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Betaine is an important osmoprotectant, synthesized by many
plants in response to abiotic stresses. Almost all known biosyn-
thetic pathways of betaine are two-step oxidations of choline.
Recently, a biosynthetic pathway of betaine from glycine, cata-
lyzed by two N-methyltransferase enzymes, was found. Here, the
potential role of N-methyltransferase genes for betaine synthesis
was examined in a freshwater cyanobacterium, Synechococcus sp.
PCC 7942, and in Arabidopsis plants. It was found that the coex-
pression of N-methyltransferase genes in Synechococcus caused
accumulation of a significant amount of betaine and conferred salt
tolerance to a freshwater cyanobacterium sufficient for it to
become capable of growth in seawater. Arabidopsis plants ex-
pressing N-methyltransferase genes also accumulated betaine to a
high level in roots, stems, leaves, and flowers and improved seed
yield under stress conditions. Betaine levels were higher than
those produced by choline-oxidizing enzymes. These results dem-
onstrate the usefulness of glycine N-methyltransferase genes for
the improvement of abiotic stress tolerance in crop plants.
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Today, �20% of the world’s cultivated land and nearly half of all
irrigated lands are affected by high salinity (1). High salinity

causes ion imbalance and hyperosmotic stress in plants. Organisms
that thrive in hypersaline environments possess specific mecha-
nisms for the adjustment of their internal osmotic status. One such
mechanism is the ability to accumulate low-molecular-weight or-
ganic-compatible solutes such as sugars, some amino acids, and
quaternary ammonium compounds (2–4). Glycine betaine (N,N,N-
trimethylglycine, hereafter betaine) is a major osmolyte (2–4).
Another mechanism for adaptation to high salinity is the exclusion
of the Na� ion from sodium-sensitive sites (5). Genetic engineering
techniques have been applied to improve the salt tolerance of plants
(6–13). Considerable success has been demonstrated by manipu-
lating the Na��H� antiporter genes (6–8). By contrast, the genetic
engineering of betaine synthesis has been hampered by low accu-
mulation levels of betaine (9–13). Most known biosynthetic path-
ways of betaine include a two-step oxidation of choline: choline3
betaine aldehyde3 betaine. The first step is catalyzed by choline
monooxygenase (CMO) in plants (14), choline dehydrogenase
(CDH) in animals and bacteria (15, 16), and choline oxidase in
some bacteria (11, 17). The second step is catalyzed by NAD�-
dependent betaine aldehyde dehydrogenase in all organisms (15,
18, 19), although in some bacteria, CDH and choline oxidase also
catalyze the second step (15–17). Hitherto, all attempts at betaine
synthesis have been carried out by using choline-oxidizing enzymes
(9–13). The supply and transport of betaine precursors such as
choline, ethanolamine, and serine to plastids may be of importance,
because these precursors have been suggested to be limiting
(12, 13).

Recently, we showed that a halotolerant cyanobacterium, Aph-
anothece halophytica, synthesizes betaine from glycine by three-step

methylation (20). Two N-methyltransferase enzymes were involved
in betaine synthesis. One enzyme [A. halophytica glycine sarcosine
methyltransferase (ApGSMT)] catalyzed the methylation reactions
of glycine to sarcosine and sarcosine to dimethylglycine, respec-
tively, and the other enzyme [A. halophytica dimethylglycine meth-
yltransferase (ApDMT)] catalyzed the specific methylation of dim-
ethylglycine to betaine (20). It was shown that a reaction product,
S-adenosyl-L-homocysteine (AdoHcy), a potent inhibitor of many
methyltransferases, was a relatively weak inhibitor for betaine
synthesis; and the final product, betaine, did not inhibit methylation
activities even at a concentration of 1 M.

Here, we tested the potential role of genes that encode glycine
N-methyltransferases (ApGSMT and ApDMT) for betaine synthe-
sis in a freshwater cyanobacterium Synechococcus sp. PCC 7942 and
in the higher plant, Arabidopsis. It was found that the coexpression
of ApGSMT and ApDMT led to accumulation of significant
amounts of betaine in Synechococcus cells and conferred sufficient
salt tolerance that the cells were capable of growth in seawater.
Arabidopsis plants expressing ApGSMT and ApDMT accumulated
significant amounts of betaine in roots, stems, leaves, and flowers.
Accumulation levels of betaine were higher than those of plants
transformed with choline-oxidizing enzymes. These results dem-
onstrated the usefulness of betaine synthesis from glycine for the
construction of salt-tolerant crop plants.

