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Roles in Photosynthesis, Transport, and Storage

Sugar alcohols account for as much as 30% of global primary photosyn-
thetic production (Bieleski, 1982). Sugar alcohols were first shown to be pri-
mary photosynthetic products in higher plants approximatelty 35 years ago,
after earlier work had established similar roles in algae. Rapid glucitol label-
ing was demonstrated in apple and plum leaves, as was rapid 14CO, incorpo-
ration into mannitol in Fraxinus and Syringa and into allitol in Itea. These,
and later studies, showed that 14CO, assimilation generally resulted in two
major soluble products, e.g. in apple, approximately 70% of the fixed carbon
was distributed between sucrose and glucitol, and in celery, 80 to 90%
between mannitol and sucrose. When galactosyl-sucrose oligosaccharides were
significant products, sucrose and the sugar alcohol collectively accounted for
less of the newly fixed carbon (Bieleski and Redgwell, 1977; Flora and
Madore, 1993; Loescher ef al., 1992). In all sugar-alcohol-producing higher
plants studied to date, sucrose is present and is frequently the major photoas-
similate. This dual, or multiple, pattern of primary products is not, however,
universal; in diatoms and brown algae, mannitol may be the sole soluble
product.

Like sucrose, sugar alcohols are also phloem transported, and frequently
serve as storage compounds in fungi, algae, and higher plants. They may also
be major photosynthetic carbon pools in leaves and other vegetative tissues, as
well as in fruits and other storage organs. Sugar alcohols are additionally
involved in heterotrophic nutrition, osmoregulation, and transport, occurring
in mammals, bacteria, yeasts, fungi, parasitic plants, and in nonphotosynthetic
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stages of green plants, ¢, developing and germinating seeds and seedlings,
However, space does not permit covering these topics here. For further dis
cussion and for a list of extensive reviews of sugar alcohol physiology, distri
bution, and chemistry, see Loescher and Everard (1995).

Sugar Alcohol Biosynthesis

Compared to 15 years ago, sugar alcohol enzymology in higher pla
now better understood. Numerous synthetic and degradative enzymes |
been identified—some have been purified, with antibodies available, and (wo
critical genes in plant mannitol and glucitol biosynthesis have been seque
as has a step in mannitol degradation. Progress began when it was shown (hat
glucitol synthesis in the family Rosaceae was accompanied by the appearance
of hexose and hexitol phosphates (Bieleski and Redgwell, 1977). An
NADPH-dependent aldose 6-phosphate reductase (A6PR) was discovered in
Eriobotrya (Hirai, 1979), in apple cotyledons (Yamaki, 1980), and mature
leaves of apple, peach, pear, and apricot (Negm and Loescher, 1981). A sim
ilar enzyme was found in Trollius in the Ranunculaceae (Chen and Negm,
unpubl. data). An NADPH-dependent mannose 6-phosphate reductase
(M6PR) was reported in celery in the Apiaceae (Loescher er al., 1982;
Rumpho et al., 1983) and a ribitol-synthesizing NADPH-dependent ribose 5
phosphate reductase in Adonis in the Ranunculaceae (Negm and Marlow,
1985). Other reductases include a galactitol-synthesizing, NADPH-dependent
aldose reductase in Euonymus leaves in the Celastraceae (Negm, 1986), and an
NADH-dependent ketose reductase in maize endosperm (Doehlert, 1987). For
further discussion of these and related enzymes, see Loescher and Everard
(1995). Also, although A6PR has been cloned, sequenced, and otherwise well
characterized (Kanayama er al., 1992, only M6PR will be discussed in any
detail here.

Mannitol is the most widely distributed of the sugar alcohols (Bieleski,
1982), and M6PR is the critical step in higher plant mannitol biosynthesis
(Loescher ef al., 1992). M6PR has been isolated, characterized, and purified
(Loescher et al., 1992), polyclonal antibodies prepared, and the gene cloned
and sequenced (J. Everard, C. Cantini, R. Grumet, and W. Loescher, unpubl.
data). MG6PR is predominantly cytosolic and not at all vacuolar or associated
with any membrane system or organelle, although it may be present in nuclei.
M6PR (and thus mannitol biosynthesis) is also primarily restricted to green,
palisade, and spongy parenchyma tissues and bundle sheath cells in celery, but
not vascular parenchyma (Everard ef al., 1993). Similarly, labeling studies in
olive (Olea) suggested spatial separation of stachyose and mannitol biosynthe-
sis, with rapid mannitol synthesis occurring within the photosynthetic meso-
phyll tissues and slower raffinose synthesis occurring closer to, probably
within, minor veins (Flora and Madore, 1993).
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Conclusions regarding sugar alcohol synthesis are supported by several
kinds of evidence, e.g. the above-mentioned localization studies, as well as
developmental, source-sink transition studies in celery (Davis and Loescher,
1990) and peach (Merlo and Passera, 1991) and studies of the parasites
Orobanche in the Orobanchaceae (Harloff and Wegmann, 1993) and Thesium
in the Santalaceae (Simier ef al., 1994). But, very little is known about regu-
lation at the enzyme level, even less is known about regulation of transport and
utilization, and nothing is known about regulation at the gene level.

