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ABSTRACT

Abiotic stress is the major limiting factor of plant growth and crop yields. Traditional
plant breeding has achieved significant results but the process is rather time- consuming
and expensive. Plant biotechnology appears to be an attractive alternative in respect of
the possibility for direct introduction of single genes into crops. The group of osmopro-
tectants is of particular interest for improving abiotic stress tolerance of crops. In the re-
cent years, the efforts in the area gained considerable results. The studies performed at
ABI will be discussed in relation with the major achievements elsewhere and the possi-
bilities for elucidation of the complex role of osmoprotectants in abiotic stress tolerance
and the practical breeding.

Introduction velop new cultivars but the process is

The beginning of 21 century is marked by
global scarcity of water resources, envi-
ronment pollution and increased saliniza-
tion of soils and waters. Abiotic stress is
already a major limiting factor in plant
growth and will soon become even more
severe as desertification covers more and
more of the world's terrestrial area (1). Se-
rious changes in the agricultural practices
all over the world are expected at present
when population growth exceeds food sup-
ply. Recent advances in marker-assisted
selection help traditional breeding to de-
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rather time- consuming and expensive.
Thus, plant biotechnologies aimed at over-
coming severe environmental stresses need
to be fully implemented. For example, direct
introduction of small number of genes into
crops seems to be attractive alternative (2).

Not so long time ago, the osmoprotec-
tants have been definitely proven to be
among the most important factors to protect
plants cells from dehydration (3). They are
non-toxic and are accumulated to signifi-
cant levels without disrupting plant me-
tabolism. The compounds fall into several
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groups - amino acids (e.g. proline), quater-
nary ammonium compounds (glycine
betaine), polyols and sugars (mannitol, D-
ononitil, trehalose, sucrose, fructan) (4).
Serious work was done for identification of
metabolc pathways and most of the genes
responsible for the synthesis and catabolism
were identified and cloned. This paved the
road to the massive work on gene transfer.
In this review, we will discuss the results
obtained in ABI in regards to the past, pre-
sent and future of genetic manipulation of
osmoprotectants metabolism in respect of
improved abiotic stress tolerance in plants.

Polyols

The accumulation of polyols (manitol, sor-
bitol, inositol and their derivatives) is con-
sidered to be related to drought and salinity
stress tolerance in many plant species (5).
They interact with the membranes, protein
complexes or enzymes and protect them by
scavenging reactive oxygen species. In this
respect, they became attractive candidates
for plant transformation.

Manitol

The model species Arabidopsis and to-
bacco are not manitol accumulators and in
this respect are attractive candidates for
transformation. Tobacco transformed to
express mtlD into chloroplasts showed
oxidative stress tolerance (6). Earlier,
transgenic tobacco plants carrying bacterial
gene coding for manitol-1-phosphatedehy-
drogenase (mtlD) accumulated manitol in
their cytoplasm and were with enhaced
biomass growth under salt stress (7, 8).
Under normal conditions, however the
transformants showed significant growth
delay in comparison with the wild type
plants. Transgenic Arabidopsis seeds car-
rying the same gene germinated well on
high salt (9).

Sorbitol

Transgenic tobacco lines carrying apple
cDNA for sorbitol-6-phosphatedehydroge-
nase accumulated wide range of sorbitol
levels (10). The plants with low sorbitol
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were with normal phenotype. Those with
higher amounts however showed necrotic
damages on the leaves, sterile flower set
and inability to root. The same construct
was used to transform other plant species -
Diospyros kaki (11). Under salt stress the
photosynthetic activity of the transgenic
plants accumulating sorbitol was higher
then that of the wild type plants. It was
suggested that this reaction could be con-
sidered as stress tolerance

D-Ononitol

Tobacco transgenic plants transformed
with imtl gene coding for myo-inositol-o-
methyltransferase — enzyme taking part in
the biosynthesis of ononitol were more
drought and salt tolerant than the wild type
plants (12).

The studies aiming transfer of genes in-
volved in the biosynthetic pathway of po-
liols were performed during the first years
of abiotic stress tolerance manipulations. In
this respect they are contributing to the elu-
cidation of the influence on plant metabo-
lism. A high competitiveness for one and
the same products occurs between host and
transgenic manitol and sorbitol. This could
be the reasonable explanation for the nega-
tive effect of high polyols concentrations
appearing after plant transformation (13).

