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ABSTRACT. The traditional use of polyols as osmotica in plant culture media is based on the assumption that polyols are

not taken up or metabolized by cells. In reality, polyols are significant photosynthetic products and efficiently utilized

metabolites in a large number of plants. In addition to these metabolic roles, initial interest in polyols focused primarily

on their function as osmoprotectants. This was hypothesized to be due to their ability to act as compatible solutes. More

recent research, however, indicates much broader roles for polyols in stress responses based on their significant

antioxidant capacity. These include protection against salt and photooxidative stress as well as a potential role in plant

pathogen interactions.

potential (Galinski and Trüper, 1994). Recently, however, there
have been several reports that suggest polyols may play an even
broader role in plant protection.

Mannitol metabolism in plants

One of the better-characterized sugar alcohols is mannitol, the
chemically reduced form of mannose. Of the >13 different
polyols isolated from higher plants (Bieleski, 1982; Lewis, 1984),
mannitol may be the most widespread, being found in >100
species of plants in 70 diverse families as well as in bacteria and
fungi (Jennings, 1984; Lewis and Smith, 1967; Stoop et al.,
1996a). The potential roles of mannitol in celery as both an
alternate carbon and energy source as well as an osmoprotectant
have been reviewed in detail elsewhere (Loescher et al., 1995;
Loescher and Everard, 2000; Nuccio et al., 1999; Pharr et al.,
1995, 1999, Stoop et al., 1996a). Briefly, mannitol is synthesized
in vascular plants from mannose-6-P through the action of a
NADPH-mannose-6-P reductase (M6PR) (Fig. 2.). This enzyme
catalyzes the conversion of mannose-6-P to mannitol 1-P, which
is then dephosphorylated by a phosphatase to form mannitol
(Loescher et al., 1992; Rumpho et al., 1983). Mannitol synthesis
in celery occurs mainly in mature, source leaves where M6PR is
localized in the cytosol of green palisade and spongy parenchyma
tissues and bundle-sheath cells (Everard et al., 1993; Loescher et
al., 1995). M6PR activity, and thus mannitol synthesis, is devel-
opmentally as well as light regulated, with high activities ob-
served in mature leaves, but no detectable activities in sink tissues
(such as roots and unstressed, immature leaves) (Everard et al.,
1993, 1997 and Stoop and Pharr 1994). In extracts from mature
leaves of celery plants irrigated with increasing concentrations of
NaCl (up to 0.3 M) there is little or no change in the amount of
M6PR protein (Everard et al., 1994). Pulse-chase experiments
using 14CO2 in salt stressed celery, showed that these plants also
retained essentially full mannitol biosynthetic capability, while
water content and total photosynthetic capacity of the plant
decreased substantially. The cDNA for M6PR has been cloned
from celery leaf (Everard et al., 1997), and sequence analyses
showed high similarity to a key enzyme in sorbitol biosynthesis
in apple, aldose-6-P reductase (Kanayama et al., 1992) (see
below). A final critical piece of the mannitol biosynthetic scheme
was recently characterized by Gao and Loescher (2000), with the
purification, characterization and cloning of the cDNA encoding
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Many organisms including vascular plants synthesize and accu-
mulate low molecular weight, soluble compounds in response to salt
and drought stress (Loescher and Everard, 2000; Nuccio et al., 1999;
Sakamoto and Murata, 2002; Stoop et al., 1996a). These compounds
are often referred to as compatible solutes, because they can
accumulate to high concentrations, but do not interfere (i.e., are
compatible) with cell metabolism. One such class of compatible
solutes is the sugar alcohols, or polyols, which are the chemically
reduced forms of aldose or ketose sugars (Fig. 1). Although sucrose
is probably the most widely studied plant carbohydrate, it has been
estimated that up to 30% of all photosynthetically fixed carbon in
plants is transported as polyols (Bieleski, 1982). Although polyols
are sometimes the predominant form of translocated carbohydrate,
they are always translocated in association with a sugar such as
sucrose or raffinose. The most commonly reported polyols are the
six-carbon sugar alcohols sorbitol, mannitol and galactitol (Fig. 1).
Less commonly reported are seven-carbon polyols such as persitol
(reduced mannoheptulose) which is found in avacado (Persea
americana) (Liu et al., 1999), and volemitol (reduced sedoheptu-
lose) which is found in Primula species such as cowslip (Primula
veris) (Häflinger et al., 1999). Usually a single type of polyol is
present in a plant species, and specific polyols are often character-
istic of particular families or genera. For instance sorbitol (the
reduced form of noncyclic glucose) commonly is found in the
Rosaceae, where it constitutes an important translocated carbohy-
drate in apple (Malus domesticus) (Loescher et al., 1982), in Prunus
species such as peach (Prunus persica), cherry and plum, and in its
namesake genus Sorbus (mountain ash).

