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Photorespiration and CO; fixation in the red alga Porphyra yezoensis Ueda
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Gas exchange in photosynthesis of the red alga Porphyra yezoensis was investigated to understand its
growth enhancement in high CO, concentration. It was found that oxygen (‘*Q,) uptake by the alga
increased linearly with increased photosynthetically active radiation, being about 40% of photosynthetic
oxygen evolution at 250 pgmol photons m™!s™!. A substantive evidence for active HGO,™ transport by the
alga was obtained in that CO, uptake rate was extremely slow compared to the photosynthetic oxygen
evolution rate. In the culture of the alga using aeration, dissolved inorganic carbon (DIC) concentration
decreased while pH increased from the beginning of light period and increased while pH decreased from the
start of dark period. This is because photosynthetic GO, fixation proceeded faster than the dissolution of
CO; and thus DIC was reduced due to photosynthetic HCO4~ utilization in the light, and in the dark the
cease of photosynthesis and continuation of aeration increased DIC and lowered pH. Addition of CO,
(air+ 1250 ppm CO,) in the culture of the alga was confirmed to raise DIC concentration. [t was suggested
that addition of CO; could suppress the photorespiration of P. yezeensis by elevating CO,/Oy ratio in the
culture medium and then at the active site of Rubisco, the oxygenation of which could be subsequently
reduced.
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The authors reported in the previous paper
(Gao et al. 1991) that the growth of Porphyra
yezoensts Ueda was enhanced in the culture
using aeration with high CO,. It is of gener-
al concern to understand how high CO,
affects the efficiency of photosynthetic carbon
fixation of the alga. O; consumption during
photosynthetic O, evolution reflects pho-
torespiration, which is primarily determined
by the competition between CQO; and O, for
the active site of ribulose-1,5-bisphosphate
(RuBP) carboxylase/oxygenase (Rubisco). If
photorespiration is considerably active in the
alga, high CO; supply can be expected to sup-
press the photorespiration by raising the ratio
of CO, to O; within the cell and increase the
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photosynthetic efficiency.

In this paper, the authors present basic
knowledge on the Oy uptake and “CQ,” trans-
port of P. yezoensis while illuminated and dis-
cuss its relevance to the biological response of
the alga to high CO, in culture.

Material and Methods

Cultures of leafy thalli of Porphyra yezoensis
(ZW-22, ZGRW) were initiated from concho-
spores released from free-living conchocelis as
previously reported (Gao ef al. 1991). Thalli
of 2-3 cm long (about 40 days after concho-
spore attachment) cultured using aeration
(350 ppm CO,) were used for the O, uptake
experiments. The culture medium was pre-
pared and COy was supplied as in the previ-
ous paper (Gao ¢ al. 1991).
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The evolution of %0, and uptake of 80,
during photosynthesis were determined simul-
taneously at 10 second intervals by using a
gas-permeable membrane-mass spectrometer
system. A silicon membrane (125 pm thick)
probe was inserted into a cylindrical reaction
vessel (35 m/, 3 cm in diameter) to separate
the medium, filtered (Whatman, GF/C) sea-
water, from the high-vacuum inlet to a quad-
rupcle mass spectrometer (Ametek M200).
The seawater was bubbled with N, for 30
minutes to expel '*0, before dissolving '3Q,
into it. Since the Oy uptake reaction does not
discriminate between the isotopes, correction
was made for the amount of %0, consumed
according to Radmer and Ollinger (1980).

The reaction vessel was equipped with a
water jacket and the temperature within it
was controlled at 15°C.

The dissolved inorganic carbon (DIC) in
the culture medium was measured by using a
Shimadzu total organic analysis unit (TOC-
5000).

Results

When the light was turned on, %0, in-
creased and CO, decreased due to photosyn-
thesis, whereas ¥0; decreased due to oxygen
uptake reactions; when the light was turned
off, oxygen (%0, and '®0,) decreased and
CO; increased due to mitochondrial respira-
tion (Fig. 1). It is easy to see from the slope
of 180, decrease that O, uptake by the alga
was faster in the light than in the dark (Table
1), in the former being about twice as fast as
in the latter. O, uptake was 41 and 469% of
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Fig. 1.

