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Water Deficit Effects on Raffinose Family Oligosaccharide
Metabolism in Coleus’
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Variegated coleus (Coleus blumei Benth.) plants were exposed to
a restricted water supply for 21 d. The relative water content in leaf
tissues was reduced from 80% (control) to 60% (drought-stressed).
Under drought conditions, the stomatal conductance and leaf pho-
tosynthetic rate were reduced. In green leaf tissues, drought stress
also greatly decreased the diurnal light-period levels of the raffinose
family oligosaccharides (RFOs) stachyose and raffinose, as well as
those of other non-structural carbohydrates (galactinol, sucrose,
hexoses, and starch). However, drought had little effect on soluble
carbohydrate content of white, non-photosynthetic leaf tissues. In
green tissues, galactinol synthase activity was depressed by drought
stress. An accumulation of O-methyl-inositol was also observed,
which is consistent with the induction of myoinositol-6-O-
methyltransferase activity seen in the stressed green tissues. In
source tissues, RFO metabolism is apparently reduced by drought
stress through a combined effect of decreased photosynthesis and
reduced galactinol synthase activity. Moreover, a further reduction
in RFO biosynthesis may have been due to a switch in carbon
partitioning to O-methyl-inositol biosynthesis, creating competition
for myoinositol, a metabolite shared by both biochemical pathways.

Water deficit stress, which can arise from many environ-
mental conditions, including drought, salinity, or extremes
in temperature, induces numerous biochemical and phys-
iological responses in plants (for review, see Hanson and
Hitz, 1982). Under water deficit conditions, plant growth is
substantially reduced, partly because lower turgor pres-
sure in the cells results in a lower cell expansion rate. Plant
growth under water deficit can also be affected by changes
in gene expression, leading to the synthesis and activation
of novel proteins under water deficit conditions (Shinozaki
and Yamaguchi-Shinozaki, 1997). A change in the plant
growth rate, regardless of the cause, will also be reflected
in a change in carbon partitioning between source and sink
organs of the plant. However, our understanding of the
effects of stress on carbon partitioning processes is still
very poor.

The production and partitioning of metabolically impor-
tant non-structural carbohydrates (sugars, starch, and
sugar alcohols) have been found to be altered by drought in
a number of different ways (Vyas et al., 1985; Jacomini et
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al., 1988; Keller and Ludlow, 1993; Volaire and Thomas,
1995). Some of the observed effects of water deficit may be
the result of a stress-induced impairment of the biosyn-
thetic machinery required for photosynthetic assimilation
of carbon and/or its conversion to metabolically usable
forms. In other cases, stress-induced changes may reflect
adaptations for stress tolerance. For example, cyclic carbo-
hydrates (cyclitols) have been reported to accumulate dur-
ing drought (Keller and Ludlow, 1993; Wanek and Richter,
1997), a linear polyhydric alcohol, mannitol, has been
found to increase in response to salt stress (Pharr et al.,
1995), and transgenic tobacco overproducing mannitol ex-
hibited greater salt tolerance than non-transformed plants
(Tarczynski et al., 1993). These compounds have been gen-
erally proposed to act as compatible solutes or osmopro-
tectants to allow osmotic adjustment of plant cells exposed
to water deficit. Other proposed roles include free radical
scavenging, protection from photoinhibition, and meta-
bolic detoxification (Orthen et al., 1994; Pharr et al., 1995),
all of which may help a plant to survive various environ-
mental stresses. Additionally, non-protective roles, such as
functioning as storage reserves during stress (Hanson and
Hitz, 1982), have also been proposed for these compounds.

Most research on water deficit stress has been done using
Suc-translocating species, and it has generally been shown
that carbohydrate levels (Suc, hexose, and starch) are al-
tered by drought (Keller and Ludlow, 1993). The effects of
water deficit on species that translocate raffinose family
oligosaccharides (RFOs), however, have not been fully in-
vestigated. Since these oligosaccharides are thought to be
involved in dessication tolerance in seeds (Koster and
Leopold, 1988) and in low-temperature tolerance in cold-
acclimated leaves (Bachmann et al., 1995), the study of
water deficit stress effects on RFO metabolism in RFO-
translocating plants is warranted. The present study was
therefore conducted to examine the effects of drought
stress on diurnal RFO metabolism in source and sink leaf
tissues of a variegated variety of coleus (Coleus blumei
Benth).

