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Abstract

The aim of this study was to assess the effect of aluminum on the in vitro activity of acid phosphatases (APases) of four
potato clones, Macaca and Dakota Rose (Al-sensitive), and SMIC148-A and Solanum microdontum (Al-tolerant),
grown in vitro, in hydroponics or in a greenhouse. The enzyme was assayed in vitro in the presence of 0, 1.85, 3.70,
5.55 and 7.40 mM Al In plantlets grown in vitro, root APases were inhibited by Al in all clones, while shoot APases
were inhibited by Al in S. microdontum and Dakota Rose and increased in Macaca at all Al concentrations. In plantlets
grown in hydroponics, root APases increased in Macaca at 1.85 mM Al, whereas decreased at all Al levels in
S. microdontum. In greenhouse plantlets, root APases decreased at 7.40 mM Al in S. microdontum and SMIC148-A,
and at 3.70, 5.55 and 7.40 mM Al in Dakota Rose. Shoot APases decreased in Macaca and SMIC148-A. Conversely, in
Dakota Rose, APases increased at 1.85 and 3.70 mM Al. These results show that the effect of Al toxicity on in vitro
APase activity depends not only on Al availability but also on the plant organ, genetic background, and the growth
conditions. Therefore, it suggests that acid phosphatases activity assessed in vitro might not be a good parameter to
validate the screening for adaptation of potato clones to Al toxicity.
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Toxic concentrations of aluminum (Al), generally found Al can interfere with PO,” binding (Rai et al. 1998).

in acid soils (pH < 5.0), inhibit root growth (Dong et al.
2002, Tabaldi et al. 2007b, Liu et al. 2008), restricting
water and nutrient uptake and leading to poor growth and
yield (Marschner 1995, Kochian et al. 2004, Tabaldi
et al. 2009a). Experimental data suggest that Al can be
transported across the root plasma membrane and interact
with components in the cell sap such as nuclear DNA,
enzymes, calmodulin, tubulin and ATP (Delhaize and
Ryan 1995). Aluminum causes oxidative stress (Tabaldi
et al. 2007b, 2009b, Liu et al. 2008, Shamsi et al. 2008),
probably because it affects enzyme-mediated reactions,
especially those involving carbon, nitrogen and
phosphorus metabolisms (Dong ef al. 2002). In addition,
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Therefore, it is important to study key enzymes involved
in these processes, such as acid phosphatases (APases).
Plant protein and enzyme responses to a variety of
environmental factors may be useful in predicting the
survival capacity of plant species or varieties under stress
conditions.

Acid  phosphatases  (orthophosphoric-monoester
phosphohydrolases, E.C.3.1.3.2) are a group of enzymes
that catalyze the hydrolysis of a variety of phosphate
esters releasing Pi from phosphorylated substrates in
acidic environments (Yoneyama et al. 2007). They are
widely distributed in plants (Luhova et al. 2006), and are
present in the apoplast and in different cell compartments
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(Yoneyama et al. 2007), suggesting that these enzymes
are involved at various metabolic pathways. They appear
to be important in the production, transport and recycling
of Pi (Tejera Garcia et al. 2004). Phosphorus deficiency
in higher plants has been shown to increase the activity of
APases (Duff et al. 1994). Moreover, metals such as Hg
and Zn can affect acid phosphatase activity (Tabaldi ef al.
2007a).

Root growth has been used as a parameter for Al
tolerance of different plant genotypes (Horst ef al. 1999,
Tabaldi et al. 2007b, 2009b). The induction of callose
formation in root tips of Al-treated intact plants in
nutrient solution led to a differentiation of cultivars in
their sensitivity to Al (Eticha et al. 2005, Yu et al. 2009).
In addition, it has been shown that in maize as well as in
other species, exudation of organic anions from the root
apex may play a key role in cultivar differences in
Al tolerance (Kochian et al. 2004). Recently, using a
hydroponic culture system with different concentrations
of Al, we observed significant physiological responses
including oxidative stress in potato clones (Tabaldi et al.
2007b, 2009b). Several factors have been shown to
influence the response of plants to Al (Hairiah er al.
1995, Eticha et al. 2005, Shamsi et al. 2008, Yu et al.
2009) and then would limit substantially the screening for
Al tolerance.