It has been suggested that polyols function as osmoprotectants,
because the water-like hydroxyl groups in polyols allow them to
form an artificial sphere of hydration around macromolecules, thus
preventing metabolic inactivation under conditions of low osmotic
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the celery cytosolic nonreversible glyceraldehyde-3-P dehydro-
genase (nr-G3PDH). This enzyme provides the energy, in the
form of NADPH, necessary for mannitol biosynthesis in celery
leaves.

Mannitol use or catabolism is spatially separated from its synthe-
sis (Fig. 2.). Mannitol synthesized in the leaf is translocated via
phloem to sink tissues. To begin this journey, mannitol is apparently
loaded into phloem by a proton symport mechanism mediated by a
mannitol-specific transporter, mannitol transporter 1 (MAT-1)
(Noiraud et al, 2001). Interestingly, the unusual mobility of the
relatively immobile micronutrient  B in polyol-containing plants has
been linked to the formation of phloem translocated polyol-B

complexes (Hu et al., 1997). In celery, for instance, boron is
translocated as a [mannitol:B:mannitol] complex.

Upon arrival in sink tissues, mannitol is catabolized through the
action of the enzyme mannitol dehydrogenase (MTD). MTD pro-
vides the initial step by which translocated mannitol is committed to
entry into the TCA cycle for use as a carbon and energy source (Pharr
et al., 1995). Expression of MTD is repressed both by hexose sugars
(Prata et al., 1997) and salt (Stoop et al., 1996a). As a result, under
normal growth conditions plants may preferentially use sugars to
maintain central metabolism. Sugar repression of mannitol utiliza-
tion would allow large quantities of mannitol to be stored and
function as reserve carbohydrate. When plants experience salt
stress, MTD activity decreases further due to combined sugar
suppression and salinity effects. This dual repression results in a
further increase in mannitol accumulation. This type of regulation
allows stressed plants that translocate both sucrose and mannitol to
accumulate mannitol as an osmoprotectant rather than using it as an
assimilate for growth, while at the same time they still have sucrose

available for assimilation and growth. How-
ever, when energy and carbon demand are
extremely high (e.g., in root and shoot
meristems), sugars can be depleted and
become limiting. Under these conditions,
the resulting derepression of MTD can
make the mannitol pool readily available
as a carbon and energy source for mainte-
nance of central metabolism. In celery,
this type of regulation is reflected in the
dramatic, differential mobilization of car-
bohydrate pools observed during the rapid
reproductive growth characteristic of this
biennial. Obaton (1929) observed that
mannitol pools in celery began to decrease
only after stored sugars fell below 1% of
dry weight during flowering.

The integrated nature of mannitol me-
tabolism in celery is further reflected, not
only in the tight metabolic control of nr-
G3PDH described by Gao and Loescher

Fig. 1. Chemical structures of some sugar alcohols and their corresponding sugars. Chemically reduced compounds (e.g., NADH) contain more energy than the
analogous oxidized forms (e.g., NAD+). Hence, the sugar alcohols, being chemically more reduced, are higher energy compounds than their analogous sugars.

