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Abstract. Short-term waterlogging stress-induced changes in phosphatase
(P-ase) activities in relationship with phosphorus were studied in sorghum
(Sorghum bicolor).  Waterlogging was imposed by watering 3-day-old grown
seedlings with water. The shoots and roots were harvested and P-ase activi-
ties were estimated. Significant waterlogging stress-induced increase in shoot
and root P-ase activities coupled with low phosphorus level was observed at
various time points. The shoot and root P-ase activities confer adaptation to
plants under waterlogging stress.
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INTRODUCTION

Plants, like animals are obligate aerobes, but due to their inability to move, have
evolved adaptation mechanisms that enable them to survive adverse conditions such
as those occurring after heavy rain or waterlogging. The specific plant responses vary
with many factors including plant species and genotype, age of plants, time, duration
of waterlogging and tissue type  (Kozlowski, 1997). Under waterlogging conditions,
the activity of several metabolic pathways is reduced or altered (Kozlowski, 1997
and references therein). Shifts occur in carbohydrate, protein, organic acid and lipid
metabolism. Exposures to waterlogging (min for 2 hrs) can have striking effects on
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the composition and quantity of proteins and can increase or decrease the activities of
the vital enzymes involved (Subbaiah and Sachs, 2003). The mechanisms by which
flood-tolerant plants survive waterlogging are complex and involve interactions of
morphological, anatomical and physiological adaptations (Hook, 1984). Metabolic
adaptation to waterlogging is associated with several metabolic adjustments which
lead to the modulation of different enzymes viz: glucose-phosphate isomerase, glyc-
eraldehyde-3-phosphate dehydrogenase, sucrose synthase etc. (for review, Sachs et
al., 1996). Phosphatases (P-ases), classified either acid- or alkaline-, constitute an
enzyme group, which is presumed to catalyze the hydrolysis of several organic phos-
phate-monoesters for the regulation and maintenance of soluble Pi, required for growth
(Vance, 2003). The intracellular phosphatases, present in cytosol, plastids and vacu-
oles, are responsible for the Pi-hydrolysis from organic compounds during seed ger-
mination, favoring internal Pi mobilization and translocation from senescent tissues
(Lee, 1988; Duff et al., 1994). There is prevailing hypothesis about the role of phos-
phatases in plants and its relation to plant nutritional status i.e. plants adapted to Pi
stress would present high leaf or root P-ase activity as a sign of hydrolyzing and
remobilizing Pi, by root secretion and/or leaf synthesis, making Pi more available to
plant, from soil or other plants parts (Lee, 1988; Barret-lenard et al., 1993). Abiotic
stresses like salt, osmotic and water stress, have been reported to increase acid or
alkaline phosphatase activity by maintaining a certain level of inorganic phosphate in
the plant cells (Olmos and Hellin, 1997). However, the variation that occurs in phos-
phatase activities during very early waterlogging conditions is poorly understood and
information on physiological events involved in this process is scarce. Therefore, in
the continuation of our recent study we aim to find out the role of P-ases against
abiotic stresses (Sharma et al., 2004). In the present study, we report the role of
phosphatases in sorghum plants under waterlogging stress.

MATERIALS AND METHODS

Seed germination and growth conditions

Seeds of Sorghum bicolor (L.) Moench were surface sterilized with 1% (w/v) mercu-
ric chloride followed by 70 % (v/v) ethanol (Sharma et al., 2004). Seeds were thor-
oughly rinsed with deionized water and imbibed for 6 h. After imbibition, seeds were
placed in petriplates containing sterile filter sheets, moistened with water. The plates
were incubated at 37 ±1°C in a seed germinator in darkness and allowed to grow.
Intact plants reaching the 3-day-old stage were used for the experiment. The petriplates
with the seedlings were waterlogged in water according to Hsu et al. (2000). Each of
the petriplates received 50 ml of water during the waterlogging period and the roots
were completely submerged. At various waterlogging intervals (0,1,2,3,4 h), tissues
(shoots and roots) from intact plants were harvested and pooled for further analysis.
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Extraction and assay of acid and alkaline phosphatases

