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“El futuro pondrá las cosas en claro,
y cada quien en su sitio según sus méritos.
El presente les pertenece.
El futuro, que es en realidad
para lo que yo trabajo, será mío”
Nikola Tesla (1856-1943)
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THESIS ABSTRACT

Highbush blueberry (Vaccinium corymbosum L.) is well adapted species to
acid soils (pH≤5.5) where Al-toxicity (Al3+) can be one of the most important soil
constraints for plant growth and development. Plant stress is triggered by Al3+,
causing well documented harmful effects on physiological and biochemical features
in roots. However, damages in the upper parts may also be present, decreasing normal
functioning of photosynthetic parameters. On the other hand, calcium (Ca) addition
plays a fundamental role in the amelioration of Al3+ by regulation of Ca and Al
interaction at cellular level, improving processes such as water and nutrient
absorption, photosynthesis and regulation of antioxidant activity associated to
oxidative stress caused by toxic Al. The Ca/Al molar ratio (Ca/Al) is stoichiometric
atomic ratio (molCa/molAl) to determine this interaction and used as indicator of
potential stress from Al3+ and several studies have demonstrated that Ca/Al in foliar
and root tissues is strongly correlated with the Ca/Al solution. Calcium sulfate or
gypsum (CaSO4) is a calcareous amendment used to ameliorate the harmful effect of
Al3+ concomitant to an increase in Ca contents, without raise pH for crops adpted to
acidity as highbush blueberry. Nonetheless, the effects of this amendment on
physiological and biochemical performance by improving of Ca/Al in this species
grown under Al-toxicity are remaining little known. Therefore, the objective of this
work was to study the effects of Ca/Al ratio on physiological and biochemical
processes in highbush blueberry cultivars grown in a calcium sulfate amended
Andisol. In two separate experiments, under greenhouse conditions, one year-old
plants a more Al-tolerant (Legacy) and Al-sensitive (Bluegold) highbush blueberry
cultivars were disposed in a nutrient solution containing Al (100 and 200 µM) and
increased CaSO4 concentrations (2.5, 5, and 10 mM) for 15 days (experiment 1).
Afetrward, both cultivars were grown in an Andisol with high Al-saturation amended
with CaSO4 at 0, 700, 1400 and 2800 mg kg-1 soil, for 60 days (experiment 2). In both
experiment chemical, physiological and biochemical features were studied.
Experiment 1 showed in both cultivars an increased, Ca content and Ca/Al up to
~100% and 180%, respectively by adding CaSO4 concomitant with a reduction in
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foliar Al in both Legacy and Bluegold (r=─0.80; P≤0.001 and r=─0.74; P≤0.001,
respectively). A high Ca/Al had a positive effect on photochemical parameters in both
cultivars (P≤0.05) as well as in the reduction of oxidative stress and increase of total
phenols and SOD, particularly in Legacy. Furthermore, highbush blueberry develops
well in acid soils, where Ca/Al is typically low; CaSO4 amendment, mainly at 5 and
10 mM, may represent an effective alternative to application in Chilean acid soils, as
Ca source, reduction of toxic Al and Ca/Al regulation especially in Legacy. In
experiment 2 calcium sulfate improved Ca/Al, plant growth, as well as photochemical
parameters, carotenoids contents, and relative water content (RWC) in leaves,
especially in tolerant cultivar. However, the amendment did not show clear effects on
chlorophyll contents (Chl) and leaf water potential (Ψl). The Ca/Al molar ratio was
related to a decreased lipid peroxidation (LP) in both cultivars, whereas radical
scavenging activity (RSA), anthocyanins (TAN), and antioxidant enzymes were
directly increased by this ratio. It was concluded that calcium sulfate can be an
effective amendment to ameliorate Al3+ toxicity in highbush blueberry, mainly in the
Al tolerant cultivar. Moreover, we observed that different Ca/Al molar ratio could be
established to improve the physiological and biochemical performance in this species,
depending on the cultivar. In conclusion Ca/Al was related to an improved plant
performance to stress environmental conditions, showing different ranges of Ca/Al
for each cultivar. This research provides valuable information about the use of
calcium amendment to improve the nutrient levels and reduce the risk factors related
to highbush blueberry cultivation in soil conditions such as Southern Chile.
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THESIS OUTLINES
Aluminum (Al) is one of the most abundant metals in the earth's crust
(comprising about 7%). Fortunately, in agicultural terms mostly of Al is primarily in
the form of insoluble aluminosilicates or oxides. Only under conditions of low pH, Al
is soluble as monomeric form (Al3+) the most toxic for plants, which can inhibit their
growth and development causing toxicity. This toxic form predominates in soils with
acid pH (≤5.5), as those of the Andisol Order. The first symptom of Al3+ injury in
plants has been identified in roots affecting the water and nutrient uptake efficiency.