Fig. 2. Mannitol metabolism in celery. (Source) Biosynthesis via
mannose-6-P reductase (M6PR). (Sink) Catabolic pathway via
mannitol dehydrogenase (MTD). Other enzymes are phospho-
mannose isomerase (PMI), nonspecific sugar phosphatase (NSP)
and hexokinase (HK). The phloem-localized, mannitol
transporter (MAT1) is also indicated, and enzymes unique to
mannitol metabolism are underlined. (Adapted from

Stoop et al., 1996a)
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(2000), but also by recent reports from Lemoine’s group on the
regulation of key celery carbohydrate transporters (Noiraud et al.,
2000, 2001). In celery, long-distance transport of reduced carbon
occurs both in the form of sucrose (Suc) and mannitol, with the
increased accumulation of mannitol correlating with increased
resistance to salt stress. Noiraud et al. (2001) recently cloned the
cDNA encoding the transporter that is apparently involved in
phloem loading of mannitol, [Apium graveolens Mannitol Trans-
porter (AgMaT-1)] (Fig. 2). Although Apium AgMAT-1 is un-
doubtedly a key player in mannitol utilization in celery, the
cloning and characterization of key celery sucrose uptake trans-
porters by this same group (Noiraud et al., 2000) more directly
highlights the integration of metabolic processes. In this work
they show that the high affinity Suc transporter, [AgSUT-1
(Apium graveolens Suc Uptake Transporter 1)] is mainly expressed
in mature leaves and phloem of celery petioles, but also in sink
organs such as roots. Most significantly, when celery plants were
subjected to salt stress, AgSUT 1 expression decreased in all organs,
but most markedly in roots, thus favoring accumulation of mannitol
over sucrose.

The cyclic polyol D-ononitol mediates osmotolerance

The cyclic polyol D-(+) ononitol and its epimer D-pinitol are
found in a several systematically unrelated plants ranging from ice
plant (Mesembryanthemum crystallinum) to sugar pine (Pinus
lambertiana) (Vernon and Bohnert, 1992 and references therein).
Inositol (myo-inositol) is synthesized from glucose-6-P in two steps.
First, the enzyme inositol phosphate synthase (INPS) catalyzes the
conversion of glucose-6-P to inositol-1-P, which is then dephospho-
rylated by inositol monophosphatase (IMP). In M. crystallinum the
stress-induced enzyme D-myo-inositol methyltransferase (IMT)
then catalyses the methylation of myo-inositol to form D-ononitol
(methyl-myo-inosotol) (Vernon and Bohnert, 1992). Although myo-
inositol

INPS IMP IMT
Glucose-6-P → inositol-1-P → myo-inositol → D-ononitol

and its derivatives are more commonly known for their involvement
in cell signaling and membrane biogenesis, they also participate in
osmotic stress responses. In ice plant, osmotic stress not only turns
on expression of IMT, but also causes increased production of its
substrate, myo-inositol. The resulting accumulation of D-ononitol
has been proposed to not only facilitate sodium sequestration, but to
also protect the photosynthetic apparatus from stress-induced in-
creases in reactive oxygen species (ROS) (Nelson et al., 1998,
1999).