Materials and Methods
Strains and Culture Conditions. Synechococcus sp. PCC 7942 cells
were grown at 30°C under continuous fluorescent white light, 40
�E�m�2�s�1; E, einstein; 1 einstein � 1 mol of photons) in BG11
liquid medium and bubbled with 3% CO2. The Synechococcus cells
expressing ApGSMT and ApDMT and Escherichia coli bet-cluster
genes were grown in the same conditions as wild-type cells but
supplemented with 10 �g�ml�1 streptomycin. The growth of cya-
nobacterial cells was monitored by measuring absorbance at 730 nm
with a Shimadzu UV-160A spectrophotometer.

Construction of the Expression Vectors for ApGSMT and ApDMT in
Cyanobacteria. The plasmids pUC303-Bm (21, 22) and pUC303-Bet
(13, 23) were used to transform control cells and for the expression
of E. coli bet-cluster genes coding for the choline oxidation enzymes
CDH and betaine aldehyde dehydrogenase, respectively. The plas-
mid pUC303-ApNhaP was used for the expression of the Na��H�

antiporter gene from A. halophytica (ApNhaP1) (23). For the
construction of a coexpression vector, the region containing both
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the promoter and the coding region of ApGSMT was amplified
from genomic DNA of A. halophytica by PCR by using the primer
set, GSMTbamF, 5�-ATGGATCCTTCAATGTAAGGGGTT-
GCT-3� and GSMTbamR, 5�-CGGGATCC TTAATCTTTTTT-
CGCAAC-3�. The corresponding region for ApDMT was ampli-
fied by using the primer set, DMTsalF, 5�-GCGTCGAC-
CTAGGGT TTGTGGAAC TT-3� and DMTsalR, 5�-ACGTC-
GACACCAAGAATCTGCTTAGT T-3�. PCR products were
subcloned into pBSK� at the EcoRV restriction site and then
sequenced. DNA fragments covering the promoter and the coding
region of ApGSMT and ApDMT were prepared by digestion with
BamHI and SalI, respectively. Each fragment was ligated into the
corresponding site of the shuttle vector, pUC303. The generated
plasmid pUC303-ApGSMT�DMT was transferred to Synechococ-
cus cells, as described (23). The transformants were selected on
BG11 agar containing 10 �g�ml�1 streptomycin.

Construction of Transgenic Arabidopsis Expressing ApGSMT and Ap-
DMT. The plasmids pApGSMT-SK� and pApDMT-SK�, which
contain the coding regions of ApGSMT and ApDMT in pBSK�,
respectively (20), were digested with NcoI and BamHI. The result-
ing fragments were ligated into the NcoI and BglII sites of
pCAMBIA1301, generating pApGSMT-CAMBIA and pApDMT-
CAMBIA, respectively. The fragment containing the cauliflower
mosaic virus 35S promoter and the coding region of ApDMT was
prepared by double digestion of pApDMT-CAMBIA with SmaI
and DraI, then ligated into the SmaI site of pApGSMT-CAMBIA.
The resulting plasmid pApDMT�GSMT-CAMBIA was trans-
ferred to Agrobacterium tumefaciens strain LBA4404. Arabidopsis
thaliana (ecotype Columbia) plants were transformed by using the
floral-dip method (24). Transgenic plants were screened on Mu-
rashige and Skoog (MS) agar medium containing 40 �g�ml�1

hygromycin. Seedlings were grown on MS medium in a growth
chamber (Sanyo MLR-350HT, Tokyo) with a cycle of 16 h of light
at 200 �E m�2�s�1 and 8 h dark, at 60% relative humidity. Two
homozygous transformants showing high-level expression of the
introduced genes were used for analysis of stress tolerance. CMO
transgenic Arabidopsis plants were constructed as described (13).

Stress Treatment for Plants. For stress treatment during germina-
tion, surface-sterilized seeds were soaked, plated on MS agar
medium, and incubated in the growth chamber. For salt and
oxidative stresses, seeds were plated on MS agar medium contain-
ing various concentrations of NaCl or CuSO4, respectively. For
low-temperature treatment during imbibition, sterilized seeds were
allowed to imbibe at 0°C for the indicated times and then inoculated
on MS plates at 22°C. For substrate supplement experiments, 1–5
mM glycine, sarcosine, or dimethylglycine and 50–100 �M S-
adenosylmethionine (SAM) were added to the growth medium.
For salt-stress treatment during the reproductive stage, plants
grown under normal conditions on vermiculite were irrigated with
1�10 MS plus 200 mM NaCl just before the primary inflorescence
appeared.