Coleus, a heat- and drought-tolerant ornamental, is an
ideal experimental system because the variegated leaf
(white center with green borders) provides a very simple
but elegant source-sink system. Previous work from our
laboratory has shown that RFO metabolism in coleus
source and sink leaf tissues is altered during prolonged
salinity stress (Gilbert et al., 1997). Moreover, the synthesis
of a novel O-methyl-inositol (OMI) was induced by salinity
stress (Gilbert et al., 1997), which may represent yet an-
other carbohydrate-linked stress tolerance mechanism
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(Vernon et al., 1993). Both the OMI and the RFO metabolic
pathways share myoinositol as a common biochemical in-
termediate, but the means by which myoinositol is parti-
tioned between these two competing pathways during a
stress period is not clear. The aims of the present study
were therefore to examine the effects of water deficit on
diurnal patterns of carbohydrate metabolism in coleus
source and sink leaf tissues and to determine the interac-
tions between RFO and OMI metabolism during drought
stress in this species.

MATERIALS AND METHODS
Plant Material

Mature greenhouse-grown coleus (Coleus blumei Benth.
cv Fairway White) plants were used for all experiments.
Ten rooted clonal cuttings were potted in a soil:sand:peat
mix (1:1:1, v/v) and kept in a greenhouse under natural
lighting conditions and approximately 30°C/20°C day/
night temperatures. Plants were watered daily with one-
half-strength Hoagland solution and grown under these
conditions for 2 months, by which time they had reached a
height and canopy diameter of about 2 feet, were well
branched, and had abundant mature source leaves (>60
per plant). For the drought stress treatment, five plants
were stressed by lightly watering once at the start of the
week and then depriving them of water for the rest of the
week. This process was repeated weekly for a 3-week
period, and the described experiments were run at the end
of week 3. The five control plants were watered daily with
tap water throughout 21-d period.

Photosynthesis Measurements

Photosynthetic rate and stomatal conductance were mea-
sured hourly from 6 Am (early morning) to 6 M (beginning
of the dark period) using a portable photosynthesis system
(model 6200, LI-COR, Lincoln, NE), operated essentially as
described previously (Gilbert et al., 1997). The leaf was
allowed to equilibrate in the leaf chamber for at least 1 min
before a measurement was taken. Five leaves were selected
at random from plants in each treatment and the final leaf
area was corrected by subtracting the leaf area correspond-
ing to white (non-photosynthetic) tissues.

Determination of Relative Water Content

Using a conventional hand-held paper punch, 15 leaf
discs (7-mm diameter; average fresh weight: control, 86.9 =
0.1 mg and drought, 78.6 * 0.1 mg) were collected from
green areas of mature leaves from well-watered and water-
restricted plants. Samples were taken from randomly se-
lected mature leaves every 2 h from 6 Am to 6 pMm for
determination of leaf tissue water status, which was eval-
uated by calculating the relative water content (Turner,
1981). After fresh weights were measured, the leaf discs
were floated on degassed distilled water for 12 h to allow
rehydration, blotted, then reweighed to give the rehy-
drated fresh weight. Samples were then oven-dried at 85°C
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for 12 h and the dry weight was determined. The relative
water content of leaf tissues was calculated by the formula:

Relative water content = [(fresh weight — dry weight)/

(rehydrated fresh weight — dry weight)] X 100

Diurnal Carbohydrate Analysis

Ten leaf discs were excised as described above from
green and white areas of randomly selected leaves from
control and stressed plants. Samples were collected every
2 h from 6 aAM until 6 PM and were immediately placed in
foil packets on dry ice for transport back to the laboratory.
Samples were stored frozen at —20°C until analysis. Solu-
ble sugars were extracted with 80% (v/v) ethanol, deion-
ized, and analyzed by HPLC (Sugar-Pak I column, Waters,
Milford, MA), essentially as described previously (Madore
et al., 1988). Starch remaining in the extracted discs was
digested with amyloglucosidase and released Glc was
quantified spectrophotometrically using a commercially
available Glc detection kit (HK 20, Sigma, St. Louis) as
described previously (Madore, 1990).