To improve and/or validate the screening for
adaptation of potato genotypes to Al toxicity we
hypothesized that acid phosphatase activity assessed
in vitro might be a valid parameter. In vitro studies have
been shown to be suitable approach for studying effect of
metals on enzymes (Pereira et al. 2006, Tabaldi et al.
2007a). Therefore, the aim of this work was to assess the
effect of Al on the in vitro activity of acid phosphatases
of four potato clones grown in three growth systems.

Three adapted (2n=4x=48) potato (Solanum
tuberosum L.) clones (Macaca, SMIC148-A and Dakota
Rose) and one wild species (2n=2x=24) clone (PI595511-
5/Solanum microdontum Bitter) were evaluated. These
clones were obtained from the Potato Breeding and
Genetics Program, Federal University of Santa Maria,
RS, Brazil.

Nodal segments (1.0 cm long) were micropropagated
in MS medium (Murashige and Skoog 1962),
supplemented with 30 g dm™ of sucrose, 0.1 g dm™ of
myo-inositol and 6 g dm™ of agar. Plantlets were grown
in a growth chamber at 25 £+ 2 °C, 16-h photoperiod with
photon flux density of 35 umol m™ s™* for 30 d. At harvest,
plantlets were collected, divided into roots and shoot and
used for enzymatic assay (in vitro culture system).

Plantlets (20-d-old) from in vitro culture were
transferred into plastic boxes (10 dm”) filled with aerated
full nutrient solution of low ionic strength. The nutrient
solution had the following composition [mg dm™]: 85.31
of N; 3.77 of P; 23.68 of Mg; 104.75 of K; 97.74 of Ca;
11.54 of S; 181.08 of CI; 0.03 of Cu; 0.11 of Mn; 0.13 of
Zn; 0.01 of Ni; 0.27 of B; 0.05 of Mo; 2.68 of Fe
(FeSO4/Na-EDTA). These ex vitro cultured plantlets were
grown in a growth chamber at the above mentioned

conditions. After 10 d of culture, plantlets were collected,
excised into roots and shoot and used for enzymatic assay
(hydroponic system).

Ten tubers of each clone, with approximately 1.0 cm’,
were planted separately in 300 cm’ plastic pots using
sand as substrate and grown in greenhouse. The irrigation
was made with the same nutrient solution used in the
hydroponic culture. After 30 d of culture, all plantlets
were collected and excised into shoot and roots for
enzymatic analysis. Roots were rinsed with aliquots of
distilled water to remove the substrate (greenhouse
system).

The effect of the Al on APases was determined by
assays in the presence of 0, 1.85, 3.70, 5.55 and 7.40 mM
Al as AICl; . 6 H,O. These concentrations were chosen
after preliminary tests (Tabaldi ez al. 2007b, 2009b).

Enzyme extraction and assay were carried out at 4 °C.
For extraction, fresh potato samples of roots and shoot
were ground with a mortar and pestle in three volumes of
a buffer containing 100 mM Tris-HCI, pH 7.4, 0.1 mM
ethylenediaminetetraacetic acid (EDTA) and 0.1 %
albumin, centrifuged at 43 200 g for 30 min and the
resulting supernatant was used for enzyme assay. Acid
phosphatase activity was determined according to Tabaldi
et al. (2007a) in a reaction medium consisting of 3.5 mM
sodium azide, 2.5 mM calcium chloride, 100 mM citrate
buffer, pH 5.5, and 0.02 cm’ of Al, except in controls, at
a final volume of 0.2 cm’. A 0.02 cm’ aliquot of the
enzyme preparation (10 - 20 pg protein) was added to the
reaction mixture, except in controls, and preincubated for
10 min at 35 °C. The reaction was started by addition of
substrate (PPi) and stopped by the addition of 0.2 cm® of
10 % trichloroacetic acid (TCA) to a final concentration
of 5 %. Inorganic phosphate (Pi) was measured at 630 nm
using malachite green as the colorimetric reagent and
KH,PO, as standard for the calibration curve. Controls
were carried out to correct for nonenzymatic hydrolysis
by adding enzyme preparation after TCA addition. All
assays were performed in triplicate using PPi as substrate
at a final concentration of 3.0 mM (according to Tabaldi
et al. 2007a). In all the enzyme preparations, protein was
determined by the method of Bradford (1976) using
bovine serum albumin.