Oxygen uptake and evolution (A),
and CO, uptake (B) in photosynthesis of Porphyra
yezoensis (ZW-22).

O, evolution at the first and second illumina-
tion, respectively (Table 1).

The apparent CO; uptake rate derived
from CO, decrease (Fig. 1B) was extraor-
dinarily slow compared with the rate of pho-
tosynthetic Oy evolution (Table 1}. To esti-
mate the real CO, uptake rate, the GOy sup-
ply rate from the dehydration of HCO;~ was
integrated with the apparent GO, uptake
rate. Nevertheless, the rate of photosynthetic
O, evolution exceeded about 13-fold the esti-
mated real COq uptake rate (Table 1). This
shows a substantive evidence for HCO;™~ up-
take in P. yezoensis. The rate of O,y uptake in
the dark exceeded the apparent rate of CO,

Gas exchange rate (¢mol min~! dm™?) during pbotosynthesis in Porphyra yezoensis, the ratio of O,

evolution to GO, uptake (b/c) in the light and the ratio of CO, to O, (COy/O;) in the reaction vessel when light

(PAR, 250 pmol photons m~?s™!) was turned on.

. OQ,upt.® Oj,evol.®  Ratio e COyupt. Ratio *

Light (@) (b) o/b CO, ‘upt. (© bic CQO, rel. CO,/0,
on 2.15 5.25 0.41 0.22 (0.19)** 0.41 12.80 0.09
off 1.10 0.04
on 1.95 4.23 0.46 0.13 (0.19)™* 0.32 13.22 0.06
off 0.97 0.03

*

upt. is for uptake, ‘upt.’ for apparent uptake, evol. for evolution, rel. for release.

** Values in parentheses are CO, supply rate (¢mol CO, min~!) from dehydration of HCO;~ at 15°C (Cook ef al.

1986) within the reaction vessel.
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Fig. 2. Oxygen uptake and evolution in Por-
phyra yezoensis as a function of photosynthetically
active radiation (PAR).

release 28- to 32-fold, which might be due to
hydration of CO; to form HCO;™ inside the
algal cell (Table 1).

The oxygen uptake increased linearly and
the oxygen evolution increased parabolically
with the increase of PAR (photosynthetically
active radiation, 400-700 nm) (Fig. 2). O,
uptake of P. yezoensis while lluminated was
similarly observed in the strains, ZW-22 and
ZGRW.

Figure 3 shows daily variations of DIC and
pH in the culture of P. yezoensis aerated with
air (control) and air+1250 ppm CO,. DIC
decreased in the light period and increased in
the dark period to reach a constant level.
The pH variation shows an opposite pattern
to DIC. DIC was elevated and pH was lo-
wered in + 1250 ppm CQO; culture compared
with the control.

Discussion

In the present study, basic knowledge was
obtained on the gas exchange during the pho-
tosynthesis of P. yezoensis. Oy uptake was
enhanced in the light and increased with
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Fig. 3. Daily variation of pH and DIC

(dissolved inorganic carbon) in culture of Perphyra
yezoensis (ZGRW) using aeration (0.5 /min~!) with
air (350 ppm COy,) and air+ 1250 (1600) ppm CO,.
About 1.25 g (fresh weight) of thalli (38 days after
concospore attachment, about 3 cm long) were main-
tained in 500 m/ culture medium in a culture flask.

