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Synechococcus sp. PCC7942 Transformed with
Escherichia coli bet Genes Produces Glycine Betaine from
Choline and Acquires Resistance to Salt Stress’
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Synechococcus sp. PCC7942, a fresh water cyanobacterium, was
transformed by a shuttle plasmid that contains a 9-kb fragment
encoding the Escherichia coli bet gene cluster, i.e. betA (choline
dehydrogenase), betB (betaine aldehyde dehydrogenase), bel (a
putative regulatory protein), and betT (the choline transport sys-
tem). The expression of these genes was demonstrated in the cya-
nobacterial cells (bet-containing cells) by northern blot analysis, as
well as by the detection of glycine betaine by "H nuclear magnetic
resonance in cells supplemented with choline. Endogenous choline
was not detected in either control or bet-containing cells. Both
control and bef-containing cyanobacterial cells were found to im-
port choline in an energy-dependent process, although this import
was restricted only to bet-containing cells in conditions of salt
stress. Glycine betaine was found to accumulate to a concentration
of 45 mm in bet-containing cyanobacterial cells, and this resulted in
a stabilization of the photosynthetic activities of photosystems I and
I, higher phycobilisome contents, and general protective effects
against salt stress when compared to control cells. The growth of
bet-containing cells was much faster in the presence of 0.375 m
NaCl than that of control cells, indicating that the transformant
acquired resistance to salt stress.

Cyanobacteria, the oxygenic photosynthetic prokaryotes
from which plastids of photosynthetic eukaryotes (algae
and plants) derive, inhabit a variety of environments in-
cluding those in which extreme conditions such as high
temperatures and/or high salinity are found. Cyanobacte-
ria that are able to grow in high-salt-concentration envi-
ronments maintain their cell turgor by accumulation of
potassium ions and by the synthesis and accumulation of
low mol wt organic osmoprotectants. Thus, freshwater cya-
nobacteria accumulate disaccharides and glucosylglycerol
in response to osmotic stress, whereas halotolerant forms
accumulate Gly betaine (Blumwald et al., 1983; Mackay et
al., 1984; Reed et al., 1986). Gly betaine is synthesized and
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accumulated by a wide range of organisms including bac-
teria, higher plants, and animals (Galinski and Truper,
1982; Csonka and Hanson, 1991; Garcia-Perez and Burg,
1991).

Escherichia coli synthesizes Gly betaine via a two-step
reaction mediated by a membrane-bound oxygen-depen-
dent choline dehydrogenase, which oxidizes choline to
betaine aldehyde and the latter to Gly betaine. The second
step is also catalyzed by a soluble NAD-dependent betaine
aldehyde dehydrogenase (Landfald and Strem, 1986; An-
dresen et al., 1988). The genes that encode the osmoregu-
latory choline-Gly betaine pathway (as well as the choline
uptake system) are clustered in the E. coli chromosome
(Lamark et al.,, 1991), and their expression is induced by
osmotic shock and the presence of choline (Landfald and
Strem, 1986). Four open reading frames encoding choline
dehydrogenase (betA), betaine aldehyde dehydrogenase
(betB), an energy-dependent transport system for choline
(betT), and a putative regulatory protein (betl) were iden-
tified in a 9-kb fragment. The betT gene was located up-
stream of (and transcribed divergently to) the operon en-
coding the linked betIBA genes (Andresen et al., 1988;
Lamark et al., 1991).

We reported previously the protective role afforded in
vitro by Gly betaine against elevated salt concentrations on
some cyanobacterial enzymes (Incharoensakdi et al., 1986).
Protective effects of Gly betaine on various components
(membranes, proteins) have also been reported under var-
ious stress conditions (Paleg et al., 1981; Coughlan and
Heber, 1982; Jolivet et al., 1982; Mamedov et al., 1991;
Papageorgiou et al., 1991). In the present work, we have
introduced the E. coli bet genes into the freshwater cya-
nobacterium Synechococcus sp. PCC7942 to study the phys-
iological role of Gly betaine in photosynthetic organisms
growing under salt stress conditions.

