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Oxygen enhanced the rate of photosynthetic *CO, fixation in a freshwater diatom Nitzschia rutineri
Hust. The rate under 21% O, (79% N,) was 20 to 35% higher than that under 0% O, (100% N,), and
even under 10094 O,, the rate was almost the same or rather higher than that under 0% O,. The response
to oxygen similar to that in total photosynthesis rate was observed only in *C-incorporation into $-1,3-
glucans during photosynthesis. The photosynthetic response to oxygen concentrations was not affected by
the CO, concentration during photosynthesis in the presence and absence of 0.1 mM acetazolamide (AZA),
a carbonic anhydrase inhibitor, although AZA decreased the photosynthetic affinity for CO,, increasing
K/ for CO, from about 2 to 9 #M under 219 O,. Very high carbonic anhydrase activity, which was most-
ly extracytoplasmic, was observed only when the cells were adapted to air. '*C-incorporation into glycolate
during photosynthetic #CO, fixation was negligible under 219% O, and quite low even under 100% O, in
spite of the Cs-plant type '*C-labelling pattern of photosynthetic products. The oxygen enhancement of
CO, fixation in this diatom does not seem to be related to “CO, concentrating mechanism” but to photosyn-

thetic electron flow such as the Mehler reaction.
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Photosynthetic CO, fixation in terrestrial
C; plants is inhibited competitively by oxygen
when CO, concentration is rate-limiting; by
30 to 50% even under atmospheric conditions
(21% O,, 0.035% CO,). 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 of photosyn-
thesis when grown under limiting-CO, condi-
tions (Lloyd et al. 1977, Spalding et al. 1983a,
b, Suzuki and Spalding 1989a, b). In air-
grown cells of Chlorella pyrenoidosa, oxygen inhi-
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bition was observed but was not sensitive to
CO; (Shelp and Canvin 1980, 1981). The
lack of CO,-sensitive O, inhibition in these al-
gae has been explained by the operation of a
CO; concentrating mechanism in air-adapted
cells (Badger et al. 1980) which eliminates pho-
torespiration by raising the CO,/O, ratio at
the site of Rubisco and traps any released pho-
torespiratory CO, very efficiently (Suzuki and
Spalding 1989b).

It has been reported in the cyanobacterium
Anacystis nidulans that oxygen enhanced the
rate of photosynthetic '*CO, fixation
(Miyachi and Okabe 1976). The enhance-
ment was observed only under COy-limiting
conditions and was highest under 10% Os,.
They proposed that oxygen is necessary for
providing the CO, supply to the site of Rubis-
co in this alga, but no evidence has been
presented for an oxygen requirement for the
COj-concentrating mechanism in any algal
species.
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Oxygen enhancement of photosynthetic
1#CQ, fixation has been also observed in a
cryptomonad, Chroomonas sp. (Suzuki and Ika-
wa 1984a, b, 1985). The oxygen enhance-
ment, however, was not affected by CO, 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 I by the
Mehler reaction to keep adequate levels of
ATP and NADPH for CO; fixation (Suzuki
and Ikawa 1984a, b, 1985). The oxygen en-
hancement was saturated under 2% O,, and
under higher oxygen concentrations photosyn-
thesis in Chroomonas sp. showed a COy-insensi-
tive inhibition (Suzuki and Ikawa 1984a,
1985) similar to that reported in C. pyrenoido-
sa.

In this paper, we report an oxygen enhance-
ment of photosynthetic *CO, 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 ruttneri
Hust. (NT-1A) is a gift from Dr. Isao Inouye,
Institute of Biological Sciences, University of
Tsukuba, Tsukuba, Ibaraki, Japan. The
cells were grown axenically in 1-liter
Sakaguchi flasks containing 500 m/ of a liquid
medium modified from the FWT medium
(Darley and Volcani 1971), which has the
following composition: Ca(NO;),-4H,0,
0.15g; K,HPO,, 0.05g; MgSO,, 0.025g;
Na,SiO,-9H,0, 0.5 g; Darley and Volcani’s
trace elements, 1 m/; Bacto-tryptone, 0.5 g;
glycylglycine, 0.5g; 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-h light 12-h dark cycle, and
bubbled continuously with filtered air without
supplementary CO,, at 18°C.

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 mM
HEPES-KOH buffer, pH 7.6 (containing the
inorganic components of the growth medi-
um).