Roles of Sugar Alcohols in Stress Tolerance in Higher Plants

Although sugar alcohols are clearly involved in photosynthesis, transport,
and storage, in most species, these roles are played by sucrose and starch, and
sucrose is apparently translocated in all higher plants (Zimmerman and
Ziegler, 1975). What then is the advantage of sugar alcohols? Work on algae
(Cowan et al., 1992), lichens (Honegger, 1991), and fungi (Brown, 1978)
suggests roles as compatible solutes in tolerance of environmental stresses,
especially those related to salinity and drought. Several biophysical explana-
tions have been proposed for compatible solutes and their interactions with
biological structures (Galinski, 1993). The prevailing view suggests uneven
distribution of compatible solutes in a protein solution where compatible
solutes are excluded from protein hydration spheres; in some way, bulk water
structure is ordered so that biological structures become preferentially hydrated
and conformation is maintained as the bulk water activity is otherwise lowered.

Plants adapted to high salts have various mechanisms by which deleterious
effects are avoided or minimized. Exclusion is one mechanism, but in most
tolerant species, inorganic ions entering the cells are usually sequestered in the
vacuole. In such salt-tolerant plants, ions may accumulate such that the water
potential of the vacuole balances that of external milieu, thus maintaining tur-
gor. In the cytoplasm, however, ions are usually maintained at low concentra-
tions, yet this compartment must remain in osmotic equilibrium with the vac-
uole and the external medium. Compatible solutes play a role since they may
accumulate in the cytoplasm without disrupting biological processes.

In theory, compatible solutes preferentially accumulate in the cytoplasm,
but sugar alcohols are apparently predominantly stored in the vacuole (Keller
and Matile, 1989). This implies that salt stress causes a reallocation of sugar
alcohol to the cytoplasm. Although little is known about reallocation of sugar
alcohols in response to stress, the extravacuolar/vacuolar ratio of proline has
been reported to increase with water stress in tobacco protoplasts (Pahlich et
al., 1983). In celery, petiole parenchyma mannitol is stored predominantly in
the vacuole (81%), with lesser amounts in the cytosol (19%), but cytosolic
concentrations may reach 300 mM (Keller and Matile, 1989).

Evidence that sugar alcohols play roles in plant stress tolerance, especially
to salt stress, is compelling in marine algae (Kirst, 1990) and in the euryhaline
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green algal (lagellate Dunaliella, where glycerol is involved in osmoregulation
across the entire NaCl solubility range (see Ginzburg, 1987, and Cowan ¢/ al,,
1992, for reviews). However, few studies link the acyclic hexitols to salt tol

erance in higher plants. In a distributional study, Em:ﬁ.:c_ (as well ag cych

tols) dominated instead of sugars in several salt-secreting Mangrove Species;
whereas, their nonmangrove counterparts typically lacked hexitols and cycli

tols, but there was little correlation between accumulation m.b»_ increasing snlt
load (Popp, 1984). In salt-tolerant members of the _u_mzﬁm:snﬁ_? however,
glucitol accumulated strikingly with salinity stress and declined when (he stress
was relieved (Briens and Larher, 1983). . .

Several recent studies show that salt or nutrient stress iNnCreases Hup
alcohol accumulation in higher plants, i.e. mannitol in celery .,x_::_. il
Pharr, 1994a, b) and olive (Romani et al., 1992) and glucitol in Plantago
(Briens and Larher, 1983), but the cellular Emo:mamﬁm involved <_,>.:. 1ol
investigated. In another celery study, however, increasing salt (Na 1) stress
not only increased mannitol pools (and decreased other carbohydrates), but
also increased relative levels of M6PR (Everard et al., 1994). That study aluo
showed that in mature leaves, the rate of mannitol biosynthesis was mainta
at control levels even at 300 mM NaCl, despite a 70% Hoaco:o:._: photosyn
thesis. Labeling of sucrose and starch declined commensurate .2:__ photosyn
thesis. In another study, celery exposed to high annosﬁzn_:. levels alyo
showed increases in mannitol and M6PR in mature leaves and, in ac
decreases in mannitol 1-oxidoreductase in sink tissues (Stoop and P
1994D).