MATERIALS AND METHODS
Growth of Cyanobacteria

Synechococcus sp. PCC7942 was grown at 30°C in BG11
liquid medium containing in addition 20 mMm Hepes-KOH

Abbreviations: DAD, 2,3,5,6-tetramethyl-B-phenylenediamine;
FCCP, p-trifluoromethoxyphenyl hydrazone; MV, methylviologen;
PBQ, phenyl-1,4-benzoquinone; QAC, quaternary ammonium
compound.
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(pH 8.0), under illumination with continuous fluorescent
white light (Kuhlemeier and Arkel, 1987). After transfor-
mation with shuttle plasmids that confer streptomycin re-
sistance, the cyanobacterial cells were grown in the pres-
ence of 10 pg mL ™" antibiotic. Cell growth was followed by
measuring A,,, and cell number was determined in a
Coulter counter (Hialeah, FL). Cyanobacteria were also
grown in solid medium by adding 1% agar and 1 mm
sodium thiosulfate to the liquid medium described above
(Allen, 1968).

Plasmids Used in This Study

Plasmid pBET is a pUC119 derivative containing a 9-kb
BamHI fragment carrying the Escherichia coli bet genes. Plas-
mid pUC303 is an E. coli/Synechococcus shuttle vector that
carries a streptomycin-resistance gene for its selection in
the latter host (Kuhlemeier and Arkel, 1987). Plasmid
pUC303-Bm was kindly donated by Dr. N. Murata (Nation-
al Institute for Basic Biology, Okazaki, Japan); in this plas-
mid a BamHI site replaces the EcoRI site of pUC303. E. coli
DH5« was used in this study as a host for plasmid con-
struction and maintenance.

Construction of a bet Gene Expression Vector for
Synechococcus sp. PCC7942 Cells

The 9-kb BamHI fragment from pBET was ligated into
the BamHI site of pUC303-Bm (Fig. 1), producing the 20-kb
plasmid pCBET, which was used to transform Synechococ-
cus cells following the method of Kuhlemeier et al. (1987).

Northern Analysis

Total RNA was extracted from Synechococcus cells as
described by Aiba et al. (1981), and northern hybridization
analysis was carried out by the method of Yang et al.
(1993).

Choline Uptake Assay

Synechococcus cells transformed either by vector plasmid
pUC303-Bm or bet-containing plasmid pCBET were grown
to mid-log phase in BG11 medium with or without 200 mm

befT betB betA pUC303-Bm

—_— —
1kb

Figure 1. Construction of a plasmid expressing E. coli bet genes in
Synechococcus. The BamHI fragment of E. coli chromosomal DNA
containing bet genes was cloned into shuttle vector pUC303-Bm to
generate plasmid pCBET, as described in “Materials and Methods.”
betA, Choline dehydrogenase; betB, betaine aldehyde dehydroge-
nase; betT, choline transport system; betl, putative regulatory gene.
The arrows indicate the directions of transcription. Restriction en-
zyme sites: B, BamHl; P, Pstl; G, Bglll. The Bglll and Pstl fragment
was used as a probe in the present study.
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NaCl. Choline transport activity was measured at 25°C
using the radiochemical filtration method described by
Lamark et al. (1991) with 10 um [**C]choline (38.5 mCi/
mmol). When indicated, FCCP was added to the cells in a
final concentration of 5 um.

Quantification of Gly Betaine

Addition of choline at concentrations higher han 1 mm
inhibited the growth of Synechococcus sp. PCC7942 cells
under nonstressed and salt-stressed conditions. Therefore,
we added 100 um choline to produce Gly betaine in the
bet-containing cells. Actually, at this level choline did not
affect growth of control cells under various salinity condi-
tions. Synechococcus cells grown in BG11 medium contain-
ing 100 um choline (BG11-choline medium) for 2 d (to
mid-log phase) were transferred to the same medium with
NaCl of various concentrations. After incubation was con-
tinued for an additional 3 d, QACs were extracted from the
cells with 1 N H,S0, and precipitated as their periodides
(Wall et al., 1960). Pellets were dissolved with 600 uL of
distilled water containing f-butanol as an internal stan-
dard. Analysis of QACs was performed by "H-NMR spec-
troscopy using a JEOL JMN-500 Fourier transform NMR
spectrometer. Cell volume was determined by electron
spin resonance spectroscopy according to the method of
Blumwald et al. (1983). Concentrated cells were treated
with 1 mwM freely permeable nitroxide spin probe TEM-
PONE (2,2,6,6,-tetramethylpiperidone-N-oxyl), in the pres-
ence of the membrane-impermeable paramagnetic quench-
ing agents NazFe(CN)4 (20 mm) and Na,MnEDTA (75 mm)
to elicit the electron spin resonance signal of the intracel-
lular spin probe. Cell volume was also estimated by using
*H,0 and [**Clsorbitol as reported previously (Incharoen-
sakdi and Takabe, 1988).