To measure the quantum yield of photosystem II under various
abiotic stresses, 1-month-old plants were used. For salt stress, plants
were treated with 300 mM NaCl. For drought stress, water in
vermiculite was withheld for 3 days and then resupplied. Low-
temperature treatment was carried out by incubation at 5°C under
continuous irradiation. The quantum yield of photosystem II was
measured with a MiniPAM chlorophyll fluorescence system (Walz,
Effeltrich, Germany), as described (13).

Amino Acid Analysis. The cyanobacterial cells or plant tissues were
homogenized in absolute methanol. The supernatant was collected
and the pellet was reextracted with 90% methanol. The combined
methanol extract was dried in a vacuum rotary evaporator at 45°C.
The dry residues were reextracted with a mixture of water and
chloroform (1:1, vol�vol). The upper aqueous phase was filtered

through a 0.22-�m membrane filter. The filtrate was dried in a
vacuum and stored at �20°C until use. At the time of analysis,
samples were dissolved in mobile-phase solution (pH 2.6) contain-
ing 14.1 g of trilithium citrate tetrahydrate, 70 ml of 2-methoxyetha-
nol, and 13.3 ml of 60% HClO4 per liter and injected into an amino
acid analyzer with a shim-pack Li column (Shimadzu).

Other Methods. SDS�PAGE and Western blotting analysis were
carried out according to the standard protocol, as described (20).
Antibodies raised against the ApGSMT and ApDMT proteins were
prepared as described (20). Protein contents were determined by
the modified Lowry method (25). Betaine was extracted and
analyzed by time-of-flight mass spectroscopy, as described (13).
Methyltransferase activities were carried out as described (20).

Results
Coexpression of N-Methyltransferases ApGSMT and ApDMT in a
Freshwater Cyanobacterium Synechococcus sp. PCC7942 Conferred
the Salt Tolerance of Cells Capable of Growth in Seawater. It has been
demonstrated that Synechococcus sp. PCC 7942 cells could grow in
BG11 medium containing 0.35 M NaCl but not at 0.375 M NaCl,
whereas cells expressing choline-oxidizing genes, such as bet-cluster
genes (21) or a choline-oxidase gene (22), could grow in BG11
medium containing 0.375 M NaCl. It was also shown that Synecho-
coccus cells expressing ApNhaP1, but not bet-cluster genes, could
grow in BG11 medium containing 0.5 M NaCl and also in seawater
(23). These results suggested that the improvement of salt tolerance
by genetic engineering of betaine synthesis via choline-oxidizing
gene is rather small.

Due to the finding of a pathway for betaine synthesis (20), we
tested the potential role of N-methyltransferases for betaine accu-
mulation in a freshwater cyanobacterium. The plasmids for control
(pUC303-Bm) and for expressions of E. coli bet-cluster (CDH and
betaine aldehyde dehydrogenase), ApNhaP1, and ApGSMT�
ApDMT were introduced into Synechococcus cells. Under normal
conditions, Synechococcus cells transformed with these vectors
could grow at almost the same rate (Fig. 1A). When the growth
medium contained 0.4 M NaCl, cells expressing vector alone and
bet-cluster genes could not grow, whereas cells expressing
ApGSMT�ApDMT could grow (Fig. 1B). Thus betaine synthesis by
three-step methylation of glycine conferred salt tolerance more
than that by choline oxidation. Interestingly, cells expressing
ApGSMT�ApDMT could grow in BG11 medium containing 0.5 M
and 0.6 M NaCl, whereas cells expressing ApNhaP1 could not grow
in medium containing 0.6 M NaCl (Fig. 1 C and D). Neither control
nor bet-cluster-expressing cells could grow in seawater from Mi-
kawa Bay of the Aichi Prefecture in Japan, with practical salinity
units 30.4 (Fig. 1E). However, cells expressing ApGSMT�ApDMT
could grow at a rate slightly faster than those expressing ApNhaP1
(Fig. 1E). These data indicate that betaine synthesis by three-step
methylation of glycine could improve the salt tolerance of Synecho-
coccus cells to a slightly greater extent than that by overexpression
of ApNhaP1.