Trehalose

Trehalose is a non-reducing disaccharide of
glucose that functions as a compatible so-
lute in the stabilization of biological struc-
tures under abiotic stress in bacteria, fungi,
and invertebrates. It is very rare compound
for plant kingdom (14) but in the recent
years gene transfer for trehalose accumula-
tion is among the busiest area of scientific
interest. The reason for this is the ability of
the compound to stabilize enzymes, pro-
teins, and lipid membranes during desicca-
tion. Almost all members of the plant king-
dom do not seem to accumulate detectable
amounts of trehalose. However, homolo-
gous genes for trehalose biosynthesis have
been recently discovered in several wild

20t Anniversary AgroBiolnstitute - R&D



and crop plants (15, 16) which make them
attractive candidates for gene transfer along
with genes isolated from prokaryotes.

Trehalose-6-phosphate synthase is a key
enzyme for trehalose biosynthesis in yeast,
encoded by the structural gene TPS1. The
gene of Saccharomyces cerevisiae was
constitutively expressed in transgenic po-
tato plants (17). The transformants exhibi-
ted various morphological phenotypes in
vitro - from normal to severely aberrant
growth and shapes. After acclimation in
soil mixture, however the plants recovered
to normal phenotype. The TPS1 transgenic
potato plants showed significantly in-
creased drought resistance.

Earlier the same gene was expressed in
tobacco plants (18). Trehalose accumulated
at very low levels in leaf extracts of trans-
formants. They exhibited multiple pheno-
typic alterations, including reduced sucrose
content and improved drought tolerance. It
was suggested that trehalose accumulation
is influencing the alteration of sugar me-
tabolism, plant development and stress to-
lerance, rather than leading to an osmo-
protectant effect.

Similarly, very low levels of trehalose
were traced in transgenic tobacco expres-
sing otsA and otsB genes of E. coli, coding
two enzymes of trehaolse biosynthesis
pathway (19). The transformants were
more drought tolerant than the wild type
tobacco.

Abiotic stress tolerance was successfully
manipulated in rice by overexpression of
Escherichia coli trehalose biosynthetic
genes (otsA and otsB) (20). The expression
of the transgene was under the control of
either tissue-specific or stress-dependent
promoters. Compared with nontransgenic
rice, several independent transgenic lines
exhibited sustained plant growth, less
photo-oxidative damage, and more favo-
rable mineral balance under salt, drought,
and low-temperature stress conditions. The
authors suggest that the primary effect of
trehalose is not as a compatible solute. In-
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creased trehalose accumulation correlates
with higher soluble carbohydrate levels and
elevated photosynthesis capacity. Again,
the peak trehalose levels were reported
well below 1 mg/g fresh

Recently trehalose synthase (TSase) gene
of the edible wood fungi Grifola frondosa
was reported to be expressed in tobacco
(21). The transformants accumulated
higher levels of products of trehalose com-
pared to many other known transgenic
plants (400-fold higher than tobacco co-
transformed with Escherichia coli TPS and
TPP, twofold higher than rice transformed
with a bi functional fusion gene (TPSP) of
the trehalose-6-phosphate (T-6-P) synthase
(TPS) and T-6-P phosphatase (TPP) of E.
coli, and 12-fold higher than tobacco trans-
formed with yeast TPS1 gene). Obvious
morphological changes were reported, in-
cluding thick and deep-coloured leaves, but
no growth inhibition. In addition, the mor-
phological changes were restored to normal
type in T, progenies. Trehalose accumula-
tion in 35S-35S:TSase plants resulted in
increased tolerance to drought and salt, as
shown by the results of tests on drought,
salt tolerance, and drought physiological
indices, such as water content in excised
leaves, malondialdehyde content, chloro-
phyll a and b contents, and the activity of
superoxide dismutase and peroxidase in
excised leaves. These results suggest that
transgenic plants transformed with the
TSase gene can accumulate high levels of
trehalose and have enhanced tolerance to
drought and salt.

Fructans

Fructans are polymers of fructose and serve
as main storage carbohydrate in many plant
species (22). In the recent years they at-
tracted considerable commercial interest as
replacements for high calorie sweeteners
and fats because humans lack the fructan-
degrading enzymes necessary to digest
them. In plants, the fructans accumulate in
vacuoles and are thought to be involved in
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abiotic stress tolerance (23, 24).