RESULTS AND DISCUSSION

Here, we report some results of a developmental study iEo::,f.__:s_f. (hat
salt effects depend distinctly on leaf age. Salt treatments had no effect on total
assimilation rates in young leaves, although older leaves senescenced premi
turely (Fig. 1), but 14C-labeling patterns in young leaves were altered dr ___
cally with the proportion in mannitol increasing from 10% in controls to 21
and 37% in 150- and 300-mM treated plants, respectively S,.mc_o ). Asin
mature leaves (Everard et al, 1994), increased mannitol labeling occurred al
the expense of sucrose, but the difference between the two leaf ages was tha
the rate of mannitol biosynthesis in young leaves increased 1.8- and 3-fold
over controls in 150- and 300-mM treated plants, Rm@oo:.,\oq. Incr
mannitol synthesis in young leaves was also wmmoamaa with much |
M6PR activities (Everard et al., 1994) and M6PR protein am:m :c,_ shown)
Our conclusion is that salt treatments induced earlier expression of mannitol
biosynthesis in leaf tissues.
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Table I. 74C-Labeling of Young, Still Expanding Celery Leaves

See Everard et al. (1994) for experimental protocols. Values followed by
the same letter are not significantly different at the 5% level.

14C-Labeling Rate
Treatment Sucrose Mannitol Sucrose Mannitol
% (uCi/g fresh wt) x 103
Control 82.2 a 10.2 a 44.3 a 5.6 a
150 mM NaCl 68.4 b 23.3b 299 a 10.2 ab
300 mM NaCl 59.1 ¢ 36.9¢c 26.7 a 16.7 b
40 40
Young leaves Old leaves
35 35+
30 30
- 25 A 5 o - 25 e O  Control
.,..u g5 N 2
e e
< 10 o Contiol < 150 mM
5 O 150 mM
A 300mM 300 mM
0
-5 Lo : - ,

T T T T T
0 20 40 60 80 100 120 140 100 120 140

C; (Pa) C; (Pa)

Figure 1. Salt effects on A-Ci curves for young (expanding) and old celery
leaves. See Everard et al. (1994) for experimental protocols and further
descriptions of leaf ages.
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These resulty suggest a role for mannitol in stress tolerance, but do nof
resolve whether it is in osmoregulation or as a compatible solute. Genetic
transformations have begun to address these same questions. For example, a
mannitol 1-phosphate dehydrogenase, from the E. coli mtl operon, wis
recently introduced into tobacco. Although transformants produced only very
low (micromolar) levels of mannitol in most tissues, the plants apparently
showed enhanced salt tolerance (Tarczynski et al., 1993). However, an
important next step will be genetic transformation of a salt-tolerant, s
alcohol-synthesizing species to see if lack of the hexitol diminishes si
ance.

As compatible solutes, sugar alcohols may play a general role in sl fil
erance. Work on insects strongly suggests a role in cold hardiness (Storey and
Storey, 1991). The evidence in plants is less convincing (sce review by
Loescher and Everard, 1995). However, glucitol content and AGPR activity
increased in late autumn and decreased in spring in evergreen leaves of logual
(Eriobotrya) and in seedlings exposed to low temperatures (Hirai, 1981)
Low-temperature acclimation in Opuntia increased soluble sugars two- (0 nine
fold, including a nearly three-fold increase in mannitol in the hardiest species
(Goldstein and Nobel, 1994).

Various salt, drought, and cold stress effects suggest that sugar alcohol
metabolism might be highly regulated by stress at the gene level. Such rela
tionships are clear in other organisms (Jennings and Burke, 1990), bul in
higher plants, the evidence more often involves increased capacity for cyclitol
synthesis (Vernon and Bohnert, 1992). In cm;@ embryos, however, desicen
tion tolerance was accompanied by expression of an ABA- and GA-promoied
gene with high structural homology to mammalian genes encoding NADPI
dependent aldose reductases involved in sorbitol synthesis (Bartels er al.,
1991), but the barley gene product’s substrate specificity and product were
undefined, and presence of sorbitol in barley has not been established. Intei
estingly, the celery M6PR sequence also has similarities to several aldoge

Table . DNA Similarities Between Celery M6PR and Genes Catalogued in
the BLAST Nonredundant Database

81% - rat aldose reductase

71% - C. elegans cDNA sequence

66% - apple aldose 6-phosphate reductase
60% - rat dihydrodiol dehydrogenase

60% - rat lens aldose reductase
60% - rat hydroxysteroid dehydrogenase
58% - mouse aldose reductase
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reductases (Table II), but>further relationships (o stress tolerance mechanisms
remain to be determined.