Both acid- and alkaline-phosphatases were extracted from the tissues according to
Sharma et al. (2004). Briefly, the tissue was ground with mortar and pestle at 0-4°C
using 50 mM sodium acetate buffer (pH 5.0) for acid phosphatase and 50 mM gly-
cine NaOH buffer (pH 10.5) for alkaline phosphatase. The homogenate was centri-
fuged at 8000 g for 15 min, and the supernatant was collected. Phosphatase activi-
ties were assayed by measuring the amount of p-nitrophenol produced. Phosphatase
activities were measured spectrophotometrically at 410 nm in a final volume of 1 ml.
The reaction mixture contained 300 µl of enzyme extract, 0.05 M buffer [Sodium
acetate (pH5.0) for acid phosphatase and Glycine-NaOH (pH10.5) for alkaline phos-
phatase], 0.1 M NaCl and 0.2 mg/ml BSA, with 5 mM para-nitrophenylphosphate
(pNPP) as a substrate. The time of reaction was 10 min. The reaction was stopped by
adding 1.5 ml of 0.25 M NaOH. The liberated p-nitrophenol (pNP) was determined
at 410 nm and calibration curve of pNP prepared in the same conditions. One unit (U)
of phosphatase (acid and alkaline) is equivalent to the amount of enzyme liberating 1
µmol of product per min under assay conditions.

Extraction and assay of total phosphorous (P)

For total soluble Pi determination, only fresh tissue samples were used. They were
homogenized with 5 ml of 10% (v/v) HClO4 at 4 oC. After centrifugation at 5000 g at
4 oC, the supernatant was collected for Pi analysis. Pi content of the resultant soluble
fraction was measured by the formation of a blue molybdenum complex according to
Tsvetkova and Georgiev (2003). Briefly, appropriate aliquots were mixed with 5 ml
0.1 M acetate buffer pH 4.0, 0.5 ml 1% (w/v) ammonium molybdate in 0.05 N H2
SO4, 0.5 ml 1% (w/v) Na-ascorbate. To avoid the delay in the conversion of the blue
color of molybdate- phosphoric complex, 1 mM CuSO4.5H2O was added into the
ascorbate solution. The blue color of the complex was obtained after 10 min and the
absorption was determined using spectrophotometer at 620 nm.

Statistical analysis

Data obtained were subjected to ANOVA and student’s t-test.

RESULTS AND DISCUSSION

Physiological conditions under waterlogging stress

Under waterlogging stress, as compared to the control seedlings, no significant dif-
ferences in shoot or root fresh weight as well as dry weight were observed (data not
shown). When compared to the control, shoot as well as root lengths were hardly
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affected under waterlogging treatment. Thereby, no significant change in root to shoot
ratio was observed (data not shown).