Coexpression of ApGSMT and ApDMT Caused Accumulation of Signif-
icant Amounts of Betaine in the Freshwater Cyanobacterium Synecho-
coccus sp. PCC7942. Western blot analysis was carried out to examine
the expression level of ApGSMT and ApDMT in Synechococcus
cells. The single crossreacting band with antibodies raised against
ApGSMT and ApDMT was detected in cells expressing ApGSMT�
ApDMT (Fig. 2A) but not in control cells. The accumulation levels
of ApGSMT and ApDMT increased at high salinity as observed in
A. halophytica cells (20), suggesting the promoters of ApGSMT and
ApDMT were recognized in Synechococcus cells.

Next, accumulation levels of betaine in cells expressing
ApGSMT�ApDMT and bet-cluster genes were compared. The
levels of betaine in both cells increased with increasing the salinity
(Fig. 2B). However, betaine levels in cells expressing ApGSMT�
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ApDMT were always higher than those in cells expressing bet-
cluster genes. Especially at 0.5 M NaCl, the betaine level was
significantly higher in cells expressing ApGSMT�ApDMT, whereas
betaine could not be measured in cells expressing bet-cluster genes
due to no growth at this salinity. The betaine level of cells expressing
ApGSMT�ApDMT at 0.5 M NaCl was �5-fold higher than in cells
expressing bet-cluster genes at 0.3 M NaCl and was estimated as
�200 mM.

In plants transformed with choline-oxidizing enzymes, it was
shown that the exogenous supply of choline enhanced accumulation
levels of betaine (9, 11–13). Therefore, we tested the effects of
substrate supply for betaine accumulation. It was found that the
exogenous addition of glycine, sarcosine, dimethylglycine, and
SAM to cells with ApGSMT�ApDMT did not enhance accumu-
lation levels of betaine (data not shown). These results suggest that
levels of substrates were sufficient and did not limit rates of betaine
synthesis in transformed Synechococcus cells.

ApGSMT and ApDMT Were Expressed in All Organs of Arabidopsis
Plants. Previously, genetic engineering of higher plants with betaine
via choline oxidase (11, 26), CDH (27), and CMO (12, 13) produced
betaine and conferred some abiotic-stress tolerance. However, the
accumulation levels of betaine were small even after supplying
exogenous choline (9, 12, 13, 28, 29). Here, we tested the potential
role of N-methyltransferases for the accumulation of betaine in
plants. Genes encoding ApGSMT and ApDMT with the 35S
promoter were transferred into Arabidopsis plants. Among 20
transgenic lines, two homogenous lines accumulating relatively high
levels of betaine, SG2 and SG14, were used to analyze stress
tolerance. Western blot analysis showed that ApGSMT and Ap-
DMT were detected in all organs of transgenic plants but not in
wild-type plants (Fig. 3A). Their accumulation levels were not
altered or slightly increased at high salinity (data not shown). The
methyltransferase activities of ApGSMT and ApDMT were de-
tected in transgenic but not in wild-type plants (data not shown).

Transgenic Arabidopsis Plants Expressing ApGSMT�ApDMT Increased
Tolerance for Various Abiotic Stresses During Germination and De-
velopmental Stages. A potential role of N-methyltransferases for
stress tolerance during germination was examined. Three kinds of
plants, wild-type, CMO transformant, and ApGSMT�ApDMT
transformant, were used. Almost all seeds of wild-type and trans-
genic plants could germinate in MS agar medium (Fig. 3B). Upon
increase of NaCl concentrations, germination was delayed and
germination yields decreased. The germination of wild-type seeds
was more severely inhibited than in transformants (Fig. 3B). Among
the transformants, the CMO transformant was more severely
inhibited than the ApGSMT�ApDMT transformant. When 150
mM NaCl was included in the growth medium, all wild-type seeds
could not germinate, whereas seeds transformed with CMO and

ApGSMT�ApDMT genes germinated �20% and 60%, respec-
tively (Fig. 3B). Photographs taken after 14 days of germination in
medium containing 100 mM NaCl are shown in Fig. 3C, which
clearly displays the survival capability of three different types of
seedlings under high salinity. Almost all wild-type and 40% of
CMO seedlings showed yellowish cotyledons and less growth, but
�90% of the SG2 seedlings had green cotyledons. Fig. 3D shows
the effects of low temperature (0°C) during imbibition. Upon the
increase of the imbibition time at 0°C, the germination yield of
wild-type seeds drastically decreased, whereas the transformants
retained relatively high values. In this case also, the transformant
expressing CMO was more inhibited than that expressing
ApGSMT�ApDMT. Similar results were also observed for oxida-
tive stress by copper ion (Fig. 3E) and high-temperature stress (data
not shown).