Photosynthetic *CO, fixation experiment
and the analysis of products were performed
as described previously (Suzuki and Ikawa
1984a, 1985). One ml of cell suspension
(about 10 ¢g Chl) was placed in spitz-type test
tube (16X 150 mm) at 20°C. COy-free gas
mixtures with known ratios of O,/N, were
bubbled at 120 m/-min~! through the algal
suspension during the experiments. After
10 min-illumination with a halogen lamp at
200 W-m™!, photosynthetic CO, fixation was
started by injecting NaH*CQO; and stopped
5 min later by adding boiling ethanol to a con-
centration of 80% (v/v). For time-course ex-
periments, 6ml/ of algal suspension was
placed in a test tube. After injecting
NaHCO;, 1-m!/ aliquots of algal suspension
were removed at intervals and put into a test
tube containing 4m/ of boiling ethanol.
Analysis of *COy-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 2°C in
25 mM barbital-buffered solution (Spalding
and Ogren 1982). Enzyme units were calcu-
lated from the equation: U=t,/t,—1, where t,,
and t, represent the time (sec) measured for
the pH change (8.0 to 7.5) with buffer alone
(t») and with sample (t;) (Suzuki and Spalding
1989b).

Chlorophyll was determined after extrac-
tion into 80% (v/v) ethanol (Suzuki and Ika-
wa 1984a).

Results

Oxygen effect on the rate of photosynthesis

Figure 1 shows the relative rate of photosyn-
thetic 1*CO, fixation in a diatom Nitzschia rut-
tneri under different concentrations of oxy-
gen. The photosynthesis rate was highest
under 21% O, and was higher by 20 to 35%
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than that under 09§ O,. The rate under
100% O, was 10 to 30% lower than that un-
der 21% O,, and was almost the same or
slightly higher than that under 09 O, in most
of the experiments. This phenomenon, the
oxygen enhancement of photosynthesis, ap-
pears similar to that reported in Anacystis nidu-
lans, where the photosynthetic maximum was
at around 10% O, (Miyachi and Okabe
1976). The oxygen enhancement in 4. nidu-
lans was observed only under COy-limiting
conditions. In N. ruttneri, however, the oxy-
gen enhancement was observed at all NaHCO;
concentrations tested and the response of pho-
tosynthesis to oxygen was not affected by
NaHCO3; concentration at least within the
range from 0.08 to 1.7mM (pH 7.6) (Fig.
2). This CO, insensitivity in the oxygen
effect is very similar to that in Chroomonas. sp.,
although photosynthesis was highest under

2% Og in Chroomonas (Suzuki and Ikawa
1984a). The K, of photosynthetic *CO,
fixation for NaHCOj; was lower than 50 4M
(about 2 uM CO, at pH 7.6) under 0% O,,
21% O, and 100% O, 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).

4C-labelling pattern during photosynthetic 1#CO,
Jfixation

Figure 3 shows the percentage *C-incorpo-
ration into individual products in the 80%
ethanol soluble fraction during photosynthe-
tic 1#CO, fixation under 21% O, at 0.66 mM
NaHCO; (33 uM CO, at pH7.6). About
859% was incorporated into 3-phosphoglycer-
ate, and more than 90% was in phosphate es-
ters, after 12 sec of 1*CO, fixation. The per-
centage incorporation into 3-phosphoglycer-
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Fig. 2. Effect of oxygen on photosynthetic *CO, fixation at various NaHCOj; concentrations. A, 0% O,;

., 21% Og; A, 100% Oz.

ate decreased with increasing time. No such
negative curve was observed for *C-incorpo-
ration into other products, and no more than
6% of 1*C in the soluble fraction was found in
C, acids, aspartate and malate, after 12 sec.
These results suggest that 3-phosphoglycerate
is the initial stable product of photosynthetic
CO, fixation and that the photosynthetic path-
way in this diatom is very similar to that of Cs
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% O,.

Total !*C incorporated into acid-stable
products increased almost linearly for 10 min
after NaH!*COj addition, but a large portion
(about 749% ) of the *C 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 fB-1,3-glucanase showed that most of
14C in the insoluble fraction seems to be incor-
porated into f-1,3-glucans, at least during
5 min of *CO, fixation (data not shown).

Effect of oxygen on #C distribution among the
products

Table 1 shows the effect of oxygen on C-
distribution among individual products dur-
ing photosynthetic *CO, 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 4C 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 *C in 3-phosphoglycerate
decreased with increasing oxygen, while the
other phosphate esters showed no significant
change. Relative *C-incorporation into the
809% ethanol-insoluble fraction, mostly 5-1,3-
glucans (so-called crysolaminalin), was max-
imal under 21% O, where the photosynthetic
rate was highest. However, percentage in
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Fig. 3. Percentage distribution of 1*C in individual products of 80% ethanol-soluble fraction versus time of
photosynthetic *CO, fixation under 21% O, at 0.7 mM NaHCOs. Glucans, 8-1,3-glucans; P-esters, phosphate

esters other than PGA; PGA, 3-phosphoglycerate.

the soluble glucans was highest under 0% O,
and decreased with increasing oxygen.