Although elegant proof of concept experiments by Tarczynski et
al. (1992, 1993) demonstrated that transforming tobacco for cytoso-
lic mannitol production conferred increased salt tolerance, levels of
mannitol were low (1 to 2 µmol·g–1 fresh weight). This is possibly
due, among other possibilities, to the presence of an endogenous
mannitol-catabolizing enzyme in tobacco (Jennings and Williamson,
1997, Jennings et al., 1998; Sheveleva et al., 1997a). In an attempt
to circumvent this problem and produce plants with higher, more
protective levels of polyols, Sheveleva et al. (1997b) transformed
tobacco with an IMT coding sequence fused to the constitutive 35S
promoter. Although tobacco makes myo-inositol, it does not have a
gene encoding IMT, and so does not make ononitol. An initial
concern was that engineered production of ononitol might deplete
endogenous myo-inositol pools. Rather unexpectedly, constitutive
expression of IMT in tobacco led instead to the stress-induced
accumulation of large amounts of ononitol (36 µmol·g–1 fresh

weight or ≈10 mM). Analyses confirmed that there was no change in
expression of the IMT transgene under stress conditions. Instead,
osmotic stress appeared to induce the expression of an endogenous
inositol-P-synthase (INPS), with a subsequent increase in synthesis
of myo-inositol, the substrate for IMT-mediated production of
ononitol.

In addition to its accepted role as an osmolyte, ononitol is an
effective quencher of ROS (about as effective as mannitol, Orthen
et al., 1994; Smirnoff, 1993; Smirnoff and Cumbes, 1989). Because
D-ononitol was found in the chloroplast stroma as well as the cytosol
of IMT transgenics, Sheveleva et al. (1997b) hypothesized it might
protect the photosynthetic apparatus from increased photo-oxida-
tive stress caused by low osmotic potential conditions. In fact, IMT
transgenics suffered less inhibition of photosynthetic CO2 fixation
during salt stress and drought, and recovered faster than wild type
when returned to nonstressed conditions. Because myo-inositol, the
substrate for IMT1, increases in tobacco under stress, precondition-
ing plants with permissive levels of NaCl further increased D-
ononitol production and resulted in increased protection when
plants were subsequently transferred to high salt conditions. This
work suggests that engineering stress-induced polyol accumulation
might afford better protection than earlier constitutive osmolyte
expression strategies.

The polyol mannitol functions as an antioxidant in vivo

 The role of polyols as potent in vitro quenchers of (ROS) has
been amply demonstrated (Orthen et al., 1994; Smirnoff and Cumbes,
1989; Smirnoff, 1993). As discussed above, it seems likely that
polyols also function in this capacity in vivo. To test this hypothesis,
Shen et al. (1997) targeted expression of a bacterial mannitol-1-
phosphate dehydrogenase gene to chloroplasts in transgenic to-
bacco by the addition of a plastid targeting sequence or transit
peptide. The resulting transgenic tobacco accumulated much higher
concentrations of mannitol than did tobacco expressing the same
gene in the cytosol (7 vs. 1 to 2 µmol·g–1 fresh weight), while
maintaining normal wild-type growth and photosynthetic perfor-
mance under nonstress conditions. The accumulation of mannitol in
chloroplasts (≈100 mM) resulted in increased resistance to methyl
viologen induced oxidative stress. In the presence of methyl viologen,
isolated mesophyll cells of transgenic tobacco exhibited increased
retention of chlorophyll as well as higher CO2 fixation rates than the
wild type. When the hydroxyl radical probe dimethyl sulfoxide was
introduced into cells, the initial formation rate of methane sulfinic
acid was significantly lower in cells containing mannitol in the
chloroplast than in wild-type cells, indicating an increased hydroxyl
radical-scavenging capacity in transgenic tobacco. This suggests
that the chloroplast-localized mannitol augments endogenous radi-
cal-scavenging mechanisms, thereby reducing oxidative cell dam-
age. This is consistent with the report by Moore et al. (1997) that in
the mannitol producers parsley and snapdragon, mannitol is almost
equally distributed between the cytosol and chloroplasts.

Sorbitol biosynthesis in transgenic tobacco: Too much of a

good thing?