Enzyme Extraction and Assay

Leaf tissue (1 g) from green areas of mature leaves was
excised with a razor blade from control and stressed plants.
The leaf material was ground on ice using a mortar and
pestle in 2 mL of grinding buffer (for galactinol synthase
[GS]: 50 mm HEPES, 50 mm ascorbic acid, 1 mm dithiothre-
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Figure 1. Effects of water deficit stress on relative water content (A),
photosynthetic rate (B), and stomatal conductance (C) in mature
variegated coleus source leaves. Data represent the means * st of
five measurements per data point. @, Control; O, droughted.
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Figure 2. Effects of water deficit stress on carbohydrate content of green photosynthetic tissues of mature variegated coleus
source leaves. Data represent the means = sk of five measurements per data point. @, Control; O, droughted. f.wt., Fresh weight.

itol [DTT], 1 mm MnCl,, and 10% [v/v] ethylene glycol [pH
7.5]; for myo-inositol 6-O-methyl transferase [IMT]: 150 mm
Tris-HCl, 100 mm NaCl, 20 mm EDTA, 10 mwm
2-mercaptoethanol, and 5 mm DTT [pH 8.0]). The extracts
were filtered through cheesecloth, then transferred to mi-
crofuge tubes and centrifuged for 2 min at 10,000g. Portions
(1 mL) of the supernatant were desalted on Sephadex G25
columns equilibrated with grinding buffer. Protein content
was determined by the Bradford method (Bradford, 1976).

GS activity was determined as previously described
(Smith et al., 1991) with a few modifications. The reaction
was carried out in a microfuge tube in a final volume of 100
L, with the following concentrations of substrates: 20 mm
myoinositol, 3 mm DTT, 10 mm MnCl,, 2 mm UDP-Gal
containing 30,000 dpm UDP-['*C]Gal (specific activity = 59
mCi mmol~'; ICN, Costa Mesa, CA). Blank reactions were
run by adding water in place of the myoinositol. The reac-

tion was incubated at 30°C for 1 h and stopped by boiling for
1 min. Unreacted UDP-['*C]Gal was removed by adding
0.1 g of Dowex-1 (formate) resin. This mixture was placed on
an orbital shaker for 20 min. One milliliter of water was
added and the tube was vortexed vigorously and centri-
fuged for 1 min to pellet the resin containing unreacted
UDP-[**C]Gal. The radioactivity in 0.5 mL of the superna-
tant was counted with a scintillation counter. The amount of
galactinol formed was determined from the specific activity
of the UDP-[*C]Gal in the reaction mixture.

IMT activity was assayed using the modified radioiso-
tope assay as previously described (Vernon et al., 1993;
Gilbert et al., 1997). Sixty microliters of enzyme was as-
sayed in a microfuge tube containing 100 uL of a reaction
mixture consisting of 50 mm Tris-HCl, pH 8.0, 10 mm
MgCl,, 10 mM myoinositol, and 0.5 mm S-adenosyl-Met
(SAM) containing 20,000 dpm methyl-['"*C]SAM (specific
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Figure 3. Effects of water deficit stress on carbohydrate content of white nonphotosynthetic tissues of mature variegated coleus
source leaves. Data represent the means = st of five measurements per data point. @, Control; O, droughted. f.wt., Fresh weight.

activity = 56 mCi mmol~'; ICN). Blank reactions were run
by adding water in place of the myoinositol. The reactions
were run at 30°C for 3 h and stopped by boiling for 1 min.
Unreacted SAM was then removed by adding 0.1 g of
Dowex-1 (H") ion-exchange resin and shaking the reaction
tubes on a orbital shaker for 20 min. One milliliter of water
was added and the tubes were vortexed vigorously and
centrifuged for 1 min in a microfuge to pellet the resin
containing unreacted methyl-["*C]SAM. The radioactivity
in 0.5 mL of the supernatant was then determined by
scintillation counting, and the amount of methyl-inositol
formed was determined from the specific activity of the
methyl-['*C]SAM in the reaction mix.