The effects of various stresses on the growth of developmental
stage plants were also examined. One-month-old plants grown on
vermiculite were subjected to various stresses. Fig. 4 A–C show the
effects of salt (0.3 M NaCl), drought, and low temperature (5°C) on
the quantum yield of photosystem II. The quantum yield of
wild-type plants decreased most rapidly, then CMO transformants
and ApGSMT�ApDMT transformants followed. Photographs
taken at day 14 after drought stress (Fig. 4D) are consistent with the
above results. Taken together with the results of germination, these

Fig. 2. Western blotting of ApGSMT and ApDMT and the accumulation of
betaine in Synechococcus sp. PCC 7942 cells expressing ApGSMT�ApDMT. (A)
Synechococcus sp. PCC 7942 cells were grown in BG11 medium containing the
indicated concentrations of NaCl. The soluble fractions of Synechococcus cells
expressing ApGSMT�ApDMT were prepared by sonication. Equal amounts of
protein (50 �g) were subjected to 12.5% SDS�PAGE and visualized by using
antibodies raised against ApGSMT and ApDMT. (B) Betaine content in wild-type,
ApGSMT�ApDMT, and bet-cluster gene-expressing cells. Wild-type, ApGSMT�
ApDMT, and bet-cluster gene-expressing cells were harvested at the logarithmic
phase. Betaine was extracted as described in Materials and Methods. Betaine
content was analyzed by time-of-flight mass spectroscopy. Data are the means �
SD of three independent experiments, with three replicates per experiment.

Fig. 1. Effects of NaCl on the growth of wild-type, ApGSMT�ApDMT, ApNhaP1, and bet-cluster gene-expressing cells. (A–D) Wild-type, ApGSMT�ApDMT,
ApNhaP1, and bet-cluster gene-expressing cells at logarithmic phase were transferred to BG11 medium containing 0 M (A), 0.4 M (B), 0.5 M (C), and 0.6 M (D)
NaCl. (E) Wild-type, ApGSMT�ApDMT, ApNhaP1, and bet-cluster gene-expressing cells were transferred to seawater. Growth rate was monitored by absorbance
change at 730 nm. Data are the means � SD of three independent experiments with three replicates per experiment.
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data clearly indicate that Arabidopsis plants expressing ApGSMT�
ApDMT increased tolerance for various abiotic stresses during
germination and developmental stages more than did wild-type and
CMO transformants.

ApGSMT�ApDMT-Expressing Arabidopsis Plants Increased Tolerance
for Salt Stress During the Reproductive Stage and Produced Higher
Seed Yields. Next, the stress tolerance of reproductive stage plants
was examined. Just before the appearance of the primary inflores-
cence, plants on vermiculite were irrigated with 1�10 MS medium
containing 0.2 M NaCl until the harvesting of seeds. Fig. 5 A and
B show that the numbers of siliques and seed weight in wild-type
and transgenic plants were similar under normal conditions. How-
ever, when salt stress was applied during the reproductive stage,
transgenic plants expressing ApGSMT�ApDMT could produce
siliques 15-fold higher than those in wild-type plants. The
ApGSMT�ApDMT-expressing plants produced �3- to 4-fold more
siliques than those in CMO-expressing plants (Fig. 5A). Similar

results were observed for seed weight (Fig. 5B). Transgenic plants
accumulated a significant amount of betaine in seeds, and the
content in ApGSMT�ApDMT seeds was �2-fold higher than that
in CMO-expressing seeds (Fig. 5C).

