Overexpression of a Na™/H™ antiporter confers salt
tolerance on a freshwater cyanobacterium, making
it capable of growth in sea water
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The salt tolerance of a freshwater cyanobacterium, Synechococcus
sp. PCC 7942, transformed with genes involved in the synthesis of
a Na*/H* antiporter, betaine, catalase, and a chaperone was
examined. Compared with the expression of betaine, catalase, and
the chaperone, the expression of the Na*/H* antiporter gene from
a halotolerant cyanobacterium (ApNhaP) drastically improved the
salt tolerance of the freshwater cyanobacterium. The Synechococ-
cus cells expressing ApNhaP could grow in BG11 medium contain-
ing 0.5 M NaCl as well as in sea water, whereas those expressing
betaine, catalase, and the chaperone could not grow under those
conditions. The coexpression of ApNhaP with catalase or ApNhaP
with catalase and betaine did not further enhance the salt toler-
ance of Synechococcus cells expressing ApNhaP alone when grown
in BG11 medium containing 0.5 M NacCl. Interestingly, the coex-
pression of ApNhaP with catalase resulted in enhanced salt toler-
ance of cells grown in sea water. These results demonstrate a key
role of sodium ion exclusion by the Na*/H* antiporter for the salt
tolerance of photosynhetic organisms.

Aphanothece halophytica | genetic engineering

ccumulation of salts in irrigated soil is a primary factor

depressing yield in crop production (1). High salinity causes
ion imbalance and hyperosmotic stress in plants. Organisms that
thrive in hypersaline environments possess specific mechanisms
to adjust their internal osmotic status. One such mechanism is
the ability to accumulate low molecular weight organic compat-
ible solutes such as sugars, some amino acids, and quaternary
ammonium compounds (2). Another mechanism for adaptation
to high salinity is the exclusion of Na* ion from cells, which has
been proposed as a function of a Na*/H™ antiporter and
Na*-ATPase (3). In addition to these toxic effects, salt stress
induces oxidative stress (4). Considerable efforts to improve the
salt tolerance of plants by genetic engineering techniques have
been made (5-11). But, those achievements are not satisfactory
(12). To gain insight into the complex network of genes respon-
sible for salt tolerance, it is important to have information
concerning the master genes for salt tolerance. Compared with
plants, unicellular cyanobacteria are simple and hence more
suitable for evaluating the effectiveness of each gene for salt
tolerance in photosynthetic organisms.

Previously, it was shown that the expression of genes for
synthesis of betaine and catalase could confer salt tolerance on
the freshwater cyanobacterium Synechococcus sp. PCC 7942
(13-15). However, the expression of a Na* /H™ antiporter from
Vibrio alginolytica NhaAv resulted in a Na*-sensitive transfor-
mant (16). Recently, we isolated a eukaryotic Na*/H* anti-
porter gene (apnhaP) from a halotolerant cyanobacterium Aph-
anothece halophytica and showed that ApNhaP exhibits high
Na*/H™" exchange activity over a wide range of pH with novel
ion specificity (17). Therefore, it was interesting to examine the
effects of expression of ApNhaP and genes for the synthesis of
betaine, catalase, and a chaperone (DnaK) and their combina-
tions. We attempted the expression of eight kinds of plasmids in
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the freshwater cyanobacterium Synechococcus sp. PCC 7942 and
tested for salt tolerance. It was found that compared with the
overproduction of betaine, catalase, and DnaK the expression of
ApNhaP drastically improved the salt tolerance of the freshwater
cyanobacterium and suggested that among the several functions
the exclusion of NaCl by the plasma membrane Na*/H*
antiporter is a key factor for salt tolerance. Very recently,
interesting papers appeared showing that the expression of a
vacuole-type Na®/H* antiporter in the vacuole conferred salt
tolerance on Brassica (18) and tomato (19).