The relatively high *C-incorporation into
3-phosphoglycerate and soluble glucans un-
der 0% O, suggests that the cause of oxygen

enhancement is related to energy supply.
However, an accumulation of *C-triose phos-
phate under anaerobic condition (Suzuki and
Ikawa 1985) was not observed.
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Table 1.

Effect of oxygen on distribution of *C among the products after 5-min of photosynthetic *CO, fixa-

tion in Nitzschia ruttneri at 0.7 mM NaHCOs, pH 7.6 and 20°C. Chl content in the cell suspension was 12 pg-mi~!.

O, concentration in bubbling gas

product 0% 21% 100%
amount® % amount? % amount? %
(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-PGA® 65.3 17.1 81.3 12.7 56.7 9.9
others . 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
malate 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
alanine 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.glucans? 34.8 9.1 48.0 7.5 26.4 4.6
insoluble® 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
total 381.7 (100) 640.2f (100) 573.3 (100)

a2 dpm-ng Chl™!; ® 3-phosphoglycerate; ° glycine and serine; ¢ 8-1,3-glucans in 80% ethanol-soluble fraction; ¢ 80%

ethanol-insoluble fraction; f62.9 #mol-mg Chl~!-h~!.

Carbonic anhydrase

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.

Table 2.
in parenthesis is the standard error (n=3).

ruttneri is mostly extracytoplasmic as reported
in Chlamydomonas reinhardtii (Kimpel et al.
1983). The activity was inhibited 90% by
0.1 mM AZA (Table 2) and the K; value was
about 5 nM (data not shown). About 75% of
the activity was lost by adaptation to 3% CO,
for 24 h and mostly lost after 6-day growth

Carbonic anhydrase activity in the different enzyme preparations from Nitzschia ruttneri. Number

Cell type Preparation

Carbonic anhydrase activity
(units*/mg Chl in 3.5 m/)

Air-grown cells® intact cells
medium

sonicate

sonicate+0.1 mM AZA

24-h 3% CO,-adapted cells® sonicate
3% CO,-grown cellsd sonicate

386.0 (£4.7)
oe
465.1 (£7.8)
33.4 (£2.4)
60.0 (£4.0)
3.0 (£1.1)

® ty/t,— 1, where t, and t, represent the time (sec) measured for the pH change (8.3-7.3) with 25 mM barbital buffer

alone (t,) and with sample (t,) at 2°C.
b grown with aeration by air (ca. 0.04% CO,).

¢ aerated with air supplemented with 3% CO, for 24 h prior to use after grown under air.
4 grown for 6 days with aeration by air supplemented with 3% CO, after grown under air.

¢ not detected.
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Fig. 4. Effect of 0.1 mM acetazolamide on photosynthetic *CO, fixation under 21% O, at various
NaHCO; concentrations. O, control; ®, +0.1 mM acetazolamide. Chl content was 7.4 ggm/~!.

under 3% CO; (Table 2).

Effect of AZA on photosynthetic 1#CO, fixation

The rate of photosynthetic *CO, fixation
in N. ruttneri was inhibited only slightly by the
addition of 0.1mM AZA at 1.8mM
NaHCO; (Fig. 4). The inhibition by AZA,
however, increased with decreasing NaHCO;
concentration, causing a high K, value of
photosynthesis for NaHCOs3; about 150 #M,
compared to 50 uM without AZA. This sug-
gests that an extracytoplasmic carbonic 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 ef al. 1984,
Moroney and Tolbert 1985, Moroney et al.
1985, Aizawa and Miyachi 1984, Siiltemeyer
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 NaHCO:; (Fig. 5).

Discussion

Oxygen enhancement of photosynthesis

It was proposed that the oxygen enhance-
ment of photosynthesis in the cyanobacterium
Anacystis nidulans was related to an oxygen re-
quirement for a CO, concentrating mechan-
ism, based on the fact that the oxygen enhan-
cement was observed only under CO,-limit-
ing conditions without significant effect on
14C-distribution among the  products
(Miyachi and Okabe 1976). So far in algae,
however, there is no evidence for an oxygen
requirement for CO, concentrating mechan-
isms.

We also observed an oxygen enhancement
of photosynthetic *CO, fixation in a
freshwater diatom Nitzschia ruttneri, with the
enhancement being greatest under 21% O,
(Fig. 1). This diatom has characteristics
which strongly suggest the operation of a
CO,-concentrating mechanism when adapted
to air, such as a very high affinity of photosyn-
thesis for CO, in air-grown cells (Fig. 2),
sensitivity to AZA (Fig. 4), and a high ex-



26 Suzuki, K. and Ikawa, T.

100

80

ﬁ1

1

umol CO2 mg Chl
F 3
o

2]
o
e
T

0
0 20 40 60 80 100

Fig. 5.