Betaine Accumulated in All Organs in Transgenic Plants, and Their
Levels Increased upon Salt Stress. Next, betaine levels in plants were
examined. The levels of betaine in wild-type plants were very low
or negligible in all conditions tested (Fig. 6). By contrast, transgenic
plants expressing ApGSMT�ApDMT accumulated betaine, and
the amounts rose as the NaCl level was increased. Betaine levels at
150 mM NaCl were �3-fold higher than those without the addition
of NaCl (Fig. 6A). Because the expression levels of ApGSMT and
ApDMT did not change so much upon salt stress in transgenic
plants, the increase of betaine would be caused by the activation of
enzymes or by an increased supply of the precursors, glycine and
SAM, upon salt stress. Large amounts of betaine were detected in
leaves, stems, roots (Fig. 6B), and also flowers (data not shown). By
contrast, CMO plants accumulated betaine specifically in roots, as
shown in Fig. 6C.

Next, we examined the effects of substrates on the accumulation
of betaine. Adding an exogenous supply of glycine or dimethylgly-
cine to the control growth medium enhanced the accumulation
levels of betaine by ApGSMT�ApDMT plants �2-fold, whereas
sarcosine did not enhance the levels (data not shown). Fig. 6B shows
that when NaCl and glycine were included in the growth medium,

Fig. 3. Expression of ApGSMT and ApDMT and its effect on germination.
Western blotting (A), salt stress (B and C), low temperature (D), and oxidative
stress by CuSO4 (E). (A) Arabidopsis plants were grown under control conditions.
Soluble fractions from different organs were extracted and electrophoresed.
Equal amounts of protein (50 �g) were subjected to 12.5% SDS�PAGE and
visualizedbyusingantibodiesraisedagainstApGSMTandApDMT.(B)Seedswere
plated on MS agar medium in the presence of different concentrations of NaCl.
(C) Photograph taken after 14 days of germination. (D) Seeds were treated with
low (0°C) temperature for the indicated time, then returned to normal growth
conditions. (E) SeedswereplatedonMSagarmediuminthepresenceofdifferent
concentrations of CuSO4. The germination of seeds was scored as positive when
the tip of the radical had fully penetrated the seed coat. (B, D, and E) Data are the
means � SD of three independent experiments of 19 seeds.

Fig. 4. Stress tolerance of wild-type, ApGSMT�ApDMT-expressing, and
CMO-expressing Arabidopsis plants during the developmental stage. Salt
stress (A), drought stress (B), low temperature (C), and photograph taken at
the 14th day after drought stress (D). One-month-old plants grown in vermic-
ulite were subjected to salt, drought, and low-temperature stresses. The
quantum yield of photosystem II was measured. Data are the means � SD of
three independent experiments of 10 plants.

Fig. 5. Seed yields of wild-type and transformed Arabidopsis plants upon
abiotic stresses. Two-week-old seedlings of wild type, ApGSMT�ApDMT-
expressing, and CMO-expressing Arabidopsis plants were transferred to ver-
miculite and allowed to adapt for 5 days, then plants were salinized with 1�10
MS solution containing 200 mM NaCl. Silique formation was counted after 15
days of salt stress. Seed weight and betaine content were measured from dried
mature siliques. (A) Number of siliques per plant. (B) Seed weight per plant. (C)
Betaine content in seeds. Data are the means � SD of three independent
experiments of 10 plants.

Waditee et al. PNAS � February 1, 2005 � vol. 102 � no. 5 � 1321

A
PP

LI
ED

BI
O

LO
G

IC
A

L
SC

IE
N

CE
S



the levels of betaine in leaves, stems, and roots of Arabidopsis plants
expressing ApGSMT�ApDMT were �1–2 �mol per gram of fresh
weight (gFW). In contrast, Arabidopsis plants expressing CMO
accumulated betaine �0.8 �mol per gFW in roots but very low
levels in leaves and stems (Fig. 6C). The accumulation of betaine
at high levels in various organs of Arabidopsis plants expressing
ApGSMT�ApDMT would be the reason for the significant im-
provement against various abiotic stresses.

Effects of Adding Substrates to the Medium on Betaine Content and
Tolerance to Salt Stress of Plants Expressing ApGSMT�ApDMT Genes.
The effects of the methyl donor SAM on the accumulation of
betaine were examined. The addition of SAM to 2-week-old plants
grown in MS medium enhanced betaine levels slightly, �1.3-fold
(Fig. 6D). The addition of SAM to the growth medium containing
100 mM NaCl slightly increased betaine levels (Fig. 6E). On the
other hand, the addition of glycine and dimethylglycine, but not
sarcosine, brought about much higher levels of betaine (Fig. 6
D–G). These data suggest that SAM is not a limiting factor for the
accumulation of betaine in transgenic plants, but glycine levels are
somewhat limiting.