In addition to the investigations of mannitol metabolism refer-
enced above, there has been considerable research on the sugar
alcohol sorbitol, the reduced form of glucose (Fig. 1). Sorbitol is a
major photosynthetic product in several members of the family
Rosaceae. As with mannitol, sorbitol accumulates in mature leaves,
and is translocated to sink tissues (e.g., fruit and young leaves)
(Bieleski, 1969). Sorbitol is formed from glucose-6-P via the action
of NADP dependent sorbitol-6-P dehydrogenase (S6PDH) to form
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sorbitol-6-P (S6P), which is then dephosphorylated by a phos-
phatase to yield sorbitol (Bieleski and Redgwell 1977; Hirai, 1981;
Loescher et al., 1982; Yamaki, 1980). S6PDH has been purified
from apple (Kanayama and Yamaki, 1993), the cDNA encoding the
enzyme cloned (Kanayama et al., 1992), and its expression in
transgenic tobacco shown to be sufficient for the synthesis of
sorbitol (Tao et al., 1995). While these results implicate S6PDH as
a key enzyme in the sorbitol biosynthetic pathway, levels of
expression were extremely low.

If ectopic expression of polyol biosynthetic genes is universally
efficacious, then one might expect a higher level of sorbitol expres-
sion in transgenic plants to be beneficial. A study by Sheveleva et al.
(1998), however, demonstrates that this is not necessarily the case.
In that study they examined 125 independent transgenic tobacco
plants expressing Stpd1, the apple cDNA encoding S6PDH. Plants
were identified that produced sorbitol in amounts ranging from 0.2
to 130 µmol·g–1 fresh weight. Plants accumulating up to 2 to 3
µmol·g–1 fresh weight sorbitol appeared normal. However, plants
accumulating higher levels of sorbitol showed progressively slower
growth, became chlorotic and developed necrotic lesions. When
sorbitol exceeded 15 to 20 µmol·g–1 fresh weight, plants were
infertile, and ultimately, at very high levels of sorbitol, were unable
to form roots. Necrotic lesion formation correlated with high
sorbitol, glucose, fructose, and starch, but low myo-inositol. Be-
cause lesion formation could be prevented by supplementing plant
cultures with myo-inositol, Sheveleva et al. (1998) hypothesized
that hyperaccumulation of sorbitol interfered with inositol biosyn-
thesis, leading to osmotic imbalance and altered carbohydrate
allocation and transport. Another possibility is suggested by the
study of Stoop et al. (1996b), which showed that sorbitol (D-glucitol)
can be oxidized by the mannitol catabolic enzyme MTD, but that the
product is L-gulose rather than D-glucose (Fig. 3). With the excep-
tion of serving as an intermediate in vitamin C biosynthesis (Wheeler
et al., 1998), L-gulose is not known to be metabolized by plants. It

seemed unlikely, therefore, that this reaction normally occurs in
plants, and may be why sorbitol is not normally found together with
mannitol in the same plant species. Jennings et al. (1998), however,
demonstrated that, under certain conditions, even though tobacco
does not have endogenous mannitol, significant levels of an endog-
enous MTD activity could be expressed in tobacco. If such plants
had been engineered to produce sorbitol, the subsequent production
of L-gulose might have unforeseen, deleterious effects.

Mannitol, mannitol dehydrogenase, and plant–pathogen

interaction

Pathogen attack initiates a complex network of reactive oxygen-
mediated events in the plant (Alvarez et al., 1998). One of the earliest
is the activation of an outer membrane localized enzyme, NADPH
oxidase (Apostol et al., 1989; Keller et al., 1998), that catalyzes the
massive production of ROS (e.g., superoxide and H2O2). ROS from
this oxidative burst appear to serve several functions. First, the
localized high concentration of ROS at the site of infection is
directly antimicrobial. In addition, H2O2 is thought to signal a variety
of complex cellular responses. At higher concentrations, H2O2 is
hypothesized to trigger plant programmed cell death at the site of
infection, thus limiting the spread of infection [hypersensitive
response (HR)]. At lower concentrations, i.e., at a distance from
the infection site, H2O2 is thought to be the signal that induces the
production of the endogenous signal molecule salicylic acid (SA)
(Sharma et al., 1996) that, in turn, induces a large group of defense
genes collectively known as pathogenesis-related (PR) genes.
This systemic induction of pathogen defense responses results in
an acquired resistance to subsequent infection by the same or
different pathogens [systemic acquired resistance (SAR)]. In addi-
tion to mediating induction of SAR responses, SA binds to and
inactivates the antioxidant enzyme catalase (Chen et al., 1993),
which converts H2O2 to H2O and O2. Inactivation of catalase presum-
ably prevents H2O2 catabolism and thus maximizes H2O2-mediated
defense responses.