Historically, fructan biosynthesis was
elucidated earlier in bacteria than in higher
plants. By the early 1990s the bacterial
fructan polymerase, levansucrase, had been
purified and characterized, antibody probes
were available and the genes were isolated,
sequenced and cloned. By contrast, the first
plant fructosyl transferase genes did not
become available until the mid-1990s. It
was a logical early step to incorporate the
available bacterial gene into the available,
transformable,  fructan-non-accumulating
plants (25).

The two main targets of fructan utiliza-
tion — as safe food ingredients and as os-
morpotectant define the efforts for genetic
manipulation of plants: transformation for
high quantities of fructans and transforma-
tion for improved stress tolerance. For the
specific purposes of our review, we will
focus our attention only to stress tolerance
application.

Transformation for improved abiotic
stress tolerance

So far SacB gene is used most extensively
in studies. Tobacc and potato were first
transformed with the gene of the bacteria
Bacillus subtilis, coding for the levansu-
crase enzyme (26, 27). Under the control of
35S constitutive promoter the gene was
expressed in the vacuoles. The tobacco
transformants accumulated fructans similar
to the bacterial ones and showed increased
tolerance to drought, mild chilling or salt
stress (23). In total, however the growth
was insignificantly better than that of the
untransformed plants. The same SacB gene
of Bacillus subtilis was used for sugar beet
transformation (28). The fructan content of
the transgenic plants was lower than that
obtained in tobacco and, especially in po-
tato transformants (26, 27) but is compara-
ble with the amounts in transgenic Arabi-
dopsis. Under drought stress, the transgenic
sugar beet exceeded the control plants in
biomass and performance.

It is still unclear how exactly the fructans
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contribute for the stress toleranceof the
transformed plants. Their accumulation is
at rather low levels to be osmotically sig-
nificant (28). It is suggested that like other
sugars (manitol, trehalose) they act as
regulators or signal molecules, influencing
plant metabolism or as scavengers of reac-
tive oxygen species (29).

Proline

The accumulation of proline under abiotic
stress conditions has been studied in nu-
merous plant species for half a century (5,
30). Still, however the relationship between
this trait and stress tolerance is not clear
among species. While Solanaceae species
can increase their proline pool by more
than two orders of magnitude there are
many others that react with only a moderate
increase in proline content under stress
(31). It was shown that under osmotic
stress proline stabilizes proteins, mem-
branes and subcellular structures (32), and
protects cellular functions by scavenging
reactive oxygen species (33).

Genes encoding most of the enzymes as-
sociated with the synthesis and degradation
of proline were cloned and partially cha-
racterized, but the factors regulating the
expression of these enzymes are largely
unidentified. During the last decade, seve-
ral attempts were made to increase the level
of praline accumulation in plants by trans-
ferring the genes associated with the bio-
synthetic pathway.

Pathways of proline metabolism

It was postulated that glutamate pathway of
proline synthesis is predominant under os-
motic stress in plants (34). Later, d-OAT
transgenic Arabidopsis plants were shown
to be with higher enzyme activity, higher
biomass accumulation and germination rate
under osmotic stress thus suggesting that
the ornithine pathway plays also an impor-
tant role at stress (35, 36).

In addition to synthesis, proline catabo-
lism and transport are thought to control
endogenous proline accumulation in plants.
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Antisense transgenic Arabidopsis plants
carrying AtProDH cDNA encoding proline
dehydrogenase  (ProDH), accumulated
proline at higher levels than wild-type
plants. The transformants were more tole-
rant to freezing and high salinity (37).
Other PDH transgenic plants however did
not show significant levels of osmotic
stress tolerance (38).

Transgenics for enhancing proline ac-
cumulation and abiotic stress tolerance
D1-pyrroline-5-carboxylate synthetase (PSCS)

Plants of the model tobacco -cultivar
Xanthi were transformed for the first time
with the P5CS gene isolated from V. aco-
nitifolia under the control of 35S promoter
(39). Transgenic plants produced high le-
vels of the enzyme and synthesized 14-fold
more proline than the controls before
stress, but only about 2-fold greater after
water stress. The transformants tolerated
salt stress and showed enhanced root bio-
mass under glasshouse conditions. The in-
crease of proline in transgenics suggests
that P5CS activity is the rate-limiting step.
The feed back inhibition by proline as end
product was shown to be lost under stress
(40, 41, 42).

Despite the fact that some of the issues
raised by the report were questioned and
discussed critically (43) further success
was achieved when the same gene con-
struct was introduced in other plant species.