Each experiment was repeated at least five times. The
data were subjected to analysis of variance (ANOVA), and
means were compared by Tukey’s range test when
significance (P < 0.05) was detected.

Aluminum stress produced significant effects on
APase activity in the four potato clones, but these effects
depended on the growth system, genetic background, and
plant organ analyzed. In the Macaca clone, Al-mediated
APase inhibition was observed either in roots of in vitro
grown plantlets (at all Al levels) (Fig. 14) or in the shoot
of plantlets grown in the greenhouse (at 7.40 mM Al)
(Fig. 1F). In the S. microdontum clone, Al inhibited
APase activity in roots of plantlets grown in all three
systems used, but the degree of inhibition differed among
them (Fig. 14,C,E), as well as in the shoot of in vitro
grown plantlets (at 7.40 mM Al) (Fig. 1B). In the
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SMIC148-A clone, APase activity was inhibited in roots
of in vitro grown plantlets (at 5.55 and 7.40 mM Al)
(Fig. 14) and in roots (at 7.40 mM Al) (Fig. 1E) and
shoot (at 1.85, 3.70 and 7.40 mM Al) (Fig. 1F) of
plantlets grown in the greenhouse. In the Dakota Rose
clone, Al inhibited APase activity in roots (at 3.70, 5.55
and 7.40 mM Al) (Fig. 14) and shoot (at 7.40 mM Al)
(Fig. 1B) of in vitro grown plantlets and in roots of
plantlets grown in the greenhouse (at 3.70, 5.55 and
7.40 mM Al) (Fig. 1E).

The mode of action of metals varies with enzymes
and little is known about the exact mechanisms by which
metals interact with many different enzymes. Enzyme
reactions can be inhibited by metals, which can form a
complex with the substrate, combine with protein-active

700

groups of the enzymes, or react with the enzyme-
substrate complex. Acid phosphatases (APases) represent
a broad group of hydrolytic enzymes that catalyze the
breakdown of P-monoesters with acid pH optima (Duff
et al. 1994). These enzymes are expressed under a variety
of conditions and in response to many stimuli. It is
believed that APases play an important role during cell
starvation for P scavenging and remobilization, and in
other conditions that promote phosphate mobilization
and/or oxidative stress (Del Pozo et al. 1999). Purified
APase from leaves and nodules of common bean was
strongly inhibited by Al (Tejera Garcia et al. 2004).
Phosphatases are generally metalloenzymes dependent on
Ca’* or Mg*. One possible mechanism explaining
Al-toxicity may be the replacement of Mg”" by Al in the
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Fig. 1. Effect of increasing Al concentration on the in vitro acid phosphatase activity of roots (4,C,E) and shoot (B,D,F) of potato
plantlets (clones Macaca, S. microdontum, SMIC148-A and Dakota Rose) grown in vitro (4,B), in hydroponics (C,D), and in the
greenhouse (E,F). Data are means = SD of five different replicates, * - different from control at P < 0.05.
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active site of the enzyme. Besides, Al can influence the
cytoplasmic Ca®" homeostasis. It acts as a Ca®'-channel
blocker by binding to the verapamil-specific channel-
receptor site and by interfering with the action of GTP-
binding proteins (Zheng and Yang 2005). Another
possibility, suggested by Rai ef al. (1998), is that Al may
interfere with the PO,* binding sites. Other metals, such
as Hg and Zn, also inhibited in vitro APase activity in
cucumber seedlings (Tabaldi ef al. 2007a). Therefore, it is
feasible that Al-mediated inhibition of APase activity in
potato may impair phosphate mobilization, since this
enzyme is involved in the metabolism of P, an essential
element for plant growth and development (Duff et al.
1994).