Mannitol comprises up to 50% (≈60 µmol·g–1 fresh weight) of the
photosynthetically fixed, soluble carbohydrate in mature celery leaf
(Loescher et al., 1992; Stoop and Pharr, 1994). As discussed above,
mannitol is a potent antioxidant, and these large amounts of manni-
tol in celery might be expected to quench H2O2, and thus cripple
H2O2-mediated defenses. However, Williamson et al. (1995, 1998)
showed that not only is the celery MTD gene highly homologous to
a pathogen-induced gene from parsley and Arabidopsis, but it is also
induced by the PR-gene inducer, SA, even under normally repres-
sive sugar levels. This suggested that, like the inactivation of
catalase by SA, removal of mannitol via the induction of MTD could
act to potentiate H2O2-mediated defenses in celery.

New research suggests that mannitol of microbial origin might
also play a role in plant–pathogen interactions. In animals, defensive
cells in the blood called killer leukocytes (also called neutrophylls
or phagocytes), make ROS to destroy invading microbes (Rotrosen
and Gallen, 1987). In turn, animal pathogens such as the fungus
Cryptococus neoformans produce mannitol to quench this phago-
cytic active oxygen, and thus suppress this aspect of the organism’s
defenses (Chaturvedi et al., 1996). A similar suppression of active
oxygen mediated plant defenses via the secretion of catalase by plant
pathogenic bacteria has been hypothesized (Klotz and Hutcheson,
1992). It now appears that at least some fungal phytopathogens may
use mannitol to suppress ROS-mediated plant defenses. Joosten et
al. (1990) reported that pathogenic forms of the tomato pathogen
Cladosporium fulvum produce mannitol, while mutants lacking the
ability to produce mannitol were nonpathogenic. In addition, we

Fig 3. Stereospecificity of MTD oxidation of mannitol versus sorbitol. Stereo-
specific requirements for MTD substrates showed a marked preference for
aldopentoses and aldo-hexoses with the same configuration as D-mannitol at
carbon-2. (Stoop et al., 1996b). Chemically stated, the presence of a terminal
diol with 2R chirality (*) appears to be the minimal requirement for alditols
oxidized by MTD. Chirality at more distal carbons had little impact on
acceptance of alditols as substrates. Thus D-glucitol (sorbitol) is oxidized, but
to L-gulose. The oxidation of sorbitol to this nonmetabolizable aldose by MTD
may be why they are rarely found together with mannitol in the same plant
species.
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have recently shown that mannitol production and secretion by a
fungal pathogen of tobacco, Alternaria alternata, is massively
induced by host plant extracts (Jennings et al., 1998). This same
work, rather unexpectedly, revealed that although tobacco does not
itself contain mannitol, it does have an endogenous, functional
mannitol catabolic enzyme, MTD. Furthermore, MTD expression
in tobacco appears to be a defense response, as MTD expression not
only correlates with the presence of fungal infection, but is also
induced by various chemical elicitors of PR-gene expression.