increase of PAR. Oxygen uptake in the light
stems from the following three reactions: 1)
mitochondrial respiration, 2) Mehler reaction
and 3) RuBP (ribulose-1,5-bisphosphate) oxyg-
enation. Mitochondrial respiration is in-
dependent of light, but Mehler reaction and
RuBP oxygenation are light-dependant.
The enhanced O, uptake of P. yezoensis in the
light is due to reactions 2) and 3). The
proportion of O, uptake to evolution was
higher at low PAR than at high PAR (Fig. 2),
which implies that increment in O, uptake
with increasing PAR is slower than that in
photosynthetic O evolution. This must be
due to much more active RuBP oxygenation
at dim light when photosynthesis was much
more light-limited. RuBP oxygenation is an
inescapable consequence of COy fixation dur-
ing photosynthesis (Beardall 1989). Because
Rubisco catalyses both carboxylation of GO,
and RuBP oxygenation, O, concentration
affects RuBP oxygenation. In the present in-
vestigation, O; increased and CO, decreased
with proceeding of photosynthesis in the
closed reaction vessel (Fig. 1, Table 1), there-
fore, the ratio of CQOy/O, at the active site of
Rubisco might be lowered to get close to that
outside the algal cell (Table 1), resulting in an
enhanced oxygen uptake in the second illumi-
nation.
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As previously reported (Gao e al. 1991),
the pH rise in the culture of P. yezoensis (Fig.
3) is due to photosynthetic use of HCO;™.
The high ratio of photosynthetic O, evolution
to CO; uptake (Table 1) provides a substan-
tive evidence for active HCQ;~ uptake.
Comparing the rate of photosynthetic O, evo-
lution with the rate of CO; supply arising
from non-catalyzed dehydration of HCO;5™,
Cook et al. (1986) demonstrated the HCO;~
uptake in 15 species of red algae and 2 species
of brown algae which were proved not having
extracellular carbonic anhydrase (CA). The
rate of photosynthetic O, evolution in For-
phyra occidentalis was reported to exceed 15.9-
fold the COy supply rate (Cook et al. 1986).
In the present study, the rate of photosynthe-
tic Qg evolution exceeded about 13-fold the
rate of CO, uptake in P. yezoensis, which prob-
ably does not possess extracellular CA. In
the dark, on the other hand, the rate of O up-
take was about 30 times higher than the rate
of CO, release (Table 1). This shows that
CO, arising from mitochondrial respiration
could be hydrated with the catalysis of in-
tracellular CA to form HCO;~, supplement-
ing the intracellular pool of inorganic carbon
which had been depleted in the light, so that
only a small amount of CO, was released into
the medium (Table 1).

In the culture of Porphyra yezoensis aerated
with air and air +1250 ppm CO,;, constant
levels of pH and DIC in the middle of light
period (Fig. 3) indicate the balance between
the photosynthetic carbon fixation and dissolu-
tion of CO, from air into the culture medi-
um. DIC level was reduced at about 1.5 mM
in the middle of the light period even in the
COq-enriched culture, where the photosynthe-
sis of the alga must have been carbon-limited
and photorespiration could be still active.
However, since O, concentration in the cul-
ture medium should be constant because of
the continuous aeration, the ratio of CO, to
O, must be raised in the culture medium with
addition of CO, and consequently at the ac-
tive site of Rubisco, therefore the active pho-
torespiration could be suppressed. The K,
(COy) of Rubisco from marine macroalgae is

reported to be in a 30-60 uM range (Kerby
and Raven 1985), which is much higher than
the concentration of free CO, in seawater
(about 14 uM at 15°C, pH 8.2). When P.
yezoensis 1s cultured using aeration with high
CO,, increased partial pressure of CO; serves
to saturate Rubisco-catalyzed carboxylation.
Consequently, the enhanced growth of P.
yezoensts in high CO, as reported previously
(Gao et al. 1991) could be due to suppression
of photorespiration and acceleration of carbox-
ylation, which result in enhanced photosyn-
thetic efficiency.

The proportion of algal biomass to water
volume in the culture (Fig. 3) was 2.5 kg m~3.
Growth of the alga was shown to be enhanced
m air+650 and + 1250 CO; cultures with the
proportion of biomass to water volume being
less than 0.5 kgm™3 (Gao e al. 1991). It is
suggested that growth of the alga in cultiva-
tion site might be COy-limited when seawater
exchange is slow between the inside and the
outside of the algal population. Since in-
crease in seawater current speed increases the
photosynthesis of P. yezoensis (Gao et al. 1992),
fast seawater flow through the algal popula-
tion can be expected to lessen photorespira-
tion and give rise to less COy-limited growth
by taking away photosynthesis-evolved O,
and resupplying ‘COy’.
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