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Summary

The changes in oxalic acid concentration in response to water stress were monitored to evaluate
the contribution of oxalic acid to osmotic adjustment. Potassium and oxalic acid are the
predominant solutes in spinach leaves. The addition of polyethylene glycol (PEG) 6000 to the
nutrient solution significantly decreases osmotic potential at full turgor (74 ) in rapidly growing
leaves. The decrease in o in response to PEG treatment can be accounted for by the
accumulation of potassium, phosphate, nitrate, sugars, and amino acids, but not of oxalic acid.
These results indicate that oxalic acid plays a minor role in osmotic adjustment, although
potassium oxalate is a major osmoticum in spinach leaves.
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Introduction

Spinach leaves (Spinacia oleracea L.) accumulate
large amounts of oxalic acid, which are considered a
potential health risk (Libert and Franceschi, 1987).
Therefore, much effort has gone into decreasing oxalic
acid content in spinach leaves. Since oxalic acid exists
mainly as soluble potassium (K') and sodium (Na')
salts (Osmond, 1963), it has been widely accepted that
oxalic acid may play a role in turgor generation and
osmotic adjustment (Libert and Franceschi, 1987).
Oxalic acid concentrations in spinach leaves increase in
response to water stress (Tone and Uchiyama, 1989), but
whether an increase in oxalic acid concentration on a
fresh weight basis represents osmotic adjustment or is
merely the result of tissue dehydration is unknown.

Watanabe et al. (1987) found that exposure to -0.46
MPa solutions containing polyethylene glycol (PEG)
1500 for 10 days causes the concentration of water-
soluble oxalic acid to decrease in expanded leaves while
the concentration in rapidly growing leaves increases.
They did not measure the concentrations of solutes other
than oxalic acid in either leaf type, but their results
suggest that leaf position on the stem or leaf age
determines the type of solutes that accumulate in re-
sponse to decreasing external water potential, as found
by Colmer et al. (1995). However, little attention has
been paid to the kinds of solutes that accumulate in
spinach leaves under moderate water stress conditions.

We evaluated the contribution of oxalic acid to
osmotic adjustment in plants subjected to moderate
water stress.
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Materials and Methods

Pre- germinated spinach seeds (Spinacia oleracia L.
var. Okame) were sown in vermiculite and transferred to
solution culture when the cotyledons were fully devel-
oped. Four plants per container were cultured with 8
liters of a nutrient solution. The composition of the
standard nutrient solution has been described elsewhere
(Okutani and Sugiyama, 1994). Solutions were renewed
every 3 to 5 days. Two weeks after sowing, the con-
tainers were transferred to a growth room maintained at
25/20 °C (day/night) with a 12-h photoperiod and 65%
relative humidity. Photon flux at plant level was 350
gmol-m 25!,

When leaf 5 reached 1 cm (day 0), the nutrient
solutions in half the containers were changed to solu-
tions containing 120 g- kg~ ' PEG 6000: the remaining
containers were refilled with standard nutrient solution.
Leaves were numbered consecutively as they emerged;
the younger leaves thus had larger numbers. Cotyledons
were not numbered. On day 3, the PEG concentration in
the nutrient solutions was increased to 200 g- kg~' PEG
6000. Calculating from the osmotic potentials (7 ) of
pure PEG solutions according to Michel and Kaufmann
(1973), 120 and 200 g - kg~ ' PEG 6000 solutions at 25°C
correspond to -0.42 and -0.93 MPa, respectively. On
day 6, plants in four containers of each treatment were
harvested 3 h into the light period and divided into
individual leaves. For the determination of relative water
content (RWC), leaf discs (0.785 cm®) were excised
from leaves 4 and 7 on day 6, weighed, and floated on
water for 4 h at 25°C under dim light, after which the
leaf discs were reweighed and then dried at 70 °C for 48
h. RWC was calculated as follows:

RWC = (fresh wt - dry wt)/(turgid wt-dry wt)x100

The remainder of the leaves was frozen in liquid
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nitrogen. After thawing, sap samples were collected
using a hand press. The 7z values of sap samples from
leaves 4 and 7 were measured using a dew point
microvoltmeter (HR 33T; Wescor Inc., Logan, Utah,
USA) calibrated with 0.5 mol - liter” ' NaCl solution ( 7
= -2.34 MPa). Osmotic potentials at full turgor (7,y,)
were estimated as follows, according to Wilson et al.
(1979):
o= 7 (RWC-B)/(100-B)

Here, B, the bound water content, was assumed to be
10% according to Wilson et al. (1980). Osmotic adjust-
ment was evaluated as the difference in 7, between
control and PEG - treated plants.

Quantification of oxalic acid was made by high-
performance liquid chromatography (Okutani and Sugi-
yama, 1994). Sugars and malic acid were quantified by
enzymatic methods according to the manufacturers
(Boehringer Mannheim, Mannheim, Germany). Total
a -amino nitrogen was determined by the ninhidrin
method. K™ and Na* were quantified by flame photom-
etry, and calcium (Ca®") and magnesium (Mg®") by
atomic absorption spectrometry. NO;~, CI™, SO,%” and
H, PO,” were quantified by ion chromatography.

