble fraction; r 62.9μmol・mgChl-1.h-1.

Carbonおanh)崎-ase
When the cells were grown under air， very 

high carbonic anhydrase activity was ob-

served in the intact cell suspension and the 

sonicate (Table 2). The activity from the in-

tact cells was at least 83 % of that from the 
sonicate， suggesting carbonic anhydrase in N 

ruttnm is mostly extracytoplasmic as reported 

in Chlamydomonas reinhardi旨ii(Kimpel et al. 

1983). The activity was inhibited 90% by 

0.1 mM  AZA (Table 2) and the Ki value was 
about 5 nM  (data not shown). About 75% of 
the activity was lost by adaptation to 3 % CO2 

for 24 h and mostly lost after 6・daygrowth 

Table 2. Carbonic anhydrase activity in出edifferent enz戸田prep訂 ationsfrom Nitzschia ruttneri. Number 
in parenthesis is出estandard error (n=3). 

Cell type 

Air-grown cellsb 

Preparation y
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訓intact cells 

medium 

somcate 465.1 (::t7.8) 

33.4 (::t2.4) 

60.0 (::t4.0) 

3.0 (::t 1.1) 

sonicate+0.1 mM  AZA 

24・h3% CO2-adapted cellsc sonicate 

3% CO2-grown cellsd sonicate 

a tt!t， -1， where tb阻 dらrepresent也etime (sec) measured for the pH change (8.3-7めwi出 25mMb釘 bitaIbuffer 
aIone (tb)組 dwi也 sample(ら)at 20C. 
b gro哨 nwi也 aerationby air (ca. 0.04% CO心.
C aerated with air supplemen旬dwith 3% CO2 for 24 h priorωuse after gr百明nunder air. 
d gro岬 nfor 6 days with aeration by air supplemented with 3% CO2 after grown under air. 
e not detected. 
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Discussion 

。ゆIgenenhancement of photosynthesis 
It was proposed出atthe oxygen enhance-

ment of photosynthesis in the cyanobacterium 
Anacystis nidulans was related to組 oxygenre-
quirement for a CO2 concentrating mechan-
ism， based on the fact that the oxygen e出血・

cement was observed only under CO2・limit-
ing conditions without significant effect on 
14C-distribution among the products 

(Miyachi and Okabe 1976). 80 far in algae， 
however， there is no evidence for an oxygen 
requirement for CO2 concentrating mechan-
lsms. 
We also observed an oxygen enhancement 

of photosynthetic 14C02 fixation in a 

freshwater diatom Nitzschia ruttneri， with the 
enhancement being greatest under 21% O2 

(Fig. 1). This diatom has characteristics 
which strongly suggest the operation of a 
CO2-concentrating mechanism when adapted 
to air， such as a very high a伍nityofphotosyn-
thesis for CO2 in air-grown cells (Fig. 2)， 
sensitivity to AZA (Fig. 4)， and a high ex-

under 3% CO2 (Table 2). 

伊 'ct01 AZA onμo切 nt.似た 14C02.fixation
The rate of photos戸lthetic14C02 fixation 

in N. ruttneri was inhibited only slightly by the 
addition of 0.1 mM  AZA at 1.8 mM  

NaHC03 (Fig. 4). The inhibition by AZA， 
however， increased with decreasing NaHC03 

concentration， causing a high K1I2 value of 
photos戸lthesisfor NaHC03; about 150μM， 
compared to 50μM without AZA. This sug-
gests血at姐 extracytoplasmiccarbonic anhy-
drase plays an important role in an inorganic 
carbon utilizing mechanism in this diatom as 
proposed in some unicellular algae (Imamura 
et al. 1983， Tsuzuki 1983， Marcus et al. 1984， 
Moroney and Tolbert 1985， Moroney et al. 
1985， Aizawa and Miyachi 1984， 8ultemeyer 
et al. 1989). However， the addition of 
0.1 mM  AZA did not affect the photosynthe-
tic response to oxygen under either 0.095 or 
0.75 mM  NaHC03 (Fig. 5). 
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Fig. 5. Effect of acetazolamide on photosyn也etic14C02 fixation at various O2 concentrations at 0.095 mM 
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tracytoplasmic activity of carbonic anhydrase 
observed only in air-grown or air-adapted 
cells (Table 2). The mechanism seems to be 

similar to that proposed in unicellular 
freshwater green algae such as C. reinhardtii 
(Badger et al. 1980， Suzuki and Spalding 
1989b， Suzuki et al. 1990)， rather than that 
proposed in the marine diatom Phaeodactylum 
tricornutum in which extracytoplasmic car-
bonic anhydrase was not detected and AZA 
did not affect the photosynthetic a伍nityfor 
CO2 (Patel and Merrett 1986， Dixon and Mer-
rett 1988). Thus， it seems unlikely that the 
mechanism proposed in P. tricornutum ocrurs 
generally in the diatoms， but it is still not 
clear if the differences between the two dia-
toms come from the difference in their 
habitats， freshwater or marine， or not. 

It seems unlikely that oxygen stimulates the 
inorganic carbon utilizing mechanism in 
Nitzschia ruttneri as proposed in A. nidulans 
(Miyachi and Okabe 1976)， because the oxy-
gen effect in N ruttneri was not sensitive to CO2 

concentration (Fig. 2) even in the presence of 

AZA (Fig. 5). The cause of the oxygen en-
hancement in N ruttneri may be rather similar 

to that in Chroomonas sp， although the enhance-
ment in N ruttneri appe町 sto require higher 
O2 concentration. 