We hypothesized that this pathogen-induced expression of MTD
provides a mechanism whereby the plant counters mannitol-medi-
ated fungal suppression of PR responses by converting the fungal
ROS quencher mannitol to mannose. To test this hypothesis we
examined tobacco plants transformed to constitutively express a
celery MTD, and found that constitutive MTD expression appeared
to confer enhanced resistance to A. alternata, but not to the
nonmannitol secreting fungal pathogen Cercospora nicotianae
(Jennings, 2000). Together these findings not only raise interesting
evolutionary questions, but also support the hypothesis that Mtd,
independent of its initially identified metabolic role in celery,
represents a new class of pathogen resistance gene with potential
utility for bioengineering fungal resistance in plants. Although we
presently do not know how widespread this type of mannitol/MTD
interaction might be, MTD homologs have been identified in at least
two other plant genera. In addition to the pathogen-induced MTD
homolog ELI-3 in Arabidopsis (Kiedrowski et al., 1992), MTD
homologs have been identified in tomato (Lauter, 1996; van der
Hoeven et al., 1999). Pathogen response of the tomato homolog was
not examined, but, as tomato lacks mannitol, it seems possible that
this putative MTD plays a role similar to that proposed for tobacco
MTD.

Polyols in parasitic plants

Physiological and biochemical studies of parasitic plants have
revealed some intriguing aspects of polyol metabolism that might be
exploited in weed management. For example, it has been reported
that several harmful parasitic–hemi-parasitic flowering plants, such
as Orobanche sp. (Wegmann, 1986) Striga hermonthica (Stewart et
al., 1984), and Thesium humile (Fer et al., 1993; Simier et al., 1998),
that grow on a variety of warm climate crops contain the mannitol
catabolic enzyme MTD, and use mannitol as a source of metabolic
carbon. The proposed physiological roles of mannitol in these plants
are similar to those proposed for celery, including storage of carbon
and reducing power, osmoregulation and service as a compatible
solute (Fer et al., 1993). However, two additional functions for
mannitol in parasitic plants have been proposed (Smith et al., 1969).
First, through osmotic adjustment, high levels of mannitol in the
parasite might facilitate water movement from the host to the
parasite. More significantly perhaps is the observation that, while
these parasitic plants are able to convert host derived carbohydrates,
such as sucrose, into mannitol, the host plants do not appear to take
up or metabolize mannitol (Simier et al., 1998). Thus this could
serve as a trapping mechanism for host photosynthate.

Given that the host plants do not appear to take up or metabolize
mannitol, disruption of mannitol catabolism could be a promising
target for selective chemical control of these weeds. In fact, stere-
ochemical studies of substrate specificities showed that MTD has a
distinct preference for aldopentoses and aldohexoses with the same
configuration as D-mannitol at carbon-2 (Stoop et al., 1996b). As the
rest of the molecule can be of variable structure, there is a potential
to synthesize modified analogs of mannitol that inhibit MTD
activity. These analogs could prove useful, not only in investigating

the roles of mannitol catabolism in plants, but might also have
promise as herbicides against mannitol-metabolizing plants such as
the hemiparasitic weeds described above.

Summary and Conclusions

To date, most successful transgenic plant varieties have been
engineered either by introduction of single gene traits (e.g., BT
toxin) or through simple modifications in well-defined biochemical
pathways (e.g., the FlavrSavrTM tomato). Many agronomic traits,
however, are the result of complex genetic and physiological
interactions, some of which are only beginning to be understood. For
example, although production of polyols in tobacco provides in-
creased osmoprotection, the ability to accumulate significant, pro-
tective levels of an introduced polyol can negatively impact growth,
or worse. Thus, it may be desirable to devise strategies whereby
polyols only accumulate under stress conditions. Although there
may be several ways to achieve this (Nuccio et al., 1999), perhaps
the most conceptually straightforward would be to use appropriately
regulated plant promoters as well as the introduced ability to
reutilize the carbon and energy sequestered in these compounds
once stress is relieved. Suitable genes and promoters for this strategy
are now becoming available, e.g., AgMtd, (Williamson et al., 1998)
and Stpd1, (Bains et al., 1998).
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