100
B

4

1 1 1 1

0
0 20 40 60 80 100

Oxygen, %

Effect of acetazolamide on photosynthetic *CO, fixation at various O, concentrations at 0.095 mM

(A) and 0.75 mM (B) NaHCO;. O, control; ®, +0.1 mM acetazolamide. Chl content was 7.2 g m/~'.

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. reinhardti
(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 affinity for
CO; (Patel and Merrett 1986, Dixon and Mer-
rett 1988). Thus, it seems unlikely that the
mechanism proposed in P. tricornutum occurs
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 rutineri as proposed in A. nidulans
(Miyachi and Okabe 1976), because the oxy-
gen effect in N. ruttneri was not sensitive to CO,
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 appears to require higher
O, concentration.

In Chroomonas, when exposed to light-
saturating conditions, photosynthetic CO,
fixation under 0% O, was inhibited by ATP
deficiency which was derived from an over-
reduction of photosynthetic electron transport
via the inhibition of both cyclic and pseu-
docyclic photophosphorylation (Suzuki and
Ikawa 1984b, 1985). The accumulation of
14C-dihydroxyacetone phosphate observed
during photosynthetic *CO, fixation in Chroo-
monas under 0% Oy (Suzuki and Ikawa
1985) can be explained as an indirect conse-
quence of the ATP deficiency. The high lev-
el of inorganic phosphate caused by ATP
deficiency should activate the phosphate trans-
locator across the chloroplast envelope,
which, in Chroomonas cells, might cause an ex-
cessive efflux of 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. ruttner: (Table 1), it is possible to explain
the oxygen enhancement of photosynthesis in
N. ruttner: by a limitation in the ATP supply,
partly because !*C-incorporation into $-1,3-
glucans, which is supposed to require a sig-
nificant level of ATP supply, was affected by
oxygen almost in the same manner as total
1#CO, fixation rate while the percentage incor-
poration of #C into PGA was the highest un-
der N, (Table 1). Our preliminary work also
suggested an overreduction of photosynthetic
electron flow under 0% O,, 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 of the oxygen enhancement of photosyn-
thesis in N. ruttner:.

Photorespiration and oxygen inhibition of photosyn-
thesis

During 5 min of photosynthesis under 21%
O,, almost no glycolate formation was ob-
served in air-grown cells of N. ruttneri (Table
1), as reported in some other algae such as
Chroomonas sp. (Suzuki and Ikawa 1985)
and Chlamydomonas reinhardtii (Suzuki et al.
1990). In Chlamydomonas grown under 5%
CO,, when a CO, concentrating mechanism
was not operational, not less than 6% of 1#C
fixed was incorporated into glycolate (Suzuki
et al. 1990). It is unlikely that the quite low
level of **C-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 5 #mol DCPIP reduc-
tion-mg Chl~!-h~! at 8 mM glycolate, and
the K,, value for glycolate was much lower
than those in green algae (data not shown;
ref. Paul and Volcani 1974, Suzuki ef al.
1991). Thus, while photosynthesis in N. ruz-
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 O, concentrations, proba-
bly by a CO, concentrating mechanism as
proposed in Chlamydomonas in which the sup-
pression of photorespiration is due to the
raised CO,/O, ratio at the site of RuBP car-
boxylase/oxygenase (Badger e 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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SRS - BNGLF : BEKEHY 4 *) ™7 Nitzschia ruttneri ([C5T 2 HEHK
14COo, BAEDERIC & 5B

BRIKEE 7 1 V ¥ Nitzschia ruttneri DYEE R, “CO, BBITMB L W {RE I iz, 21% O, KETOEEEE L0
% DBE & HEN15~40%E <, 100% O, SAHTTH 0 ¥ DB L BFR UL LA -1, “C BEEW TIL §-
1,3-glucan DHABEEH L TRBEORE LR Lic, BEEBCRETHEOPE L CO, BREOHELYZT L
Mo t, Thik carbonic anhydrase (CA) FEEH] acetazolamide (AZA) FET THRETH - oo AZA X CO, I
T HHEEROBFFMELET X1, FHCHEH L CABEESAKECHEROMRERCEHEI W, AREHT
FUC DY 2 - AMENDOERARIZ LA EARALNT O, BEX100%CED T HBHTEL I L, XIPREIEY
BEANDOEUAZITELS fix bh T ic, KB BT 5 [CO, BIEEHE) OFEMNEEE IR, Th LEBFERE
PR L OBERIRDOIT, FBEOXAROBEREDE I LABTEERCER L T BB,
(305 DIFHRER-1-1 HERFEWRFER)