Elevated levels of proline caused by
overexpression of mothbean P5CS in
transgenic rice conferred enhanced tole-
rance to salt stress (44). The same construct
pBI-P5CS was introduced into wheat by
Agrobacterium-mediated gene transfer via
indirect pollen system (45). The transgenic
wheat plants showed overproduction of
proline and increased tolerance to salt
stress. Enhanced salt tolerance was
achieved also when the same gene was in-
troduced in carrot cell lines (46). Vigna
P5CS gene was also overexpressed into the
green microalga Chlamydomonas rein-
hardtii (47). The transgenic algae had 80%
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higher proline levels, grew more rapidly in
toxic cadmium concentrations and bound
four-fold more cadmium than wild-type
cells. The promoter of the P5CS gene was
described as stress-inducible in transgenic
Arabidopsis subjected to water stress (48).
This was confirmed later when P5CS gene
isolated from rice was introduced and
overexpressed in the same plant (49). The
transgenics was found to be salt inducible
and is also essential for salt and cold tole-
rance.
D1-pyrroline-5-carboxylate reductase (P5CR)
When tobacco was transformed with
soybean P5CR gene and the enzyme acti-
vity was fifty-fold enhanced this did not
yield significant increase in proline levels
(50). These results were considered as con-
firmation for the importance of the sub-
strate P5C as a limiting factor for the PSCR
activity. Hence, co-expression of P5CS and
P5CR genes under the control of stress in-
ducible promoter might result in enhanced
proline accumulation during stress and may
bring down the retardation effect of plant
growth. When soybean was transformed
with antisense P5SCR gene controlled by an
inducible heat shock promoter (IHSP), the
reduction of the gene expression resulted in
a decline in proline synthesis as well as
protein synthesis and osmotic stress sensi-
tivity (51).

Glycine betaine

Glycinebetaine is a quaternary ammonium
compound that occurs naturally in a wide
variety of plants, animals and microorga-
nisms (52). In plants, its accumulation has
been widely recognized as abiotic stress
response where it acts as an osmoprotectant
by stabilizing both the quaternary structure
of proteins and the highly ordered structure
of membranes (53).

Glycinebetaine is created from choline.
In many plants, it is synthesized through a
two-step oxidation of choline, by choline
monooxygenase and betaine aldehyde de-
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hydrogenase (54). The genes coding for the
two enzymes have been cloned from plants
(55, 56, 57, 58) and were introduced sepa-
rately into plants to generate glycine-
betaine, but sufficient quantities of the
choline substrate and the intermediate
betaine aldehyde could not be obtained
within the cell (59). This was confirmed
later, when transgenic rice plant containing
the betaine aldehyde dehydrogenase gene
was supplied with sufficient exogenous
betaine aldehyde to artificially generate a
considerable quantity of glycinebetaine and
showed improved tolerance against both
salt and low temperatures (60).

A different one-step pathway is available
in E. coli and Arthrobacter globiformis
where glycinebetaine is synthesized from
choline, by choline dehydrogenase and
choline oxidase, respectively. Transforma-
tion with codA has been performed exten-
sively (61). Enhanced tolerance to abiotic
stress has been achieved when the gene
was directed to chloroplast or cytosol (62,
63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73,
74). However, glycinebetaine was accu-
mulated in very low often undetectable
amounts suggesting that so far the success
is limited or that like in other osmorpotec-
tants its type of action is still not clear. In
some cases, exogenous supply of glycine
betaines helps the engineered compound to
improve stress tolerance (75).

Recently, an alternative biosynthetic
pathway of betaine from glycine, catalyzed
by two N-methyltransferase enzymes, was
found (76). In cyanobacterium and in
Arabidopsis was found that the coexpres-
sion of N-methyltransferase genes caused
accumulation of a significant amount of
betaine and conferred stress tolerance (77).
These first results demonstrate the useful-
ness of glycine N-methyltransferase genes
for the improvement of abiotic stress tole-
rance in crop plants.
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Genetic engineering for improved
abiotic stress tolerance at ABI

Abiotic stresses are the major environ-
mental challenges for crops in countries
with typical continental climate like Bul-
garia. Drought, high summer and low win-
ter and spring temperatures restrict plant
growing season and decrease the produc-
tivity. In this respect, application of bio-
technology for development of abiotic
stress tolerant crop lines is a long lasting
goal for AgroBiolnstitute.