In Chroomonas， when exposed to light-

saturating conditions， photosynthetic CO2 

fixation under 0% O2 was inhibited by A TP 
deficiency which was derived from an over-

reduction of photosynthetic electron transpo口
via the inhibition of both cyclic and pseu-
docyclic photophosphorylation (Suzuki and 
Ikawa 1984b， 1985). The accumulation of 
14C-dihydroxyacetone phosphate observed 

during photosynthetic 14C02 fixation in Chroo-
monas under 0% O2 (Suzuki and Ikawa 
1985) can be eXplained as an indirect conse-
quence of the A TP deficiency. The high lev-

el of inorganic phosphate caused by A TP 
deficiency should activate the phosphate trans-
locator across the chloroplast envelope， 
which， in Chroomonas cells， might cause an ex-
cessive e但uxof dihydroxyacetone phosphate 
to cytozol where the accumulation should oc-
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cur. Thus， while the accumulation of di-
hydroxyacetone phosphate was not observed 

in N ruttneri (Table 1)， it is possible to explain 
the oxygen enhancement of photosynthesis in 

N ruttneri by a limitation in the A TP supply， 
pa口lybecause 14C-incorporation into s-1，3・

glucans， which is supposed to require a sig-

nificant level of A TP supply， was affected by 
oxygen almost in the same manner as total 

14C02 fixation rate while the percentage incor-

poration of 14C into PGA was the highest un-

der N2 (Table 1). Our preliminary work also 

suggested an overreduction of photosynthetic 

electron flow under 0% O2， in which the oxy-
gen enhancement in N. ruttneri disappeared 
in the presence of DCMU (data not shown). 

Further studies are necessary to confirm the 

cause ofthe oxygen enhancement ofphotosyn-

thesis in N ruttneri. 

Photorespiration and 0，砂'teninhibition of photosyn-
thesis 

During 5 min ofphotosynthesis under 21% 

O2， almost no glycolate formation was ob-
served in air-grown cells of N. r凶 neri(Table 

1)， as reported in some other algae such as 
Chroomonωsp. (Suzuki and Ikawa 1985) 

and Chlamydomonas re仇hardtii(Suzuki et al. 

1990). In Chlamydomonas grown under 5% 

CO2， when a CO2 concentrating mechanism 

was not operational， not less than 6% of 14C 

fixed was incorporated into glycolate (Suzuki 

et al. 1990). It is unlikely that the quite low 
level of 14C-incorporation into glycolate is due 

to a high turn-over rate of glycolate 

metabolism， because the activity of glycolate 
dehydrogenase in the crude extract from this 

diatom was only about 5μmol DCPIP reduc-

tion ・mgChl-1 . h -1 at 8 mM  glycolate， and 
the Km value for glycolate was much lower 

than those in green algae (data not shown; 

ref. Paul and Volcani 1974， Suzuki et al. 

1991). Thus， while photosynthesis in N rut-

tneri is inhibited by increasing oxygen concen-

tration from 21 to 100% (Fig. 1)， it does not 
seem to be caused by photorespiration but by 

a reaction such as the Mehlar reaction as sug-

gested in Chroomonas sp. (Suzuki and Ikawa 

1984a， 1985). Glycolate synthesis seems to 

be strongly suppressed in this diatom even un-

der extremely high O2 concentrations， proba-
bly by a CO2 concentrating mechanism as 

proposed in Chlamydomonas in which the sup-

pression of photorespiration is due to the 

raised CO2/02 ratio at the site of RuBP car-

boxylase/oxygenase (Badger et al. 1980). 

However， as the accumulation of inorganic 
carbon in the cells has not been demonstrated 

in the diatoms， and as AZA did not sig-

nificantly stimulate photorespiration in N rut-

tneri， it seems likely that some component(s) 

other than carbonic anhydrase plays a more 

important role in suppressing photorespira-

tion in the diatoms. 
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鈴木健策・猪川倫好:淡水産ケイソウ Ni加 'chio.ruttneriにおける光合成

14C02固定の酸素による促進

淡水産ケイソウ Nitzschiaruttneri・の光合成 14C02固定は酸素により促進された。 21%02気相下の固定速度は0

%の時と比べ15-40%高く， 100%02気相下でも 0%の時とほぼ同じかむしろ高かった。 14C固定産物ではか

1，3-g1ucanのみが酸素に対して同様の応答を示した。固定速度に及ぼす酸素の影響は CO2濃度の影響を受けな

かった。これは carbonicanhydrase (CA)阻害剤 acetazolamide(AZA)存在下でも同様であった。 AZAはCO2に

対する光合成の親和性を低下させた。非常に高いCA活性が大気適応細胞の細胞表層に観察された。大気条件で

は14Cのグリコール酸への取込みはほとんどみられずO2濃度を100%に高めても極めて低いなど，光呼吸関連物

質への取込みは低〈抑えられていた。本藻における iC02濃縮機構」の存在が推定されたが，それと酸素促進

効果との関連性は認められず，本藻の光合成の酸素促進効果はむしろ電子伝達系に関係している可能性が高い。
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