However, in upper parts of plants such as stem, leaves and/or fruits, Al3+ harmful
constraint are still controversial. In this way, some reports indicate that Al3+ affects
physiological, biochemical and metabolic pathways, because triggers an excessive
generation of reactive oxygen species (ROS). These ROS induces oxidative stress in
cellular organelles and organic molecules, resulting even in cell death. It has been
reported that Al3+ stress affects photosynthesis as result of a partial inhibition of
photosynthetic electron transport rate (ETR) and closure of reaction centers in
photosystem II (PSII). By other hand, plants have evolved defensive mechanisms
against oxidative damage, by antioxidant systems both enzymatic and non enzymatic,
which act by scavenging of ROS. This performance is regulated by a network of
signal transduction molecules including receptors and messengers, among others. One
of the key components is calcium (Ca), which is essential for several physiological
and biochemical processes, playing an important structural and functional role,
related to the cell wall, biological membranes, cytoplasm, vacuoles, and other cell
organelles. Although Ca is less abundant than other nutrients in the plant cell is, is
essential for development and plant production.
Chapter two focuses on reviewing the interaction between Al3+ and Ca2+ and
its effects on the physiological and biochemical processes in crops growing on acid
soils, and then to determine the alternatives of calcareous amendments used in acid
soils providing the background support for followed chapters. This report indicates
that interaction between Ca2+ and Al3+ is probably the most important factor that
affects Ca2+ and other nutrients uptake and transport in plants grown in acids soil.
This relation can be described as Ca/Al molar ratio (Ca/Al) and it has been discussed
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how this interaction takes place, because both are inhibitors of another one depending
on the conditions under which it developed. Literature reports that the degree of Al
stress in plants is correlated with the Ca/Al rather than the Al concentration in the soil
solution. Thereby, an inadequated Ca/Al disrupts the role of Ca in cell function.
On the other hand, it has been recognized that Al toxicity is ameliorated by
basic cations in particularly Ca. The role of Ca adding (e.g. calcareous amendments)
on reduction of Al3+ concentration in acid soils has been studied, but differences
regarding the application manure, effectiveness, and the plant species or genotype
have been matter of controversy. Currently, the use of calcareous amendments have
been studied by several authors, who reported results demostrating the effectiveness
of amendments to reduce Al toxicity to a greater or lesser extent depending on the
source of Ca used, soil condition and the treated crop.
In South Central Chile highbush blueberry (Vaccinium corymbosum L.) is an
important cultivated plant. It is well known that this high priced small fruit crop is
increasingly cultivated due to its flavor and nutritional properties. This crop is well
adapted to acid soils as Andisol but is sensible to high level of Al toxicity which
decreases its productivity. Nevertheless, the effect of Ca addition to reduce Al3+ has
been little studied for this fruit crop in our Andisol conditions. Therefore, this thesis
aimed to study the relation between Ca and Al that allow a better nutrient balance and
Al detoxification reflected by photosynthetic and antioxidant performances in
highbush blueberry cultivars amended with calcium sulfate (CaSO4) or gypsum
grown in an Andisol of Southern Chile.
Therefore, before to study highbush blueberry plants subjected to high Al
saturation in an Andisol, it was necessary to evaluate CaSO4 treatments under
controlled conditions. Chapter three to ascertain the CaSO4 addition on Ca/Al and its
effect on chemical, physiological and biochemical features in cultivars of highbush
blueberry with contrasting tolerance to Al Legacy (Al-tolerant) and Bluegold (Alsensitive) grown in Al-toxified Hoagland`s nutrient solution containing increased
CaSO4 concentrations (2.5, 5 and 10mM) and Al3+ (100 and 200µM), in an
experiment of 15 days. According with chemical determinations both cultivars
exhibited increased Ca content and Ca/Al (up to 180%) by adding CaSO4 in parallel
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to a reduction of Al (leaves and roots). The increase in Ca/Al molar ratio had a
significant effect on physiological parameters such as photochemical efficiency of
PSII [effective quantum yield (ΦPSII) and ETR]. For biochemical determinations, an
adequated foliar Ca/Al exhibited a reduction of oxidative stress, and an increase of
antioxidant activity of phenols. In summary, CaSO4 treatments at 5 and 10mM
showed positive effect on Ca/Al and evaluated parameters.
Afterwards, in chapter four were evaluated above studied cultivars under a
soil conditions. A second experiment in an Al-saturated (~70%) Andisol from
Southern Chile was carried out in plants of Legacy and Bluegold grown for 60 days.
Soils received amendment with CaSO4 at equivalent doses of 0 (control), 1000, 2000,
4000 kg ha-1. Determinations on chemical (nutrient content), physiological (growth,
hydric relations, and photochemical performance), and biochemical (lipid
peroxidation, antioxidant capacity, and antioxidant compounds) features were
performed. At the end of experiment improved nutrients content, Ca/Al and growth
were found, as well as photochemical parameters, carotenoid contents, and relative
water content (RWC) in leaves, especially in cultivar Legacy. However, CaSO4 did
not show clear effects on chlorophyll contents (Chl) and leaf water potential (Ψleaf).