Materials and Methods

Construction of Expression Vectors. The plasmids pUC303-KatE
(15), pUC303-Bet (13), and pUC303-KatE/Bet (15) were used
for the expression of mono-functional catalase, betaine, and both
catalase and betaine, respectively. The plasmid pUC303-Bm was
used in the control cells (13). For the construction of expression
plasmid pUC303-Dnak, the 3-kbp fragment that contains the
dnaX gene from A. halophytica (20) was digested with SspI and
EcoRV and blunt-ended, and then ligated into the EcoRI- and
Sall-double-digested and blunt-ended site of pUC303-Bm. An
expression plasmid for ApNhaP that contains its own promoter
was constructed as follows. The Na* /H™ antiporter fragment,
spanning from the EcoRI site at 539 in the apnhaP gene to the
stop codon just after the His tag sequence in pTrcHis2C, was
amplified by the PCR technique with pANhaP as template (17).
The forward primer ApNhEcF1 (5'-TGGGAATTCCCCT-
CGGAA-3") contains an EcoRI site, and the reverse primer
ApNhBmR1 (5'-GTGGATCCTCAATGATGATGATGATG-
3") contains a BamH]I site after the stop codon. The amplified
fragment was ligated into the EcoRYV site of pBluescript IT SK+.
Another Na* /H" antiporter fragment, spanning from —194 to
the EcoRI site at 539, was amplified by PCR using the genomic
DNA of A. halophytica as a template. The forward primer
ApNhECcF2 (5'-CTGAATTCGATCGCGGCTCATATT-3')
contains the EcoRI site and the reverse primer ApNhEcR2
(5'-GGGAATTCCCACTAATAGA-3') also contains the
EcoRI site at 539. The amplified fragment was ligated into
the EcoRI-digested site of pBluescript II SK+ to which the
C-terminal part of the amnhaP gene was already ligated. After
checking the orientation, the correctly ligated plasmid,
pBApNhaP, was digested with BamHI and ligated into the
BamH]-digested site of the Escherichia coli / Synechococcus shut-
tle vector, pUC303-Bm (13). The resulting plasmid was desig-
nated pUC303-ApNhaP. For the coexpression of the apnhaP and
katE genes, the plasmid pUC303-KatE was used in which the
katE gene from E. coli was ligated to the Sall/BamHI-digested
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Fig. 1. Schematic structure of expression vectors.

site. The katE gene was a kind gift from P. C. Loewen, University
of Manitoba, Manitoba, Canada (21). The plasmid pUC303-
KatE was digested with Xbal and blunt-ended. The apnhaP gene
was prepared by digesting the pUC303-ApNhaP with BamHI
and blunt-ending. The resulting apnhaP gene was ligated into the
Xbal-digested pUC303-KatE, generating the plasmid pUC303-
ApNhaP /KatE. For the coexpression of apnhaP, katE, and bet
genes, the plasmid pUC303-KatE /Bet was used. The pUC303-
KatE /Bet was digested with Xbal and blunt-ended, to which the
BamHI cut and blunt-ended apnhaP gene was ligated. The
resulting plasmid was designated pUC303-ApNhaP /KatE /Bet.
These plasmids were used to transform Synechococcus cells (13).
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Growth of Cyanobactera Under Salt Stress. Synechococcus cells were
subcultured at 30°C under continuous fluorescent white light (30
pE m~2s71) in BG11 liquid medium supplemented with 10
pg'ml~! streptomycin and bubbled with air (15, 16). When the
bet genes were expressed, 100 uM choline was added. For the salt
stress experiments, cells at the late logarithmic phase were
transferred into fresh medium containing various concentrations
of NaCl (0-0.5 M). The cultures were incubated for several days.
During these periods, the growth of cells was monitored by
measuring the absorbance at 730 nm with a Shimadzu UV-160A.
SDS/PAGE and immunoblotting were carried out as described
(20). An antibody raised against 6-histidine (6X-His tag) was
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Effects of salt stress on the growth rates of the control and transformed Synechococcus cells. The control and transformed cells at logarithmic phase

in BG11 medium were subjected to salt stress by inoculation into fresh medium containing the indicated concentrations of NaCl.

obtained from R & D Systems (22). DnaK protein was detected
by immunoblotting (20). Glycine betaine was measured with
time of flight-MS (model KOMPACT MALDI IV tDE, Shi-
madzu/Kratos), and catalase activity was measured by activity
staining (15).