RESULTS

A 21-d water restriction on coleus plants decreased the
leaf relative water content from a control value of 80% to

60% in the stressed plants (Fig. 1A). Although the stressed
plants showed wilting at the time of sampling, the relative
water content of the stressed plants had not yet reached the
lethal level, because the plants quickly recovered to full
turgor after re-watering (data not shown). Relative water
contents of both control and stressed plants were un-
changed throughout the whole daytime period from 6 am
to 6 pm (Fig. 1A). Water restriction also resulted in an
approximately 3-fold decrease in the maximum photosyn-
thetic rate, from 6.25 umol m~2 s~ ! (control) to about 2.5
pmol m~?s ! (droughted) (Fig. 1B). The general pattern of
photosynthetic activity throughout the day period was
similar in both treatments (Fig. 1B), but droughted plants
had a consistently lower photosynthetic rate than control
plants at all experimental time points (Fig. 1B). Stomatal
conductance of the stressed plants was also somewhat
reduced compared with control plants, but followed the
same general daytime photosynthetic pattern (Fig. 1C).
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Drought stress altered the daytime patterns of non-
structural carbohydrates in photosynthetic tissues (Fig. 2).
In particular, levels of stachyose (Fig. 2A), galactinol (Fig.
2C), Suc (Fig. 2D), Glc (Fig. 2E), and starch (Fig. 2H), and to
some extent Fru/myoinositol (Fig. 2F), were reduced by
drought stress. Raffinose levels, which peaked at midday
and declined to near zero levels at the end of the daytime
period in control plants (Fig. 2B), remained constant
throughout the daytime period in stressed plants (Fig. 2B).
The most significant differences in carbohydrate levels
were seen for O-methyl-inositol (Fig. 2G) which showed a
3-fold increase in the stressed plant tissues.

In contrast to what was observed in green source tissues,
drought stress had a far less pronounced effect on overall
carbohydrate levels in non-photosynthetic white leaf tis-
sues (Fig. 3). Sink tissues contained similar levels of stachy-
ose (Fig. 3A), raffinose (Fig. 3B), and galactinol (Fig. 3C) as
were found in green source tissues, while other carbohy-
drates, including Suc (Fig. 3D), Glc (Fig. 3E), Fru/myo-
inositol (Fig. 3F), O-methyl-inositol (Fig. 3G), and starch
(Fig. 3H), were present at only very low levels compared
with the green tissue (Fig. 3). Drought stress reduced the
midday levels of stachyose (Fig. 3A), Suc (Fig. 3D), Glc (Fig.
3E), and Fru/myoinositol (Fig. 3F) in the sink tissues, and
increased levels of O-methyl-inositol in the early part of the
light period (Fig. 3G).

In the source tissues, the reduction in galactinol levels
(Fig. 2C) levels was also reflected in a decrease in the
extractable GS activity (Fig. 4A) in these tissues. Similarly,
the large increase in OMI content (Fig. 2G) was reflected in
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Figure 4. Effects of water deficit stress on activities of galactinol
synthase (A) or myoinositol 6-O-methyltransferase (B) in green pho-
tosynthetic tissues of mature variegated coleus source leaves. Data
represent the means =+ st of five measurements per data point.

a pronounced increase in extractable IMT activity in the
stressed tissues (Fig. 4B).

DISCUSSION

In Suc-transporting species, Suc and hexose levels in-
crease, while the starch level is decreased by water stress
(Vyas et al., 1985; Pelleschi et al., 1997; Vu et al., 1998). The
increase in Suc and hexose amounts was suggested to be
due to the increase in starch hydrolysis and the synthesis of
Suc. Suc and hexose accumulation was proposed to play a
role in osmotic adjustment in these species (Westgate and
Boyer, 1985). Although starch levels were reduced in coleus
in response to drought stress, no similar rise in Suc or
hexoses was observed. Instead, the photosynthetic tissues
accumulated OMI.

In coleus leaf tissues RFO metabolism was significantly
altered by the imposition of drought stress. The observed
reduction in RFO levels, and carbohydrate levels in gen-
eral, may be at least partially explained by the reduction of
overall photosynthesis rates in the stressed plants. How-
ever, drought stress also had direct effects on the activity of
GS, and the lowered activity of this enzyme observed
under stress conditions would also be expected to lower
overall RFO levels. Additionally, the data presented here
indicate that the induction of OMI synthesis, which diverts
myoinositol away from the RFO biosynthetic pathway,
may also be part of the process leading to the observed
reduction in RFO levels under stress.