Conclusions and Considerations for Future Research

Understanding of sugar alcohol metabolism has progressed significantly in
the last 15 years for both glucitol and mannitol. Nonetheless, little is yet
known about regulation of biosynthesis or degradation, and even less is known
about the basic metabolism of other sugar alcohols in higher plants. Sugar
alcohol metabolism is very tightly controlled developmentally, but we have yet
to describe any of the mechanisms involved. The systems involved are com-
plex for two major reasons: (i) The need to regulate carbon partitioning in
plants has been discussed in detail at this and other conferences, and all the
arguments for the need to regulate carbon flow in starch and sucrose synthesiz-
ers are equally relevant to sugar alcohol synthesizers, with the added compli-
cation of another synthetic pathway (with additional regulatory steps) compet-
ing for the same substrates and intermediates. And (ii), with the increasing
probability that sugar alcohols are involved in stress tolerance in higher plants,
this almost certainly requires still further modulation of metabolism, storage,
and transport. However, despite the complexities and difficulties, as we
answer these problems we should develop insight not only into regulation of
carbon partitioning, but also into mechanisms of stress tolerance, with the
result the potential to increase crop productivity.

ACKNOWLEDGMENTS

This work was supported in part by a USDA-NRI grant #940-1439 to
W.H.L., J.D.E., and R.G.

LITERATURE CITED

Bartels D, Engelhardt K, Roncarati R, Schneider K, Rotter M, Salamini F
(1991) An ABA and GA modulated gene expressed in the barley embryo
encodes an aldose reductase related protein. EMBO J 10: 1037-1043

Bieleski RL (1982) Sugar alcohols. /n FA Loewus, W Tanner, eds, Plant
Carbohydrates |. Intercellular Carbohydrates. Encyclopedia of Plant Physi-
ology, New Series, Vol 13A. Springer-Verlag, New York, pp 158-192

Bieleski RL, Redgwell RJ (1977) Synthesis of sorbitol in apricot leaves.
Aust J Plant Physiol 4: 1-10

Briens M, Larher F (1983) Sorbitol accumulation in Plantaginaceae: further
evidence for a function in stress tolerance. Z Pflanzen 110: 447-458

Brown AD (1978) Compatible solutes and extreme water stress in eukary-
otic micro-organisms. Adv Microbiol Physiol 17: 181-242

Cowan AK, Rose PD, Horne LG (1992) Dunaliella salina: a model system for
studying the response of plant cells to stress. J Exp Bot 43: 1535-1547

176

L

Davis JM, Loescher WH (1990) [14C]-Assimilate translocation in the light
and dark in celery (Apium graveolens) leaves of different ages. Physiol
Plant 79: 656-662

Doehlert DC (1987) Ketose reductase in developing maize endosperm. Plant
Physiol 84: 830-834

Everard JD, Franceschi VR, Loescher WH (1993) Mannose-6-phosphate
reductase, a key enzyme in photoassimilate partitioning, is abundant and
located in the cytosol of photosynthetically active cells of celery (Apium
graveolens L) source leaves. Plant Physiol 102: 345-356

Everard JD, Gucci R, Kann SC, Flore JA, Loescher WH (1994) Gas
exchange and carbon partitioning in the leaves of celery (Apium
graveolens L.) at various levels of root zone salinity. Plant Physiol 106:
281-292

Flora LL, Madore MA (1993) Stachyose and mannitol transport in olive (Olea
europaea ). Planta 189: 484-490

Galinski EA (1993) Compatible solutes of halophilic eubacteria - molecular
principles, water-solute interaction, stress protection. Experientia 49:
487-496

Ginzburg M (1987) Dunaliella: a green alga adapted to salt. Adv Bot Res
14: 93-183

Goldstein G, Nobel PS (1994) Water relations and low-temperature acclima-
tion for cactus species varying in freezing tolerance. Plant Physiol 104:
675-681

Harloff HJ, Wegmann K (1993) Evidence for a mannitol cycle in Orobanche
ramosa and Orobanche crenata. J Plant Physiol 141: 513-520

Hirai M (1979) Sorbitol-6-phosphate dehydrogenase from loquat fruit.
Plant Physiol 63: 715-717

Hirai M (1983) Seasonal changes in sorbitol-6-phosphate dehydrogenase in
loquat leaf. Plant Cell Physiol 24: 925-931

Honegger R (1991) Functional aspects of the lichen symbiosis. Annu Rev
Plant Physiol Plant Mol Biol 42: 553-578

Jennings DH, Burke RM (1990) Compatible solutes - the mycological
dimension and their role as physiological buffering agents. New Phytol
116: 277-283