Next, we examined whether the addition of glycine enhances the
stress tolerance of transgenic plants expressing ApGSMT�
ApDMT. Fig. 7A shows the photographs of wild-type-, CMO-, and
ApGSMT�ApDMT-expressing plants after 6 days of salt stress (0.2
M NaCl). Whereas wild-type plants were almost all bleached
and�or dead, the CMO-expressing plants supplied with choline
survived. Almost all ApGSMT�ApDMT-expressing plants without
supply of glycine (SG2 �Gly) still retained green leaves (Fig. 7A).
However, if glycine was supplied to the ApGSMT�ApDMT-
expressing plants (SG2 � Gly), the plant size was greater, and
especially root length was longer than those plants to which glycine
was not supplied. These results indicate that glycine was limiting for
maximal salt-stress tolerance in plants expressing ApGSMT�
ApDMT. Consistent with the above conclusion, the levels of serine
(Fig. 7B) and glycine (Fig. 7C) in plants expressing ApGSMT�
ApDMT were significantly lower than those in wild-type plants
under salt-stress conditions, whereas proline levels were similar
(Fig. 7D). Levels of these amino acids were similar between
the wild-type and transformants under nonstress conditions
(Figs. 7 B–D).

Discussion
The present data clearly indicate that the coexpression of
N-methyltransferases ApGSMT and ApDMT in freshwater cya-
nobacterium Synechococcus drastically improves the salt toler-
ance of these cells, enabling them to thrive under high salinity,
up to 0.6 M NaCl (Fig. 1D), and seawater (Fig. 1E). The

Fig. 6. Effects of exogenous supply of
substrates for the accumulation of be-
taine. Three- to four-week-old wild-type
and transformed Arabidopsis plants
grown in different conditions were used
to extract betaine, as described in Materi-
als and Methods. (A) Levels of betaine in
ApGSMT�ApDMT-expressing Arabidopsis
plants grown in MS medium containing
different salt concentrations. (B) Effects of
NaCl and glycine for the accumulation of
betaine in different organs of ApGSMT�
ApDMT-expressing Arabidopsis plants. (C)
Levels of betaine in Arabidopsis plants ex-
pressing CMO. (D) Effects of SAM, glycine,
sarcosine, and dimethylglycine. (E) Effects
of NaCl, SAM, and glycine. (F) Effects of
NaCl, SAM, and sarcosine. (G) Effects of
NaCl, SAM, and dimethylglycine. Data are
the means � SD of three independent ex-
periments of five plants.

Fig. 7. Effects of exogenous glycine on salt tolerance and levels of amino
acids in wild-type and transformed Arabidopsis plants. Ten-day-old plants
were transferred to plates containing 200 mM NaCl supplemented with
choline or glycine or without supplementation. (A) WT, wild-type plants;
CMO, CMO-expressing Arabidopsis plants supplemented with 1 mM choline;
SG2 (�Gly), ApGSMT�ApDMT-expressing Arabidopsis plants without supple-
mentation of glycine; SG2 (�Gly), ApGSMT�ApDMT-expressing Arabidopsis
plants supplemented with 2.5 mM glycine. Photographs were taken 6 days
after transplantation. (B–D) Amino acid content of wild-type and ApGSMT�
ApDMT-expressing Arabidopsis plants under non- and salt-stress conditions.
(B) Serine. (C) Glycine. (D) Proline. Data are the means � SD of three indepen-
dent experiments of five plants.
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improvement of salt tolerance by ApGSMT and ApDMT was
significantly larger than that by choline-oxidizing enzymes. The
expression of choline-oxidizing enzymes improved salt tolerance
of cyanobacterium by �0.03 M NaCl, from 0.35 to 0.375 M NaCl,
whereas the coexpression of ApGSMT and ApDMT improved
by �0.2 M NaCl, from 0.35 to 0.5–0.6 M NaCl.

Fig. 2B showed that different stress tolerance was due to different
levels of betaine. The betaine level in the cells expressing bet-cluster
genes was �24 mM (21), whereas that in cells expressing
ApGSMT�ApDMT at 0.5 M NaCl was �200 mM. One of the
reasons causing this difference might be the use of different
promoters. Their own promoters from A. halophytica were used for
the ApGSMT and ApDMT genes, whereas the E. coli promoters
were used for the expression of bet-cluster genes. Another possi-
bility is the difference of substrate availability. Glycine was used for
N-methyltransferase, whereas choline was used for choline-
oxidizing enzymes. Glycine is the major amino acid in all living
organisms and can be synthesized in vivo. On the other hand,
cyanobacteria do not synthesize choline; it must be taken from the
environment. However, it is not clear to what extent these factors
are really involved in the stress tolerance of Synechococcus cells.