Tobacco is a model culture for biotech-
nology studies and at the same time, very
important crop. It is known to be a rela-
tively drought stress tolerant plant per se
(78). Thus, the establishment of effective
screening system to distinguish stress tole-
rant and sensitive genotypes is of crucial
importance. As most of the crops, planted
or sown in spring, tobacco is very sensitive
to late spring frosts at transplanting stage.
In this respect, the reaction to freezing un-
der controlled conditions appeared to be
very useful screening procedure providing
clear-cut differences between the wild-type
and transgenic plants (24, 78, 79).

In our experiments, we used three culti-
vars, representing the three types of com-
mercially grown tobacco (Nicotiana taba-
cum) - Nevrokop 1146 (oriental-type),
Coker 254 (flue-cured) and Burley 21
(Burley type). They are known to be of
high quality and wide-spread use in Bul-
garia (78). The plants were transformed to
accumulate proline, fructan or glycine
betaine (78, 80). We used constructs har-
boring Arabidopsis- or Vigna-derived
genes (AtP5Cs, VacP5Cs) for D1-pyroline-
5-carboxylate synthetase production, SacB
gene coding for levansucrase from Bacillus
subtilis or the codA gene coding for choline
oxidase from Arthrobacter globiformis.
The genes were isolated earlier (26, 40; 66,
81) and kindly provided to us. We deve-
loped a specific procedure with several
steps of selection, including osmotic stress
in vitro and freezing of potted seedlings at
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transplanting stage, complemented with
various physiological studies (24, 78, 79,
80) This procedure allowed us to select
stable transgenic lines able to survive
freezing stress at controlled and field con-
ditions in several subsequent progenies.
The transgenic seeds were able to germi-
nate after long exposure to chilling in vitro
better than the wild-type seeds. The trans-
genic seedlings grew normally while the
wild-type seedlings showed reduced
growth (82). Our reports were we believe
the first for freezing tolerance in proline
and fructan transformed plants.

Using the freezing procedure at trans-
planting stage, we studied the reaction to
the oxidative component of the applied
stress to our transgenic tobacco lines and
their wild type (83). Freezing for 24 h re-
sulted in severe damages for the wild type.
A corresponding increase of electrolyte
leakage, hydrogen peroxide and malondial-
dehyde contents, a rise of peroxidase acti-
vity and inhibition of catalase activity oc-
curred in the non-transformants. Similar,
but significantly lower trend of the same
parameters has been found for the trans-
genic lines. Moreover, the oxidative mar-
kers returned to their normal levels when
the transformants were able to recover from
freezing. We speculated that transfer of
genes, coding for accumulation of osmo-
protectants, is related to decreased intensity
of freezing-induced oxidative processes.

In similar studies we followed the photo-
synthetic activity of wild type and trans-
formed tobacco plants. JIP test was used to
measure chlorophyll fluorescence induction
and to analyze the functional activity of
photosystem 11 (84). No significant diffe-
rences were found among wild type and
transgenic plants after short-term freezing
and at recovery. Prolonged freezing re-
sulted in strong inhibition of photosynthetic
reactions of the wild type plants that could
not be restored. At the same time, the
evaluated parameters of transgenic plants
did not change significantly at long-term
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freezing and recovery from it.

Conclusions

Understanding the metabolism, transport
and roles of the osmoprotectants during
stress is vital in developing plants for
stress-tolerance. There is an urgent need to
identify the signaling components related
to the osmolytes biosynthesis and degrada-
tion and their coordination in gene expres-
sion events under stress and at recovery.

Despite the euphoria resulting from the
achievements, most of the results are still
questioned with reasonable prejudice (31).
In many cases, the convincing molecular
evidences for stable integration of the
genes coincide with very low concentra-
tions of the relevant compounds which are
difficult to be related to the occurring stress
tolerance. The relatively minor impact of
the organic osmolytes on cellular water
relations and the controversy about osmotic
adjustment of the transgenic plants (43)
leads to the presumption that these sub-
stances mainly participate in stabilization
and protection. Thus, it appears that the
discussion is not about the efficiency of the
gene transfer but more for the reasonable
explanation of the positive results obtained.
In this respect, stable transgenic lines re-
sulting from well-established commercial
cultivars (78) provide further opportunities
for elucidation of the complex role of os-
moprotectants in abiotic stress tolerance
and the practical breeding.

