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At low concentrations of dissolved inorganic carbon (DIC) at pH 8.0 the rates of DIC transport and fixation

by Synechococcus leopoliensis were markedly stimulated by the addition of Na*. Carbonic anhydrase (CA)

addition gave similar results. The Na*-stimulated photosynthesis was inhibited by Li* whereas the CA-stim-

ulated photosynthesis was not. The addition of a high DIC concentration {1 mM) overcame the need for

either Na* or CA. We suggest that Na* stimulated HCO; transport whereas CA stimulated CO, transport
(by increasing the supply rate of CO, to the cells).

Synechococcus Inorganic carbon uptake

1. INTRODUCTION

The photosynthesis and growth of cyanobacteria
at low concentrations of dissolved inorganic car-
bon (DIC) at alkaline pH is usually based on the
active transport of HCOj, rather than CO,, into
the cells [1-7]. There is increasing evidence,
however, that cyanobacteria may also be capable
of active CO; transport [1,8]. We present in this
report a method that allows distinction between
HCO3- and COz-dependent transport and
photosynthesis in the cyanobacterium Synechococ-
cus leopoliensis, based upon the recent finding that
Na® is required for cyanobacterial photosynthesis
at alkaline pH [9-11].

2. MATERIALS AND METHODS

Cells of S. leopoliensis (UTEX 625) were grown
in unbuffered Allen’s medium [12], to a chloro-
phyll density of 6-8 xg/ml, with air bubbling at
30°C. Cells were washed 3 times (by centrifugation
for 2 min at 10000 x g) with 50 mM 1,3-bistris(hy-
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Na*-dependent HCO; transport CO, transport

droxymethyl)methylaminopropane adjusted to pH
8.0 with HCI and containing only low concentra-
tions (12-20 xM) of DIC [5]. Photosynthetic O,
evolution was measured with an O, electrode [5].
The transport, accumulation and photosynthetic
fixation of C-labelled DIC were measured by
centrifugal filtration of the cells through silicone
fluid as described [4], except that KOH rather than
NaOH was used in the terminating solution.

Carbonic anhydrase (CA) from bovine
erythrocytes (Sigma) was dialysed against 10 mM
K-phosphate (pH 7.0) before use. These stock CA
solutions (10 mg CA-ml™!) contained no more
than 170 xM Na* (determined by flame emission
spectrometry) and would therefore have increased
the Na* concentration in the algal suspensions by
no more than 1.7 xM upon addition to give 100 xg
CA-ml™.

3. RESULTS

We have shown that cells of S. leopoliensis
harvested from HCOj -limited chemostats required
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Na't in the extracellular medium in order to
photosynthesize at normal rates [9]. Batch-grown
cells also required the addition of Na* (as NaCl or
Na,S04) for optimal photosynthesis at a low con-
centration of DIC (25 M) at pH 8.0 (fig.1A). A
concentration of 3—5 mM NaCl was required for
half-maximal stimulation (not shown). Li* in-
hibited Na*-stimulated photosynthesis (fig.1B).
There is no evidence for the production of ex-
tracellular CA by cyanobacteria [1,3,7] and its
absence would limit the rate of photosynthesis at
low DIC concentrations at alkaline pH, if the cells
were unable to transport HCO3 [3]. The addition
of CA to cells in the presence of Na* stimulated
photosynthesis slightly (fig.1B). The addition of
CA to cells in the absence of Na™, however,
stimulated photosynthesis greatly and resulted in a
restoration of the photosynthetic rate to that
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observed in the presence of Na* (fig.1B). Boiled
CA gave no stimulation (fig.1B). Li* did not in-
hibit CA-stimulated photosynthesis (fig.1B).