Phosphatase activities (acid- and alkaline-) under waterlogging conditions

Phosphatases (P-ases) are reported to be induced under phosphorous (Pi) deficiency
conditions during abiotic stresses (salt, osmotic and water) in order to maintain cer-
tain level of Pi inside the cells (Barrett-Lennard et al., 1982; Olmos and Hellin, 1997).
However, the precise role of phosphatases during early waterlogging is still not known.
Our studies revealed a significant enhancement in phosphatase activities (both acid-
and alkaline-) in a spatial and temporal manner under waterlogging conditions. Un-
der control conditions, shoot acid-phosphatase activity remained relatively unchanged
during the 4 h of waterlogging treatment (Fig. 1A). However, imposition of water-
logging treatment resulted in a significant linear increase in acid phosphatase activity
from 2 h to 4 h, after the start of waterlogging treatment. Generally, a significant
increase in shoot acid phosphatase activity was observed under waterlogging treat-
ment at each time interval, except at 1 h, where, no significant difference in the activ-
ity was observed. Similar to acid phosphatase, alkaline phosphatase activity under
non-waterlogging control conditions revealed no significant differences at various
time points (Fig. 1B). However, under waterlogging treatment, a marked increase in
alkaline phosphatase activity was observed from 1 h to 2 h, thereafter, it attained
constant levels. Like shoot P-ase activities, as compared to control, a significant in-
crease in root acid phosphatase activity was observed from 1 h to 2 h of waterlogging
treatment, thereafter revealing constant levels (Fig. 2A). On the contrary, alkaline
phosphatase activity increased linearly after 1 h of waterlogging treatment (Fig. 2B).
Between both tissues (shoot and root), roots depicted higher activities (both acid- and
alkaline-) under waterlogging conditions, indicating tissue specific induction of P-
ases. Similar observation on tissue specific variations in the different mechanisms of
waterlogging stress tolerance in roots and shoots have been reported in Arabidopsis
(Ellis et al., 1999). Overall, results obtained suggest that the increase in P-ase activi-
ties in both tissues may be due to the fact that under waterlogging conditions, the
delivery of phosphate (Pi) is impaired, thus, resulting in activation of the cellular
phosphatases. Phosphatases release soluble phosphate from its insoluble compounds
inside or outside of the cells, thus modulating the osmotic adjustment by free phos-
phate uptake mechanism. Nevertheless, Olmos and Hellin (1997) observed that acid
phosphatases are known to act under salt and water stress by maintaining a certain
level of inorganic phosphate which can be co-transported with H+ along a gradient of
proton motive force. Moreover, our earlier study (Sharma et al., 2004) suggested that
phosphatases are modulated by salt stress and to the application of phytohormones
like abscisic acid (ABA) or gibberellin (GA3). In the present study, we found that P-
ases are also induced under waterlogging conditions, suggesting functional overlap
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Fig. 1. Waterlogging-induced changes in shoot acid phosphatase activity (A), alkaline phosphatase
activity (B) and phosphorus content (C) in sorghum seedlings during a 4-h period. Data shown are
average ± SD of three replicates. Values in common letter are significantly different (P≤0.05 d) with
respect to the non-flooded control.
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Fig. 2. Waterlogging-induced changes in root acid phosphatase activity (A), alkaline phosphatase acti-
vity (B) and phosphorus  content (C) in sorghum seedlings during a 4-h period. Data shown are average
± SD of three replicates. Values in common letter are significantly different (P≤0.05 d) with respect to
the non-flooded control.
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of phosphatases between different stresses (like cold, salinity and waterlogging). It is
likely that waterlogging stress response may consist of different set of genes, with
different regulatory and functional properties in the response, and some of these genes
could be shared by other stress responses.In Arabidopsis, AtMYB2 a transcription
factor of the Myb family, has previously been shown to be induced by drought, salt
stress and exogenous ABA (Urao et al., 1993). Later studies show that AtMYB2 is
also induced by waterlogging, with mRNA levels, peaking after 2-4 h of waterlog-
ging (Hoeren et al., 1998).

Phosphatases in relationship with phosphorous (Pi) under short-term
waterlogging stress

Depending on the persistence of stresses, plants respond to Pi deficiency with coordi-
nated adaptations on multiple levels comprising well documented morphological,
physiological and biochemical changes. An integral part of the plant response to Pi
deficiency is the induction of both extracellular and intercellular P-ases. To under-
stand whether waterlogging-induced increases in phosphatase activities in shoots and
roots were by a low level of Pi or Pi deficiency, the effect of waterlogging treatment
on the level of Pi was determined at different time intervals. As indicated in Fig. 1C
and 2C, by comparison to control, Pi level of shoots and roots was strongly reduced
after 1 h of waterlogging, coupled with a significant increase in P-ase activities. In
contrast to earlier reported results, indicating that phosphatase activities are indepen-
dent of phosphate levels (Szabo-Negy et al., 1992; Fernandez and Ascencio, 1994),
induction of P-ases activities in the present study is likely to be caused by the low
level of Pi under waterlogging treatment. These results suggest a dependence of the
enzyme level on Pi availability as a signal for induction of P-ase activities in sor-
ghum. Similar reports on the increase in P-ase activities in inverse reproportion to the
low level of Pi has been demonstrated in numerous species and plant parts viz: wheat
leaves and roots (Barret-Lennard et al., 1982; Mclachlan and Demarco, 1982), maize
leaves (Elliot and Lauchli, 1986); sorghum roots (Furlani et al., 1984) and common
beans roots (Helal, 1990). The expression of higher P-ase activities in both tissues
(shoots and roots) is suggestion of its global role in enhancing Pi availability and
possibility recycling of organic Pi compounds.

In conclusion, our present study results suggest that under short-term waterlog-
ging stress P-ases play very important role to sustain the adverse environmental con-
ditions in correlation to low phosphorus levels. In addition, results provide valuable
information necessary to develop screening marker tools for selecting lines with tol-
erance to flooding stress and phosphorus status, thus improving filed emergence and
survival percentage of plants.
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