REFERENCES

1. Vinocur B., Altman A. (2005) Curr. Opin. Bio-
tech., 16(2), 123-132.

2. Cushman G.C., Bohnert H. (2000) Curr. Opin.
Plant Biol., 3, 117-124.

3. Yamaguchi-Shinozaki K., Kasuga M., Liu Q.,
Nakashima K., Sakuma Y., Abe H., Shinwari
Z.K., Seki M., Shinozaki K. (2002) JIRCAS Wor-
king Report 2002.

4. Nuccio M.L., Rhodes D., McNeil S., Hanson A.
(2999) Curr. Opin. Plant Biol., 2, 128-134.

5. Bohnert H.J., Jensen R.G. (1996) Trends Bio-
technol., 14, 89-97.

Biotechnol. & Biotechnol. Eq. 19/2005
Special Issue



6. Shen B., Jensen R.G., Bohnert H.J. (1997) Plant
Physiol., 113, 1177-1183.

7. Tarczynski M.C., Jensen R.G., Bohnert H.J.
(1992) PNAS, 89, 2600-2604.

8. Tarczynski M.C., Jensen R.G., Bohnert H.J.
(1993) Science, 259, 508-510.

9. Thomas J.C., Sepahi M., Arendall B., Bohnert
H.J. (1995) Plant Cell Environ., 18, 801-806.

10. Sheveleva E.V., Marquez S., Chmawa W.,
Zegeer A., Jensen R.G., Bohnert H.J. (1998) Plant
Physiol., 117, 831-839.

11. Gao M., Tao R., Miura K., Dandekar A.M.,
Sugiura A. (2001) Plant Sci., 160, 837-845.

12. Sheveleva E., Chmara W., Bohnert H.J.,
Jensen R.G. (1997) Plant Physiol., 115, 1211-1219.
13. Sheveleva E.V., Jensen R.G., Bohnert H.J.,
Parry M. (2000) J. Exp. Bot., 51(342), 115-122.

14. Crowe J.H., Hoekstra F.A., Crowe L.M.
(1992) Annu. Rev. Physiol., 54, 579-599.

15. Goddijn O.J., van Dun K. (1999) Trends Plant
Sci., 4, 315-319.

16. Zentella R., Gallardo J.0.M., Van Dijck P.,
Mallol J.F., Bonini B., Van Vaeck C., Gaxiola R.,
Covarrubias A.A., Sotelo J.N., Thevelein J.M,,
Iturriaga G. (1999) Plant Physiol., 119, 1473-1482.
17. Yeo E.T., Kwon H.B., Han S.E., Lee J.T., Ryu
J.C., Byu M.O. (2000) Mol. Cells., 10(3), 263-268.
18. Romero C., BelleAs J., JoseA L., VayaA,
Serrano R., Francisco A., CuliaAnAez-Macia A.
(1997) Planta, 201, 293-297.

19. Pilon-Smits E.A., Terry N., Sears T., Kim H.,
Zayed A., Hwang S., van Dun K., Voogd E.,
Verwoerd T.C., Krutwagen R.W.H.H., Gooddijn
0.J.M. (1998) J. Plant Physiol., 152, 525-532.

20. Garg AK., Kim J-K., Owens T.G., Ranwala
A.P., Choi Y-D., Kochian L.V., Wu R.J. (2002)
PNAS, 99(25), 15898-15903.

21. Zhang S.-Z., Yang B.-P., Feng C.-l., Tang H.-
L. (2005) J. Integrat. Plant Biol., 47(5), 579 - 586.
22. Vijn 1., Smeekens S.C.M. (1999) Plant Physiol.,
120, 351-359.

23. Pilon-Smits E.A.H., Ebskamp M.J.M., Paul
M.J., Jeuken M.J.W., Weisbeek P.J., Smeekens
S.C.M. (1995) Plant Physiol., 107, 125-130.

24. Konstantinova T. (2003) PhD Thesis; Speciali-
zed Scientific Council on Genetics, Sofia, Bulgaria.
25. Cairns A.J. (2003) J. Exp. Bot., 54(382), 549-
567.

26. Ebskamp M.J., Van Der Meer I.M., Spronk
B.A., Weisbeek P.J., Smeekens S.C.M. (1994)
Biotechnology, 12, 272-275.

27. Van der Meer .M., Ebskamp M.J.M., Visser

Biotechnol. & Biotechnol. Eq. 19/2005
Special Issue

R.G.F., Weisbeek P.J., Smeekens S.C.M. (1994)
Plant Cell, 6, 561-570.