As indicated in Figure 5, conversion of myoinositol to its
methyl derivative effectively removes it from the pathway
leading to galactinol biosynthesis and therefore leads to a
reduction in galactinol synthesis. Thus, activation of the
IMT enzyme, coupled with the observed drought-induced
depression of GS activity, would be expected to substan-
tially impact the ability of these leaves to synthesize RFOs
by limiting the formation of galactinol. It should also be
noted that, since crude enzyme preparations were utilized
in this study and no attempt was made to optimize the
enzyme assay conditions for either enzyme, the values
reported here are only estimates of the actual enzyme
activities present in the leaves. Determination of the true
magnitude of the differences in enzyme activities between
control and water-restricted tissues will await further stud-
ies with purified enzymes from these sources.

On a molar basis, OMI accounted for over 60% of the
total soluble sugar recovered from the stressed green tis-
sues at midday. The level of OMI observed in this study,
approximately 30 pmol g~ fresh weight (or approximately
300 umol g~ ! dry weight), was more than 30-fold higher
than levels of either the RFOs or galactinol in the same
tissues. In other research, pinitol in soybean leaves (Guo
and Ossterhuis, 1997) has been reported to accumulate to a
level of approximately 800 pmol g~ ' dry weight, while in
Vigna umbellata leaves (Wanek and Richter, 1997)
p-ononitol was reported at levels of 88 umol g~ ' dry
weight following a 9-d drought stress treatment. These
authors suggested that cyclitols act as osmolytes, allowing
osmotic adjustment to occur during dessication stress. The
levels of these cyclitols reported in these plants were sim-
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Figure 5. Hypothetical model depicting the ef-
fects of water deficit stress on carbon flow be-
tween raffinose family oligosaccharides and
O-methyl-inositol in carbohydrate metabolism
in green photosynthetic tissues of mature varie-
gated coleus source leaves. 1, Myoinositol-1-P
synthase; 2, myoinositol-1-P phosphatase; 3, ga-
lactinol synthase; 4, stachyose synthase; 5, my-
oinositol 6-O-methyltransferase.

ilar to those reported here for drought-stressed coleus.
Assuming an even cellular distribution of the OMI sugar
reported here, this would correspond to an overall concen-
tration of about 30 mm in coleus leaf tissues. The actual
concentration would of course be much higher, perhaps on
the order of 300 mu, if this sugar was restricted to the
cytosol. However, we also know from previous studies
(Gilbert et al., 1997) that OMI is translocated in the phloem.
The sieve tubes of the leaf minor vein phloem are therefore
likely to contain a substantial proportion of the total leaf
OMLI. Thus, not knowing the exact cellular distribution of
OMLI in the leaf, it is difficult to distinguish the true impor-
tance of the leaf cyclitols in osmotic adjustment during water
deficit conditions. It is equally likely that OMI serves some
other role in addition to its putative role as an osmolyte.

Many biotic and abiotic stresses are now thought to exert
their effects by causing an enhanced generation of oxygen
free radicals, such as the highly reactive hydroxyl radical.
Water deficit stress is in fact a series of complex processes
involving not only dehydration stress, but also other
stresses imparted by depriving leaf tissues of water, includ-
ing photooxidative damage, changes in ion concentration,
and increased heat load, all of which may give rise to pro-
cesses that generate oxygen free radicals. Cyclitols such as
1-p-1-O-methyl-muco-inositol, pinitol (3-O-methyl-p-chiro-
inositol) and ononitol (1p-4-O-methyl-myoinositol) have
been reported to be capable of scavenging hydroxyl radicals
(Orthen et al., 1994). Myoinositol, a ubiquitous plant cyclitol
and one of the RFO precursors, has also been found to be an
effective hydroxyl radical scavenger (Smirnoff and Cumbes,
1989). Since these compounds accumulate in response to
stress conditions, it is highly likely that cyclitols and the
related linear polyhydroxy alcohols perform important bio-
logical functions involving oxygen radical scavenging and
detoxification in plants (Pharr et al., 1995).