Measurements of Photosynthetic Activities

Cells grown in BG11-choline medium for 2 d (mid-log
phase) were transferred to the same medium, 200 mm NaCl
was added, and growth was continued for 4 d. Photosyn-
thetic oxygen evolution and the activities of P'5I and PSII
were measured after the cells were transferrad to non-
stressed conditions for 1 d, in a Clark-type oxygen elec-
trode. The reaction medium contained 100 um DCMU, 1
mM sodium ascorbate, 500 um DAD, and 400 um MV for
the measurements of PSI electron transport activities or 1
muM PBQ for the measurements of PSII electron transport
activities. Photosynthetic activities were also measured im-
mediately after the cells were subjected to osmctic stress in
the presence of 200 mm NaCl.

Other Methods

Chl was determined by the method of Mackinney (1941),
and protein was determined by the method of Lowry et al.
(1951) with BSA as the standard. DNA manipulations were
carried out as described by Sambrook et al. (1989).
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RESULTS AND DISCUSSION

Transformation of Synechococcus sp. PCC7942 with
E. coli bet Genes

The cyanobacterial cells were transformed by plasmid
pCBET, which contains E. coli bet genes (Fig. 1), and se-
lected for streptomycin resistance in agar plates. The re-
sulting colonies were screened for the presence of the bet
genes by Southern hybridization with a *?P-labeled bet
probe (Fig. 1), and a positive cyanobacterial colony was
selected for further analysis.

Northern Blot Analysis

To confirm the expression of the bet genes in the Syn-
echococcus cells transformed by pCBET, northern blot anal-
ysis was carried out using BgIII and PstI fragments (Fig. 1)
as a probe. As shown in Figure 2, a transcript of approxi-
mately 9 kb was detected in these cells grown for 2 d
without NaCl and an additional 5 d with 200 mm NaCl on
a BGl1-choline medium. This transcript could not be de-
tected in cells transformed by the plasmid vector
pUC303-Bm (Fig. 2). Based on the size of this transcript, it
seems that the betIBA operon was transcribed in the cya-
nobacterial cells and that the transcription runs over the
BamHI site of the shuttle vector pUC303-Bm.

Choline Uptake by Synechococcus Cells

We examined the ability of control (pUC303-Bm trans-
formed) and bet-containing (pCBET transformed) cya-
nobacterial cells to import exogenously added choline. En-
dogenous choline was not detected in the cyanobacterial
cells when growing in the absence of this compound (data
not shown). As shown in Figure 3A, uptake of choline
proceeded in both control and bet-containing cells under
nonstressed conditions, although both the initial rate and
cellular content after 30 min was higher (up to 40%) in cells
bearing plasmid pCBET. This difference may result from
the functional expression of the betT gene present in
pCBET, which encodes a choline transport system active in
E. coli (Lamark et al., 1991). Choline uptake was strongly

g,

~a—9kb

Figure 2. Expression of E. coli bet genes in Synechococcus. pUC303-
Bm- (lane 1) and pCBET-transformed cyanobacterial (lane 2) cells,
respectively, were grown in BG11-choline medium for 2 d and in the
same medium with 200 mm NaCl for 5 d. RNA extraction and
northern blot analysis were carried out as described in “Materials and
Methods,” using 30 pg of RNA in each lane.
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Figure 3. Choline uptake in control and bet-containing Synechococ-
cus cells. The uptake of choline in the presence of 10 um ['*C]cho-
line in the medium was followed in BG11 medium in the absence (A)
or in the presence (B) of 200 mm NaCl, as described in “Materials and
Methods.” O, pUC303-Bm-transformed cells; [J, pCBET-containing
cells. The uptake measured in these cells in the presence of 5 um
FCCP is indicated by the filled symbols. The mean and the sp of three
independent measurements are indicated.

inhibited in all cases by the addition of the uncoupler FCCP
(Fig. 3), suggesting the presence of an energy-dependent
transport system in Synechococcus.