Kanayama Y, Mori H, Imaseki H, Yamaki S (1992) Nucleotide sequence of a
cDNA encoding NADP-sorbitol-6-phosphate dehydrogenase from apple.
Plant Physiol 100: 1607-1608

Keller F, Matile P (1989) Storage of sugars and mannitol in petioles of celery
leaves. New Phytol 113: 291-299

Kirst GO (1990) Salinity tolerance of eukaryotic marine algae. Annu Rev
Plant Physiol Plant Mol Biol 41: 21-53

Loescher WH, Everard JD (1995) Metabolism of carbohydrates in sinks and
sources: sugar alcohols. /n E Zamski, A Schaffer, eds, Photoassimilate
Distribution in Plants and crops: Source-sink relationships. Marcel
Dekker, Inc, New York (in press)

Loescher WH, Redgwell R, Bieleski R (1982) Mannitol biosynthesis in higher
plants: detection and characterization of a NADPH-dependent mannose 6-
phosphate reductase. Plant Physiol 69S: 51

177



Loescher WH, Tyson RH, Everard JD, Redgwell RJ, Bieleski RL (1992) Man-
nitol synthesis in higher plants: evidence for the role and characterization
of a NADPH-dependent mannose 6-phosphate reductase. Plant Physiol
98: 1396-1402

Merlo L, Passera C (1991) Changes in carbohydrate and enzyme levels dur-
ing development of leaves of Prunus persica, a sorbitol synthesizing
species. Physiol Plant 83: 621-626

Negm FB (1986) Purification and properties of an NADPH-aldose reductase
(aldehyde reductase) from Euonymus japonica leaves. Plant Physiol 80:
972-977

Negm FB, Loescher WH (1981) Characterization of aldose 6-phosphate
reductase (alditol 6-phosphate: NADP 1-oxidoreductase) from apple
leaves. Plant Physiol 67: 139-142

Negm FB, Marlow GC (1985) Partial purification and characterization of
D-ribose-5-phosphate reductase from Adonis vernalis L. leaves. Plant
Physiol 78: 758-761

Pahlich E, Kerres R, Jager HJ (1983) Influence of water stress on the
vacuole/extravacuole distribution of proline in protoplasts of Nicotiana
rustica. Plant Physiol 72: 590-591

Popp M (1984) Chemical composition of Australian mangroves. Il. Low
molecular weight carbohydrates. Z Pflanzen 113: 411-421

Romani A, Baldi A, Vincieri FF, Tattini M, Cimato A (1992) Analisi
Quali-Quantitativa di Oligosaccharidi in Piante di Olivo (cv. Leccino) Sot-
toposte a Stress da NaCl. Intl Conf on Olive Oil Quality 77-86

Rumpho ME, Edwards GE, Loescher WH (1983) A pathway for photosyn-
thetic carbon flow to mannitol in celery leaves: activity and localization of
key enzymes. Plant Physiol 73: 869-873

Simier P, Renaudin S, Fer A (1994) Characteristics of the mannitol pathway
in a root hemiparasitic species, Thesium humile Vahl. (Santalaceae). J
Plant Physiol 143: 33-38

Stoop JMH, Pharr DM (1994a) Growth substrate and nutrient salt environ-
ment alter mannitol-to-hexose partitioning in celery petioles. J Am Soc
Hort Sci 119: 237-242

Stoop JMH, Pharr DM (199456) Mannitol metabolism in celery stressed by
excess macronutrients. Plant Physiol 106: 503-511

Storey KB, Storey JM (1991) Biochemistry of cryoprotectants. /n RE Lee
Jr, DL Denlinger, eds, Insects at Low Temperature. Chapman and Hall,
New York, pp 64-93

Tarczynski MC, Jensen RG, Bohnert HJ (1993) Stress protection of trans-
genic tobacco by production of the osmolyte mannitol. Science 259:
508-510

Vernon DM, Bohnert HJ (1992) Increased expression of a myo-inositol
methyl transferase in Mesembryanthemum crystallinum is part of a stress
response distinct from Crassulacean Acid Metabolism induction. Plant
Physiol 99: 1695-1698

Yamaki S (1980) Property of sorbitol-6-phosphate dehydrogenase and its
connection with sorbitol accumulation in apple. HortScience 15:
268-270

178

Zimmerman MH, Zeigler H (1975) List of sugars and sugar alcohols in
sieve-tube exudates. /n MH Zimmerman, JA Milburn, eds, Transport in

Plants, Encyclopedia of Plant Physiology,
Springer-Verlag, New York, pp 480-503

179

New Series,

Vol