Measurements of Photosynthetic Activities. The apparent quantum
yield in photosystem II was measured with a PAM fluorometer
(Walz, Effeltrich, Germany) (8, 15). Before the measurements,
cells were dark-adapted for 10 min, and then the quantum yield
in photosystem II under continuous light (200 wE m~2s~!) was
calculated by the equation (Fm’ — F)/Fm’, where F and Fm’
represent the fluorescence levels under irradiation before and
after a saturating flash, respectively.

Measurements of Na+/H* Antiporter Activities. Na™/H™ activity
was measured essentially according to Nakamura et al. (23).
Briefly, Synechococcus sp. PCC 7942 cells were suspended in 0.15
M NaCl containing 50 mM diethanolamine-HCI (pH 9.3). In this
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treatment, cellular K* was replaced with diethanolamine by the
function of the K* /H™ antiporter. The amine-loaded cells were
washed with 0.15 M NaCl containing 20 mM Hepes-NaOH
buffer (pH 8.5). At this step, the cell interior was acidified
because of the release of diethanolamine and then Na™ was
loaded in exchange for H* by means of Na®/H" antiporters.
Before measurements of Na®™ /H™ antiporter activity, cells were
energized by addition of 0.2% glucose, and then 50 mM dieth-
anolamine-HCl (pH 8.5) was added. At the appropriate time,
cells were collected by filtration and Na* ions on the filters were
determined with a Shimadzu Personal Ion Analyzer PIA-1000
(8, 15).

Results

Expression Plasmids and Growth in BG11 Medium. We constructed
eight kinds of expression plasmids as shown in Fig. 1. They were
the expression plasmids for the Na*/H™* antiporter ApNhaP
from A. halophytica, pUC303-ApNhaP (17); the molecular chap-
erone DnaK from A. halophytica, pUC303-DnaK (20); catalase
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Fig. 3. Exclusion of Na* from Na™ loaded cells. The control and ApNhaP-

expressing cells were grown in BG11 medium until the optical density at 730

nm reached 0.5 and then they were transferred to medium containing 0.5 M

NaCl. After incubation for 1 day, diethanolamine-induced exclusion of Na*
was measured.

from E. coli, pUC303-KatE (15, 21); betaine synthesis genes
from E. coli, pUC303-Bet (13, 24); and their combinations. They
are believed to function for ion homeostasis, protein folding,
active oxygen quenching, and as an osmoprotectant, respectively.
All of these genes use their own promoter sequences.

Fig. 24 shows that all of the transformants could grow almost
at the same rates in BG11 medium, indicating that the trans-
formation did not impair growth under low salinity. At high
salinity, the growth rate control cells decreased and apparently
no growth occurred at concentrations higher than 0.375 M NaCl.

At 0.4 M NaCl, control cells and those expressing dnaK could
not grow whereas the cells expressing bet or katE could (Fig. 2B).
Interestingly, the apnhaP cells could grow at a significantly
higher rate than those expressing bet or katE (Fig. 2B). The cells
coexpressing apnhaP, katE, and bet showed a slightly decreased
growth rate compared to those expressing apnhaP alone. The
expressions of apnhaP (17), katE (15), bet (13), and dnaK (20)
were confirmed as described in Materials and Methods (data not
shown). If nonionic osmolyte (0.8 M sucrose) or another salt (0.4
M KCl) was used instead of NaCl in the control cells, the growth
rate was similar or slightly lower than that in BG11 medium,
respectively (data not shown), indicating that the effects of NaCl
on growth rates are indeed caused by sodium, but not by
osmolarity.