Interestingly, under salt-stress conditions choline was
actively taken up only by bet-containing cyanobacterial
cells (Fig. 3B). As a possible explanation for these results, it
could be postulated that an energy-dependent transport
system for choline present in the cyanobacterial plasma
membrane is altered in the presence of high salt concen-
trations in the medium and that the production of Gly
betaine (see below) exerts a stabilizing effect on the mem-
brane that allows transport to proceed under these condi-
tions. Alternatively, the uptake of choline may proceed in
high salt conditions as a consequence of the functional
expression of betT, present in pCBET. In that case utiliza-
tion of choline in Gly betaine synthesis might alleviate the
transport system from feedback regulation by choline in
the bet-containing cyanobacterial cells (cf. Lamark et al.,
1991). Further work is required to distinguish between
these alternatives.
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Gly Betaine Production by the Transformed
Synechococcus Cells

Enzyme activity of neither choline dehydrogenase nor
betaine aldehyde dehydrogenase was detected in Synecho-
coccus sp. 7942 (data not shown), and the wild-type cells
did not accumulate Gly betaine at all under salinity condi-
tions. Gly betaine content was determined in control and
bet-containing cyanobacterial cells by "H-NMR. As shown
in Figure 4, only bet-transformed cells synthesized and
accumulated Gly betaine. Interestingly, the levels of Gly
betaine in these cells changed in response to the salt con-
centration of the culture medium, ranging from approxi-
mately 3 mm under nonstressed conditions to 45 mm when
the NaCl concentration reached 375 mM, as shown in Table
I. These levels of Gly betaine provide enough protection for
various cellular functions (Genard et al., 1991; Rhodes and
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Figure 4. "H-NMR spectra of QACs derived from control (A) or bet
gene-containing (B) cells. The cells were grown for 2 d in BG11-
choline medium and then transferred to the same medium with or
without 200 mm NaCl and grown for an additional 5 d. QACs were
extracted and processed as described in “Materials and Methods.”
Peaks b and c represent Gly betaine and choline, respectively.
"H-NMR response positions () for N-methylprotons of Gly betaine
and choline are 3.31 and 3.23 ppm, respectively, with 100 pm
t-butanol (t) at 1.28 ppm as a reference.
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Table 1. Accumulation of Gly betaine in bet-containing cells under
various NaCl concentrations

Control and bet-containing cells were grown in BG11-choline
medium for 2 d, transferred to the same medium with NaCl of various
concentrations, and grown for an additional 3 d. The quantification
of Gly betaine was carried out as described in “Materials and
Methods.”

NaCl in Culture Medium Gly Betaine
M mm

0 3.2 £ 0.4

0.1 4.5 * 0.6

0.2 8.8 0.7

0.3 241+ 20

0.375 45.1 £1.9

Hanson, 1993), a result also demonstrated elsewhere in this
work.

Photosynthetic Activities of Synechococcus Cells under
Salt Stress

Although Synechococcus can grow in culture media con-
taining NaCl concentrations as high as 400 mm, the cells
turn pale yellow after growing for 4 d in the presence of 300
mm NaCl (Fig. 5). Interestingly, this effect was not ob-
served in bet-containing cyanobacterial cells, which re-
mained green (Fig. 5). As expected, absorption spectra
indicated drastic decreases in phycobilisome (C-phycocya-
nin; absorption at 620-630 nm) and Chl content in the
control cells under salt stress when compared to those of

Figure 5. Effect of salt stress on control and bet-containing Synecho-
coccus cells. Cells were grown in BG11-choline medium for 2 d and
transferred to the same medium containing 300 mm NaCl and grown
for an additional 4 d. Control cells (left) were bleached, whereas
bet-containing cells (right) remained green.
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Table Il. Effect of salt stress on the photosynthetic electron trans-
port activities

Contro! and bet-containing cells were grown in BG11-choline
medium for 2 d, transferred to the same medium with 200 mm NacCl,
and grown for an additional 4 d. Since the photosynthetic activities
of these cells were low, the cells were transferred to fresh BG11-
choline medium without NaCl for 1 d before analysis. The average of
three different measurements is indicated (S were within 5%).