Levels of betaine increased with increasing concentrations of
NaCl (Fig. 2B). If levels of betaine still increase at even higher
salinity where growth is inhibited, it would be interesting to clarify
the limiting factor for growth at very high salinity. We thought that
extrusion of Na� would limit the growth at high salinity and tested
whether overexpression of both ApNhaP1 and ApGSMT�ApDMT
improves the salt tolerance of Synechococcus cells further. The
results so far have been negative. Identification of limiting factor(s)
for salt tolerance is an interesting subject for future work. Previ-
ously, it was implicated that stress tolerance conferred by the
accumulation of betaine might be due to the protective function of
betaine molecules, not their osmotic function (9, 10). However,
considering the concentrations of K� and Cl� and the osmopro-
tectant of Synechococcus cells (5), betaine at �200 mM might easily
function as an osmoprotectant.

Figs. 3 and 6 show that Arabidopsis expressing ApGSMT and
ApDMT catalyzed betaine synthesis from glycine. Arabidopsis
plants expressing CMO accumulated betaine exclusively in the
roots (Fig. 6C) (13). Other transgenic plants expressing choline-
oxidizing enzymes have also been shown to accumulate betaine
mainly in leaves (11, 26, 27) or flowers (24). By contrast, plants
expressing ApGSMT�ApDMT accumulated high betaine levels in
all organs (Fig. 6B). Betaine levels in the roots of transgenic plants
expressing ApGSMT�ApDMT were �2-fold higher than that of
CMO plants and significantly higher in stems and leaves. Accumu-
lation of betaine in various tissues would contribute to confer stress

tolerance in plants. Indeed, Figs. 3–5 clearly showed that
ApGSMT�ApDMT Arabidopsis plants improved tolerances for
various abiotic stresses more than CMO-expressing plants. The
reason for the accumulation of betaine in various tissues of
ApGSMT�ApDMT-expressing plants might be the availability of
substrates. Glycine and serine are both potential sources of C1 units
in plants. They are readily interconvertible via the action of serine
hydroxymethyltransferase and glycine decarboxylase enzymes (30).
Therefore, glycine formation is favorable in all plant organs. The
high expression of SAM synthetase in root and stem has also been
reported (31).

Fig. 6 shows that the betaine level in ApGSMT�ApDMT plants
increased at high salinity, although their enzyme levels did not
change very much. This increase might be due to the increased
accumulation of glycine and serine at high salinity, as shown in
wild-type plants (Fig. 7B). The high accumulation of serine at high
salinity is also reported by Ho and Saito (32). Moreover, the
induction of SAM synthetase expression at high salinity (33) may
also increase the SAM level.

Glycine and serine levels in transgenic plants at high salinity were
lower than those in wild-type plants (Fig. 7). Considerable amounts
of glycine may have been used for betaine synthesis under salt-stress
conditions in ApGSMT�ApDMT transformants. Levels of proline,
which is not involved in betaine synthesis, were also higher at high
salinity, but these were the same in wild-type and transgenic plants.
Supplying exogenous glycine in Arabidopsis transformants enhances
the accumulation levels of betaine and stress tolerance (Figs. 6 and
7). This did not occur in Synechoccus cells expressing ApGSMT�
ApDMT, where the levels of glycine were increased 4.5-fold, from
0.15 to 0.70 nmol�mg fresh weight, at high salinity (0.3 M NaCl),
which seems to be sufficient for the synthesis of betaine.

Compared with the success of manipulation of Na��H� anti-
porter genes (6–8), the genetic engineering of betaine synthesis was
previously hampered because of low accumulation of betaine
(9–13). However, present data demonstrate the potential impor-
tance of this osmoprotectant for abiotic stress tolerance. It now
seems clear that overexpression of both the Na��H� antiporter
gene (23) and N-methyltransferase genes (20) could increase abiotic
stress tolerance to similar extents. Further increase of stress toler-
ance by the combination of the Na��H� antiporter gene and
N-methyltransferase genes in an individual plant is an interesting
possibility requiring additional effort.
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