When the concentration of NaCl was raised to 0.5 M, the
control cells and the cells expressing dnaK, katE, and bet could
not grow (Fig. 2C). Only the cells expressing apnhaP could grow.
The cells expressing apnhaP alone showed a better growth rate
than those coexpressing apnhaP and katE or coexpressing
apnhaP, katE, and bet. These data clearly indicate that the
expression of ApNhaP significantly improved salt tolerance of
Synechococcus cells and coexpression of ApNhaP with
other relevant proteins did not improve the salt tolerance of
ApNhaP-expressing cells.

Na*/H* Exchange Activity in ApNhaP-Expressing Cells. Next, we
examined the expression level of ApNhaP and its Na*/H*
exchange activity. To test this, the control and ApNhaP-
expressing cells were grown in BG11 medium until the optical
density at 730 nm reached 0.5, and then transferred to the BG11
medium containing 0.5 M NaCl. After incubation for 1 day, the
Na™ exclusion activity of Na*-loaded cells was measured upon
the addition of diethanolamine (23). Neutral diethanolamine
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Fig. 4. Effects of salt shock on the growth rate (A) and photosynthetic

electron transport activity (B) in control and ApNhaP-expressing Synechococ-
cus cells. The control and ApNhaP-expressing cells were grown in BG11 me-
dium until the optical density at 730 nm reached 0.5 and then transferred to
the new medium containing 0.65 M NaCl.

could penetrate the cells and become protonated. The required
protons must be taken up from outside the cells through the
mediation of Na*/H* antiporters with the exchange of Na*.
Thus, Na* exclusion activity reflects the Na®™/H* antiporter
activity. As shown in Fig. 3, a larger decrease of intracellular Na*
was observed in the ApNhaP-expressing cells than the control
cells. Similar phenomena were observed for cells incubated with
0.3 M NaCl. But, the difference of Na™ exclusion activity
between the control and ApNhaP-expressing cells decreased
upon the decrease of salinity (data not shown). These results
indicate that the ApNhaP-expressing cells have higher antiporter
activity than the control cells.

Effects of Salt Shock on Growth and Photosynthetic Activity. Next, we
examined the effects of salt shock on the growth rate of
ApNhaP-expressing cells. Upon salt shock (0.65 M NacCl), the
ApNhaP-expressing cells could grow up to 10 h whereas the
control cells grew with a slower rate, up to 3 h (Fig. 44). After
1.2 h of salt shock, much higher Na* exclusion activity was
observed for the ApNhaP-expressing cells than for the control
cells after the addition of diethanolamine, i.e., 75% vs. 30%
during 15 min (data not shown). Salt stress has been shown to
impair photosynthetic activity in a number of photosynthetic
organisms (7, 11, 14). To determine whether the expression of
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chlorophyll absorption.

ApNhaP can improve photosynthetic activity after salt shock, we
measured the quantum yield of photosystem II as shown in Fig.
4B. Before salt shock, the quantum yields of photosystem II for
the control and the ApNhaP-expressing cells were similar, 0.37
vs. 0.35. However, at 1.2 h after salt shock, these values were
decreased to 0.09 and 0.14, respectively. The decrease for the
control cells was larger than that for the ApNhaP-expressing
cells. These results, together with the data for the Na*/H™
exchange activity, indicate that the ability of cells to retain high
photosynthetic activity depends on efficient Na® extrusion.

ApNhaP-Expressing Cells Could Grow in Sea Water. We tested
whether ApNhaP-expressing cells could grow in sea water. Sea
water was taken from the Mikawa area of Aichi Prefecture in
Japan, and its salinity was measured to be 30.4 psu, ~0.41 M
sodium. It was found that the ApNhaP-expressing cells could
grow in sea water (Fig. 54). However, the transformant cells
expressing either Bet and/or KatE could not grow in sea
water. The coexpression of ApNhaP and KatE resulted in a
higher growth rate than that of the ApNhaP-expressing cells,
which was in contrast to the results seen in Fig. 2C using BG11
containing 0.5 M NaCl as a growth medium. Synechococcus
cells coexpressing ApNhaP, KatE, and Bet could also sustain
growth in sea water, although with a slower growth rate than
the ApNhaP-expressing cells. These results clearly indicate
that expression of ApNhaP conferred salt tolerance on the
freshwater cyanobacterium Synechococcus cells to the extent
that they could grow in sea water. During the growth of
Synechococcus cells in sea water, we found differences in the
absorption spectra between the control and the ApNhaP-
expressing cells. As shown in Fig. 5B, the ApNhaP-expressing
cells exhibited a typical ratio of absorbance between the
630-nm and 680-nm regions. In contrast, the control cells
showed significantly decreased absorbance at the 630-nm
region compared to that in the 680-nm region. This could be
clearly seen by the difference spectrum after normalization to
chlorophyll absorption. Because these absorption peaks rep-
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resent the phycobilisomes and chlorophylls, respectively, the
above data suggest that the degradation of phycobilisomes
occurs earlier than that of chlorophylls in the control cells,
suggesting that phycobilisome degradation may be a product of
salt stress.