28. Pilon-Smith E.A.H., Terry N., Sears T., Van
Dun K. (1999) Plant Physiol. Biochem., 37(4), 313—
317.

29. Shen B., Jensen R.G., Bohnert H.J. (1997)
Plant Physiol., 113, 1177-1183.

30. Delauney A.J., Verma D.P.S. (1993) Plant J., 4,
215-223.

31. Maggio A., Miyazaki S., Veronese P., Fujita
T., lbeas J., Damsz B., Narasimhan M.L., Hase-
gawa P.M., Joly R., Bressan R.A. (2002) Plant J.,
31(6), 699-712.

32. Vanrensburg L., Kruger G.H.J., Kruger R.H.
(1993) J. Plant Physiol., 141, 188-194.

33. Bohnert H.J., Shen B. (1999) Sci. Hortic., 78,
237-260.

34. Delauney A.J., Hu C.-A.A., Kishor K., Verma
D.P.S. (1993) J. Biol. Chem., 268, 18673-18678.

35. Roosens N.H.C.J., Thu T.T., Iskandar H.M.,
Jacobs M. (1998) Plant Physiol., 117, 263-271.

36. Roosens N.H., Bitar F.A., Loenders K., Ange-
non G., Jacobs M. (2002) Mol. Breed., 9, 73-80.

37. Nanjo T., Kobayashi M., Yoshiba Y.,
Kakubari Y., Yamaguchi-Shinozaki K., Shinozaki
K. (1999) FEBS Lett., 19, 461(3), 205-210.

38. Mani S., Van de Cotte B., Van Montagu M.,
Verbruggen N. (2002) Plant Physiol., 128, 73-83.
39. Kavi Kishor P.B., Hong Z., Miao G., Hu C.-
AA., Verma D.P.S. (1995) Plant Physiol., 108,
1387-1394.

40. Hu C-A.A., Delauney A.J., Verma D.P.S.
(1992) PNAS, 89, 9354-9358.

41. Savoure A., Jaoua S., Hua X., Ardiles W.,
Montagu M.V., Verbruggen N. (1995) FEBS Lett.,
372, 13-19.

42. Zhang C-S., Lu Q., Verma D.P.S. (1995) J.
Biol. Chem., 270, 20491-20496.

43. Blum A., Munns R., Passioura J.B., Turner
N.C. (1996) Plant Physiol., 110, 1051-1053.

44. Zhu B., Su J., Chang M., Verma D.P.S., Fan
Y.L., Wu R. (1998) Plant Sci., 139, 41-48.

45. Sawahel W.A., Hassan A.H. (2002) Biotechnol.
Lett., 24, 721-725.

46. Han K.H., Hwang C.H. (2003) J. Plant Biotech-
nol., 5, 149-153.

47. Siripornadulsil S., Traina S., Verma D.P.S.,
Sayre R.T. (2002) Plant Cell, 14, 2837-2847.

48. Zhang C-S., Lu Q., Verma D.P.S. (1997) Plant
Sci., 129, 81-89.

49. Hur J., Hong Jong K., Lee C-H. An G. (2004)
Plant Sci., 167, 417-426.

20t Anniversary AgroBiolnstitute - R&D



50. LaRosa P.C., Rhodes D., Rhodes J.C., Bressan
R.A., Csonka L.N. (1991) Plant Physiol., 96, 245—
250.

51. De Ronde J.A., Spreeth M.H., Cress W.A.
(2000) Plant Growth Regul., 32, 13-26.

52. Rhodes D., Hanson A.D. (1993) Ann. Rev. Plant
Phys. Plant Mol. Biol., 44, 357-384.

53. Robinson S.P., Jones G.P. (1986) Aust. J. Plant
Physiol., 13, 659-668.

54. Iba K. (2002) Ann. Rev. Plant Biol., 53, 225-
245,

55. Ishitani M., Nakamura T., Han S.Y., Takabe
T. (1995) Plant Mol. Biol., 27, 307-315.

56. Nakamura T., Yokota S., Muramoto Y., Tsut-
sui K., Oguri Y., Fukui K., Takabe T. (1997) Plant
J., 11, 1115-1120.

57. Rathinasabapathi B., Burnet M., Russell B.,
Gage D., Liao P-Ch., Nye G., Scott P., Golbeck J.,
Hanson A. (1997) PNAS, 94, 3454-3458.