In the present study, APase activity was enhanced
only in Al-sensitive potato clones. In the Macaca clone,
APase activity increased in shoot of in vitro plantlets (at
all levels of Al) (Fig. 1B), as well as in roots of
hydroponic plantlets (at 1.85 mM Al) (Fig. 10C).
Conversely, in shoot of the Dakota Rose clone, APase
activity increased only in greenhouse plantlets (at 1.85
and 3.70 mM Al) (Fig. 1F). Intra- and/or extracellular
APases of plants are induced under various
environmental and developmental conditions (Duff et al.
1994), including exposure to cations, salt stress and in
response to phosphate starvation (Gabbrielli et al. 1989,
Yoneyama et al. 2007). In Arabidopsis, it was suggested
that purple acid phosphatase had a bifunctional role,
acting in phosphate mobilization and in the metabolism
of reactive oxygen species (Del Pozo et al. 1999). SAP,
and SAP,, two secreted purple acid phosphatase isozymes
from  Lycopersicum  esculentum may also be
multifunctional proteins that operates as scavengers of Pi
from extracellular phosphate-esters during Pi deprivation,
or alkaline peroxidases that participate in the production
of extracellular reactive oxygen species during the
oxidative burst associated with the defense response of
the plant to pathogen infection (Bozzo et al. 2002).
Interestingly, using microarray technology, Goodwin and
Sutter (2009) identified a total of 256 genes as
Al-responsive in Arabidopsis thaliana, in which 94 of
these genes were shown to be up-regulated and 162 were
down-regulated. Moreover, within the up-regulated genes
it was found a purple acid phosphatase with 2-fold
change.

In all potato clones studied, the APase activity of
in vitro and hydroponic plantlets was higher in shoot than
in roots (Fig. 14,B,C,D). On the contrary, in greenhouse
plants, APase activity was higher in roots than in the
shoot (Fig. 1E,F). This result might be related to different
physiological features of plants grown in these three
environments. Major differences exist between the
environment of plants grown in tissue culture and that of
a greenhouse. These include differences in medium
mineral composition, growth regulators, irradiance (both
quantity and quality), relative humidity, CO, and O,
availability, etc. (Hazarika 2003). Differences between
these two environments and their effect on plants have

been recognized in numerous studies (Pospisilova et al.
1999, Hazarika 2003). In the present study, greenhouse
plants, grown under uncontrolled temperatures, had a
higher transpiration rate than in vitro and hydroponic
plants, where the temperature was maintained at 25 °C.
During acclimatization to ex vitro conditions, the
transpiration rate usually decreases gradually because
stomatal regulation of water loss becomes more effective
and cuticle and epicuticular waxes develop (PospiSilova
et al. 1999). The net photosynthetic rate in Solanum
tuberosum decreased in the first week after trans-
plantation and increased thereafter (Baroja et al. 1995).
An increase in the transpiration rate may enhance the
uptake and translocation of mineral elements in the xylem
(Marschner 1995). As APases are enzymes involved in
the production, transport and recycling of Pi (Bozzo ef al.
2002), it might be that Pi taken up by roots was not
efficiently transported to the shoot in plants grown
in vitro and in hydroponics due to the lower transpiration
rate. Therefore, it can be suggested that APase activity in
the shoot was higher than in the roots because Pi was
more available in the latter. In addition, these data also
suggest that the pool of acid phosphatases in roots and
shoot is either different or that the mechanism of
regulation of these enzymes is tissue specific.
Zimmermann et al. (2004) reported a different expression
of three purple acid phosphatases (PAP) from potato
plants grown aeroponically either with or without Pi,
where StPAP; was expressed more abundantly in root and
stem than in young leaves, stolons and flowers. This gene
was not responsive to P deprivation. StPAP,, in contrast,
responded strongly but locally to P deficiency stress and
was also showed a higher expression in roots. Similar to
StPAP,, StPAP; was induced by P starvation, but showed
a higher expression in the stem than in roots and leaves.

In our previous study (Tabaldi ez al. 2007b), based on
relative root growth of potato plants grown in a nutrient
solution, SMIC148-A and Solanum microdontum were
considered Al-tolerant clones, whereas Macaca and
Dakota Rose were considered Al-sensitive. That study
also showed that root H,O, concentration in both
Al-sensitive clones increased with increasing Al supply,
whereas in Al-tolerant clones it either decreased
(SMIC148-A) or demonstrated no  alteration
(S. microdontum). In addition, Al supply caused root lipid
peroxidation only in the Al-sensitive clones. In the
present study, it was shown that in vitro APase activity
was affected by Al supply, but it depended on other
factors such as the growth conditions, genetic
background, and plant organ analyzed. Thus all of these
factors must be considered in the development of
protocols for the characterization of Al tolerant potato
clones. On the other hand, the results of the present study
also suggest that acid phosphatase activity assessed in
vitro might not be a good parameter to validate the
screening for adaptation of potato genotypes to Al
toxicity.
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