Discussion

The data presented above clearly indicate that compared with
the expression of betaine, catalase, and DnaK the expression of
ApNhaP from a halotolerant cyanobacterium drastically im-
proved the salt tolerance of a freshwater cyanobacterium. The
Synechococcus cells expressing ApNhaP could grow in sea water.

The data can be interpreted as follows. Synechococcus cells
have a sufficient capacity for exchange between Na* and H* at
low salinity. Under high salinity, the low Na* exclusion activity
renders Synechococcus cells unable to cope with Na* influx,
resulting in the cessation of growth. The expression of ApNhaP
in Synechococcus cells permits growth in high-salinity medium
and even in sea water.

Previously, we introduced the nhaAv gene from Vibrio algino-
ytica into the same cyanobacterium, Synechococcus sp. PCC 7942
(16), but obtained a Na*-sensitive transformant. One plausible
reason for the different effects seen in the NhaAv and ApNhaP
strains might be caused by the mistargeting of Vibrio NhaAv to the
thylakoid membrane (16). In the present study, the introduced
gene, apnhaP, was from a halotolerant cyanobacterium and the host
cell was a freshwater cyanobacterium. Therefore, it is likely that the
correct targeting of ApNhaP from A. halophytica to the plasma
membranes of Synechococcus sp. PCC7942 occurred.

The growth rate of the cells coexpressing ApNhaP and KatE was
almost the same (Fig. 2B) or slightly slower (Fig. 2C) than the cells
expressing ApNhaP when they were grown in BG11 medium
containing 0.4 M or 0.5 M NaCl, respectively. On the contrary,
when grown in sea water, the cells coexpressing ApNhaP and KatE
yielded slightly better growth than those expressing ApNhaP alone
(Fig. 54). However, the coexpression of ApNhaP, KatE, and Bet
did not enhance the growth rates of the ApNhaP-expressing cells in
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both BG11 medium and sea water (Figs. 2C and 54). In these
ApNhaP-expressing cells, the expression levels of ApNhaP were
similar (data not shown). It is unclear why different effects were
observed between sea water and BG11 medium in the case of
ApNhaP- and KatE-coexpressing cells and why decreased growth
rates were observed in both sea water and BG11 medium in the case
of ApNhaP-, KatE-, and Bet-coexpressing cells. From these facts,
we conclude that the introduction of many genes into these cells
does not necessarily produce salt-tolerant plants. In contrast, in-
troduction of a few important genes might be superior for the
construction of salt-tolerant plants. Indeed, recent papers by Blum-
wald’s group (5, 18, 19) elegantly showed that overexpression of a
single vacuolar Na* /H™ antiporter gene in plants such as oil seed
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crop Brassica napus permitted them to grow, flower, and produce
seeds in the presence of 0.2 M NaCl. Hitherto, we have examined
the properties of various transgenic plants by using the dnaK gene
from A. halophytica (25, 26), the GS2 gene from rice (8), bet genes
from several species (27, 28), Mn-SOD gene from yeast (29), and
the katE gene from E. coli. From careful comparison of these
transformants under the same conditions and more systematic
approaches, the molecular breeding of salt-tolerant plants applica-
ble in the fields should be possible.
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