The stimulatory effect of CA was overcome by
the addition of the CA inhibitor ethoxyzolamide
(EA) (fig.2). Several other features of these ex-
periments are shown in this figure. Upon the addi-
tion of CA the photosynthetic rate increased as the
contaminant DIC in the buffer was used (fig.2A).
Photosynthesis was rapidly resumed upon addition
of 30 xM DIC (fig.2B) but after the addition of
30 «M EA (fig.2C) photosynthesis did not resume
upon the addition of a further 30xM DIC
(fig.2D). The addition of 10 mM NaCl (fig.2E)
allowed photosynthesis to proceed at a rate similar
to that previously seen in the presence of active CA
(fig.2B,F). The Na® effect was overcome by the
addition of 20 mM LiCl (fig.2G,H) but photosyn-
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Fig.1. Effects of various salts {A) and CA (B) upon photosynthetic O, evolution at 25 @M DIC at pH 8.0. The salts

(as 1 M stocks) and CA were added 3 min prior to the addition of sufficient 10 mM KHCO; to yield a final [DIC] of

25 M. The numbers in brackets are the maximum rates of photosynthesis (in zmol- mg~! Chl-h™!) determined from

the respective traces. The highest rate of photosynthesis of these cells (251 xmol-mg~! Chl-h™!) was observed in the

presence of 20 mM NaCl and 1 mM DIC. A suboptimal Na* concentration (10 mM) was used in these experiments to
clearly demonstrate the inhibitory effect of Li* (which is largely overcome by higher [Na*]).
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[ - L ! tion of CA gave results similar to those seen with
| c o ‘ Na* addition (fig.3).
< ) o ’
A B 3 4. DISCUSSION
2 s ' D % F GH I When extracellular CA is absent, the DIC con-
g g - - 22 2 centration is low and the pH is alkaline, the rate of
3 : D3 E 2 I cyanobacterial photosynthesis being limited by the
/ o ;’ mr | rate of active HCOj7 transport [1,3,7]. Under these
! N H ! conditions Na* was required for normal photosyn-
thetic rates to occur (fig.1A). Upon the addition of
CA (to accelerate HCO3 — CO, conversion) Na*

Fig.2. Further distinctions between CA- and
Na*-stimulated photosynthetic O; evolution at pH 8.0.
Dotted lines indicate adjustment of recorder pen.

thesis proceeded rapidly upon the addition of a
high concentration (1 mM) of DIC (fig.2I).
The transport and accumulation of DIC was

was no longer required (fig.1B). When the rate of
CO; supply to the cells was increased by the addi-
tion of a high DIC concentration (fig.2I) or by
lowering the pH to 7.0 (not shown) there was also
no need for Na*. The CA-stimulated photosyn-
thesis was not inhibited by Li* whereas the
Na*-stimulated photosynthesis was (fig.1B,2G).
The stimulation of photosynthesis by both Na*

and CA was the result of a stimulation of DIC
transport (fig.3). We suggest that Na* stimulated

stimulated by Na* (fig.3A) as was the rate of
photosynthetic carbon fixation (fig.3B). The addi-
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Fig.3. Effects of Na* and CA upon DIC transport, accumulation and fixation at pH 8.0. DIC transport was initiated
by the addition of a pH 8.0 solution containing KH'*CO3 (45 mCi/mmol) to illuminated cells. The [DIC] upon initiation
of transport was 75 zM. (A) DIC accumulation refers to the accurnulation of unmetabolized, acid-labile DIC within
the cells and was measured as in [9]. Concentrations (mM) were calculated on the basis of the sorbitol impermeable
space [9] measured in this experiment as 95 x1 H,O-mg™! Chl. (B) DIC fixation represents the formation of
photosynthetic, acid-stable products from transported DIC [9]. The total amount of DIC transported into the cells can
be obtained by addition of corresponding values for ‘DIC accumulation’ and ‘DIC fixation’. If the intracellular pH
in illuminated cells is assumed to be 7.5 [13] then the intracellular [CO,] can be estimated for each intracellular [DIC]
(A). For example, cells incubated in CA accumulated CO; to a concentration of about 1100 xM after 2 min (A),
compared to a concentration of only 0.86 «M remaining in the medium. The calculated accumulation ratios for CO,
of 1279 will be an overestimate due to the formation of acid-labile carbamates, but does strongly suggest that CO; was
accumulated by these cells against its concentration gradient.
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HCOj5 transport (inhibited by Li*) whereas CA
stimulated CO; transport (not inhibited by Li*).
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