In many biological systems, free radical generation is
actually capitalized upon as a means of destroying cellular
pathogens. Many pathogenic fungi can in turn circumvent

Methyl-inositol
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this defense system by synthesizing polyhydroxy com-
pounds such as the polyol mannitol to counteract these free
radicals (Chaturvedi et al., 1996). Recently, it has been
shown that plants invaded by fungal pathogens may be
induced to produce mannitol-degrading enzymes that in
turn counteract this fungal defense system (Jennings et al.,
1998). Cyclitol production may therefore represent a ubig-
uitous first line of defense aimed at preventing free radical
oxidative damage in biological organisms. However, if the
primary role of cyclitols is to scavenge free radicals, it is
curious that coleus and also other species such as Mesem-
bryanthemum crystallinum (Vernon and Bohnert, 1992) pro-
duce a methylated inositol derivative if unmethylated com-
pounds are equally effective free radical scavengers.

An explanation for this may lie in the previous observa-
tion that OMI is phloem mobile and readily catabolized by
sink tissues (Gilbert et al., 1997). Production of OMI re-
quires SAM, a major substrate in the ethylene biosynthetic
pathway, as a methyl donor (Bohnert and Jensen, 1996).
OMI synthesis and phloem transport may therefore decel-
erate leaf senescence under stress conditions by removing
methyl groups from potentially deleterious pathways, such
as those leading to synthesis of stress ethylene, from the
source leaf tissues (Gilbert et al., 1997). Thus, OMI induced
by drought stress may act at several levels in plant stress
metabolism, serving not only as an osmoprotectant and
free radical scavenger, as was previously thought, but also
as a phloem-mobile anti-senescence metabolite.

The effects of water deficit on carbohydrate metabolism
in coleus appeared to differ in key ways from the effects of
salinity stress previously observed (Gilbert et al., 1997).
Most notable was the absence of any induction of high-
molecular-mass RFOs by water stress, which was readily
observed in response to salinity stress (Gilbert et al., 1997)
and has been reported in response to low temperatures
(Bachmann et al., 1994). The high-molecular-mass sugars
are localized within the vacuole (Bachmann et al., 1995)
and are part of an overwintering strategy in several mem-
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bers of the family Lamiaceae, to which coleus also belongs.
Additionally, both the activity and mRNA message for GS
have been reported to increase in response to low temper-
ature (Liu et al., 1998), indicating an up-regulation of RFO
metabolism due to cold.

RFOs have been proposed to be osmoprotectants when
plant tissues are exposed to cold (Bachmann et al., 1995)
and desiccation (Koster and Leopold, 1988). In the present
study, however, both RFO levels and GS activity were
depressed by drought stress, which suggests that for
drought stress alone RFOs may not play a direct role in
inducing tolerance in vegetative tissues, although they may
be important in allowing plant tissues to achieve the level
of dessication required in a dry seed (Koster and Leopold,
1988). Instead, production of these sugars in response to
salinity stress or low temperature in vegetative tissues may
simply represent a mechanism for carbon storage in the
vacuole. In the case of salinity stress in particular, conver-
sion of sugars to high-molecular-mass forms would be a
suitable strategy for carbon storage in a vacuole already
osmotically burdened by a large accumulation of salts and
ions (Gilbert et al., 1997).

In summary, water deficit stress causes pronounced ef-
fects on carbohydrate metabolism in coleus source leaf
tissues. Photosynthetic declines result in significantly less
carbon being fixed overall, with the result that there is less
carbon available to form substantial starch storage re-
serves. Secondly, far less carbon is channeled to form the
RFO transport sugars, not only because less carbon is being
fixed photosynthetically, but also because enzymes such as
GS, which catalyze RFO synthesis, are also apparently
down-regulated by water stress. The consequence of water
deficit is therefore a loss of storage reserves and translo-
catable RFOs to support sink growth and development.
However, the benefit of these alterations in carbon metab-
olism appears to be the switch toward another myoinositol-
utilizing pathway, which leads to the production of OMI, a
valuable stress-tolerance molecule.
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