Results

Interveinal chlorosis and scorching appeared in three
of 16 plants immediately after they were transfeired to

Table 1.
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nutrient solutions containing PEG 6000. In this study,
plants with no visible symptoms of chlorosis or scorch-
ing were harvested. The fresh weight of leaf 4 reached a
maximum on day 3, that of leaf 7 continued to increase
until day 6 (data not shown).

The 7y, in leaf 7 was higher in conirol plants than in
PEG-treated plants, but there was no significant differ-
ence in 7o in leaf 4 (Table 1). In both leaves 4 and 7,
K" and oxalic acid are the predominant solutes in
spinach leaves and accounts for 64 to 71% of total
solutes (Table 2). The concentrations of oxalic acid did
not differ significantly between PEG-treated and con-
trol plants (Table 2). On the other hand, PEG - treatiment
caused significant increases in the concentrations of K*,
NO5;, H,PO,”, amino acids, and suciose in leaves
(Table 2). Changes in K", NO;, and H,PO,
accounted for 80% of the increase in total solutes.

Discussion

Osmotic adjustment, estimated as the difference in
Ty between conirol and water- stressed plants, can
occur by the following three processes: an accumulation
of osmotically active solutes, a change in bound water
content, and a change in the ratio of leaf turgid weight to
dry weight (Wilson, 1980). Wilson et al. (1980) demon-
strated that 70 to 80% of the osmotic adjustment in grass
leaves can be accounted for by the accumulation of

Relative water content and osmotic potentials (7o ) measured at full turgor (i. e. at 100 % RWC)

in the leaves of spinach plants grown for 6 days in standard nutrient solutions (control) or in

solutions containing polyethylene glycol 6000 (PEG). Values are given as means = SD. The

differences in 7 gy between control and PEG - treated plants indicate osmotic adjustment.

Leaf 4 Leaf 7
Control PEG Control PEG
RWC (%) 780 1.6 733=25 738 =15 670+ 1.9
oo (MPa) 0.832 = 0.050 -0.918 = 0.070 0.657 — 0.037 -0.851 = 0.013

Table 2. The concentration of different solutes in mol « liter”

1

in the leaves of spinach plants grown for 6 days in standard

nutrient solutions (control) or in solutions containing polyethylene glycol 6000 (PEG). Values are given as

means == SD. Concentrations are expressed on the basis of full turgor (i. e. at 100 % RWC).

Leaf 4 Leaf 7
Solutes
Control PEG Control PEG

K* 0.176 = 0.013 0.209 = 0.018 0.165 = 0.007 0.213 = 0.003
Mg** 0.025 = 0.001 0.029 = 0.002 0.019 = 0.001 0.018 = 0.001
Oxalic acid 0.143 = 0.006 0.137 = 0.009 0.101 = 0.004 0.102 = 0.003
Malic acid 0.014 = 0.002 0.015 = 0.003 0.004 = 0.000 0.005 = 0.001
Ccr 0.020 = 0.002 0.021 = 0.003 0.015 £ 0.001 0.017 = 0.001
NOy 0.035 — 0.004 0.051 = 0.010 0.029 = 0.004 0.039 — 0.010
SO2° 0.007 = 0.001 0.009 = 0.001 0.004 = 0.001 0.006 = 0.000
H, PO, 0.031 = 0.009 0.045 = 0.007 0.021 = 0.005 0.042 = 0.006
Amino acids 0.008 = 0.001 0.013 = 0.002 0.006 = 0.001 0.013 = 0.001
Suciose 0.009 = 0.001 0.012 = 0.002 0.006 = 0.001 0.009 = 0.001
Hexoses 0.002 = 0.000 0.002 = 0.000 0.004 = 0.000 0.006 = 0.002
Sum 0.465 = 0.017 0.544 = 0.017 0.373 £ 0.004 0.470 = 0.014
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solutes; the remainder of the adjustment results from an
increase in bound water content. Our study shows that a
significant decrease in 7y, resulting from the active
accumulation of solutes, occurs in rapidly growing
leaves, but not in fully expanded ones, when spinach
plants are exposed to PEG 6000 solutions for 6 days. A
sensitive response of 7y, to water stress in rapidly
growing leaves is in agreement with the observations of
Kameli and Losel (1995) on durum wheat seedlings.

K" and oxalic acid are the predominant solutes in
spinach leaves, but exposure to PEG 6000 increases the
concentrations of K, NO4 , and H, PO, , but not that
of oxalic acid, when the concentrations are expressed at
full turgor. These results provide evidence for the
primary role of K* and a minor role for oxalic acid in the
decrease in 7, under water stress conditions. It is
possible that anions other than oxalic acid accumulate
along with K’ to maintain electroneutrality in the
cytoplasm when plants are subjected to water stress
conditions. It has been reported that K’ is the major
contributor to osmotic adjustment in sorghum (Jones et
al., 1980) and wheat (Morgan, 1992). Kameli and Losel
(1995) reported that glucose accounts for 86% of the
increase in 7o, under water stress conditions. Tone and
Uchiyama (1989) found that oxalic acid concentrations
(fresh weight basis) in spinach leaves increase in re-
sponse to water stress. It seems that such an increase in
oxalic acid concentration is merely the result of tissue
dehydration because oxalic acid concentrations at full
turgor do not change in response to water stress
conditions.
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