58. Weretilnyk E.A., Hanson A.D. (1990.) PNAS,
87, 2745-2749.

59. Nuccio M., Russell B., Nolte K., Rathinasaba-
pathi B., Gage D., Hanson A. (1998) Plant J., 16,
487-496.

60. Kishitani S., Takanami T., Suzuki M., Oikawa
M., Yokoi S., Ishitani M., Alvarez-Nakase A. M.,
Takabe T., Takabe T. (2000) Plant Cell Environ.,
23, 107-114.

61. Sakamoto A., Murata N. (2001) Plant Physiol.,
125, 180-188.

62. Alia Hayashi H., Chen T.H.H., Murata N.
(1998) Plant Cell Environ., 21, 232-239.

63. Hayashi H., Alia Mustardy L., Deshnium P.,
Ida M., Murata N. (1997) Plant J., 12, 133- 142.

64. Sakamoto A., Valverde R., Alia Chen T.H.H.,
Murata N. (2000) Plant J., 22, 449-453.

65. Alia Hayashi H., Sakamoto A., Murata N.
(1998) Plant J., 16, 155-161.

66. Sakamoto A., Murata N. (1998) Plant. Mol.
Biol., 38. 1011-1019.

67. Hayashi H., Chen T.H.H., Murata N. (1998)
Plant Cell Environ., 21, 232-239.

68. Hayashi H., Sakamoto A. Murata N. (1998)
Plant J., 16, 155-161.

69. Kondo Y., Sakamoto A., Nonaka H., Hayashi
H., Saradhi P.P., Chen T.H.H., Murata N. (1999)
Plant Mol. Biol., 40, 279-288.

20t Anniversary AgroBiolnstitute - R&D

70. Huang J., Hirji R., Adam L., Rozwadowski
K.L., Hammerlindl J.K., Keller W.A., Selvaraj G.
(2000) Plant Physiol., 122, 747-756.

71. Gao M., Sakamoto A., Miura K., Murata N.,
Sugiur A, Tao R. (2000) Mol Breed., 6, 501-510.
72. Hayashi H., Alia Sakamoto A., Nonaka H.,
Chen T.H.H., Murata N. (1998) J Plant Res., 111,
357-362.

73. Holmstrom K.-O., Somersalo S., Mandal A.,
Palva E.T., Welin B. (2000) J. Exp. Bot., 51, 177-
185.

74. Prasad K.V.S.K., Sharmila P., Kumar P.A,,
Pardha Saradhi P. (2000) Mol Breed., 6, 489-499.
75. Quan R., Shang M., Zhang H., Zhao Y., Zhang
J. (2004) Plant Biotech J., 2(6), 477-486.

76. Waditee R., Tanaka Y., Aoki K., Hibino T.,
Jikuya H., Takano J., Takabe T., Takabe T.
(2003) J. Biol. Chem., 278, 4932-4942.

77. Waditee R., Bhuiyan N., Rai V., Aoki, K,
Tanaka Y., Hibino T., Suzuki S., Takano J.,
Jagendorf A., Takabe T., Takabe T. (2005) PNAS,
102(5), 1318-1323.

78. Konstantinova T., Parvanova D., Atanassov
A., Djilianov D. (2002) Plant Sci., 163(1), 157-164.
79. Parvanov A.D. (2002) PhD Thesis, Specialized
Scientific Council on Plant Physiology and Bio-
chemistry, Sofia, Bulgaria.

80. Konstantinova T., Parvanova D., Atanassov
A., Djilianov D. (2003) Biotechnol. & Biotechnol.
Eq., 17(2), 6-15.

81. Yoshiba Y., Kyosue T., Katagiri T., Ueda H.,
Mizoguchi T., Yamaguchi-Shinozaki K., Wada K.,
Harada Y., Shinozaki K. (1995) Plant J., 7(1), 751—
760.

82. Parvanova D., Konstantinova T., Atanassov
A., Tsvetkov T., Djilianov D. (2002) Biotechnol. &
Biotechnol. Eq., 16(2), 28-32.

83. Parvanova D. lvanov S., Konstantinova T.,
Karanov E., Atanassov A., Tsvetkov Ts., Alexieva
V., Djilianov D. (2004) Plant Phys. and Biochem.,
42, 57-63.

84. Parvanova D., Popova A., Zaharieva I., Lam-
brev P., Konstantinova T., Taneva S., Atanassov
A., Goltsev V., Djilianov D. (2004) Photosynthetica,
42(2), 179-185.

Biotechnol. & Biotechnol. Eq. 19/2005
Special Issue