Oxygen Evolution or Absorption

Reaction Control (pUC303-Bm) Bet-containing
cells cells
wmol O, mg™" Chl h™!
Total (H,0 — CO,) 81 (100) 98 (121%)
PSt (DADH, — MV) 145 (100) 165 (114)
PSIl (H,O — PBQ) 156 (100) 217 (139)

@ Percentage of control.

bet-containing cells (data not shown). The activities associ-
ated with PSI and PSII, as well as the photosynthetic oxy-
gen evolution, were determined after growing the cells for
2 d without NaCl, for 3 d in culture medium containing 200
mm NaCl, and then for 1 d in the absence of NaCl (Table II).
In all cases, bet-containing cells exhibited activities higher
than those found in control cells.

Table IIT shows the photosynthetic activities obtained
after transferring cells grown under nonstressed conditions
to a high concentration of salt (200 mm NaCl). As shown in
the Table III, the activities in all cases (and especially those
of PSI) decreased almost instantaneously in control cells
when compared to the values obtained in the absence of
salt stress, whereas this reduction was less pronounced in
bet-containing cells. These observations show that Gly be-
taine production generates a stabilizing effect on phycobili-
some and photosystem complexes under salt stress. It must
be noted that these results coincide with the previously
reported protective effect of Gly betaine on photosystem
complexes evidenced by in vitro experiments (Mamedov et
al., 1991; Papageorgiou et al., 1991). However, Gly betaine
at concentrations in the hundred-millimolar range was
tested for those in vitro experiments. Further analysis is
required to determine whether Gly betaine exerts any sta-
bilization effect on gene expression.
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Figure 6. Growth curves of Synechococcus cells under salt- stress.
Control and bet-containing cells were grown in BG11-choline me-
dium for 2 d and transferred to the same medium containing NaCl of
various concentrations (A, 0.1 m NaCl; B, 0.375 m NaCl; C, 0.4 m
NaCl) and their growth was followed. O, Control cells; @, bet-
containing cells. The initial cell density of each culture was kept
constant. st values were within 7%, n = 3.

Table 11l Effect of salt shock on the photosynthetic electron transport activities

Control and bet-containing Synechococcus cells were grown for 4 d in BG11-choline medium in the
absence of NaCl. Immediately before measurements, cells were transferred to BG11-choline medium
containing 200 mm NaCl. The average of three different measurements is indicated (SE were within 5%).

Oxygen Evolution or Absorption

Reaction Control (pUC303-Bm) cells Bet-containing cells
—NaCl +0.2 M NaCli —NacCl +0.2 m NaCl
wmol O, mg™" Chl h™!
Total (H,0O — CO,) 57 (100) 40 (68?) 52 (100) 39 (74%)
PSI (DADH, — MV) 152 (100) 96 (63) 217 (100) 177 (82)
PSlt (H,O — PBQ) 71 (100) 60 (85) 78 (100) 77 (98)

2 Percentage of nonstressed cells.
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Growth under Salt Stress

After control and bet-containing cells were grown in
BG11-choline medium for 2 d, growth was examined in the
same fresh medium with NaCl of various concentrations
(Fig. 6). Control and bet-containing cells showed almost the
same growth rate up to 0.3 M NaCl. However, at NaCl
concentrations greater than 0.3 M growth rates of bet-con-
taining cells were much faster than those of control cells,
indicating that bet-containing cells acquire resistance to salt
stress (Fig. 6, B and C). The overall results indicate that the
bet genes present in plasmid pCBET were expressed and
generated functional proteins in the Symechococcus cells.
Moreover, the Gly betaine produced by the cells had a
general beneficial effect on the cyanobacterial cells under
salt-stress conditions. Further studies using this system
may help to elucidate the protective role(s) played by Gly
betaine to the stress imposed on cells growing in high
saline environments. Tarczynski et al. (1993) reported
stress protection of transgenic tobacco by production of the
osmolyte mannitol. However, to our knowledge the
present study is the first report of protective effects and
acquisition of salinity tolerance by production of Gly be-
taine in photosynthetic organisms.
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