On the other hand, CaSO4 addition decreased lipid peroxidation (LP) and total
flavonoids content (TFA) in both cultivars, whereas radical scavenging activity
(RSA), total phenols content (TPC), total anthocyanins content (TAN), and
antioxidant enzymes superoxide dismutase (SOD) and catalase (CAT) were
significantly increased. It is concluded that CaSO4 can be an effective amendment to
ameliorate Al3+ toxicity and improve physiological and biochemical performance in
highbush blueberry. Nonetheless, we suggest, that higher doses of this amendment
could be required to prevent harmful effect of Al3+ in Al-sensitive cultivars grown in
Andisols.
In summary, we propose that an adequated Ca/Al in tissues of highbush
blueberry according to genotypic features will allow a better aclimation to this
species against environmental stresses as Al toxicity.
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Chapter 1. General Introduction

1.1 GENERAL INTRODUCTION

In acid soils (pH ≤ 5.5), several studies have reported that aluminum (Al) can
be an important constraint for plant physiological and biochemical processes,
especially in young plants (Kochian, et al., 2005; Ryan and Delhaize, 2010). Injuries
produced by the toxic species (Al3+) are firstly evident in roots (Broquen et al., 2005;
Sivaguru et al., 2006; Ryan and Delhaize, 2010), where it accumulates altering cell
division and elongation sites (Kochian, et al., 2005; Horst et al., 2010). It causes a
decrease in nutrient and water uptake capacity of roots and may subsequently affect
shoots functionality performance (Mossor Pietraszewska, 2001; Rout et al., 2001;
Langer et al., 2009). In spite, there are a lot of reports about harmful effects of Al3+
on root plants (Delhaize and Ryan, 1995; Klug and Horst, 2010; Klug et al., 2011),
while information related to its effect in shoots or leaves is scarce. In this way, Alphytotoxicity can induce reduction of shoot growth, leaf necrosis, and delayed leaf
maturity (Rout et al., 2001; Zhang et al., 2007), resulting in a decreased of
photosynthetic efficiency, pigment contents, and dioxide carbon (CO2) assimilation
(Peixoto et al., 2002; Zhang et al., 2007).
On the other hand, literature report that Al3+ triggers an overproduction of
ROS, by impairment of membrane functions, which may be related to Al-enhanced
oxidative stress in cellular organelles (Yamamoto et al., 2002; Jones et al., 2006; Ma
et al., 2007). In addition, plants have evolved some antioxidant enzymatic and nonenzymatic mechanisms against oxidative damage, to removing and scavenging of
ROS (Arbona et al., 2003; Huang et al., 2005; Sharma et al., 2007). Enzymatic
antioxidant set includes several enzymes such as superoxide dismutase (SOD, EC.
1.15.1.1), and catalase (CAT, EC. 1.11.1.6) (Blokhina et al., 2003; Ma et al., 2007).
Furthermore, phenolic compounds such as flavones, isoflavones, flavonones,
anthocyanins, and catechins, have been reported to play effective non-enzymatic
antioxidant functions (Velioglu et al., 1998; Mittler et al., 2004; Prior et. al., 2005).
Antioxidant system is regulated by a network of signal transduction molecules
including receptor and messengers. One of these key components in this network is
calcium (Ca) that acts as an intracellular messenger in association with a wide-range
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of extracellular signals to specific responses to environmental stimuli (Cheng et al.,
2002; Lecourieux et al., 2006; Wang and Li, 2006). In plants, Ca is crucial for
growth, development, structural support (Hepler, 2005; Schaberg et al., 2006),
photosynthesis, as well as water splitting in photolysis, acting as an activator of
manganese (Mn) cluster in PSII (Miqyass et al., 2007; Yocum, 2008). To a certain
extent, Ca deficiency may be a problem on acid soils, repercuting in the whole plant
or in a particular organ of plants, showing symptoms such as growth reduction,
browning, and tissues necrosis (Seling et al., 2000; Hepler, 2005).
Interaction between Ca2+ and Al3+ is probably the most important factor
affecting Ca uptake and transport in plants grown in acid soils (Ryan et al., 1994;
Pintro et al., 1998; Schaberg et al., 2006), due to competitive inhibition between
these two cations for active exchangeable sites of soil and plant roots (Ryan and
Kochian, 1993; Kinraide, 1998). A large proportion of total Ca resides in the cell wall
(apoplast) bound to pectins, conferring both rigidity and elasticity to it (Seling et al.,
2000). However, according to displacement hypothesis, Al3+ remove Ca from critical
sites of apoplast, inhibiting Ca transport to symplasm, and disrupting Ca homeostasis
in cell cytoplasm (Ryan et al., 1993; Kinraide et al., 1994; Ryan et al., 1997). In this
way, it has been reported that degree of Al-stress in acid soils is strongly correlated
with Ca/Al rather than the Al concentration in soil or nutrient solution, being
suggested as an indicator of Al-toxicity (Cronan and Grigal, 1995; Brunner et al.,
2002). Thereby, to overcome effects of Al3+, Ca addition has been widely studied on
many crops grown in acid soils as Andisols, demonstrating its effectiveness to
ameliorate Al3+ (Mora et al., 1999; Toma et al, 2005; Takahashi et al., 2006).
An agronomical practice carried out on acid soils, for ameliorating Al3+stress,
and improve Ca, and other nutrients in plants, is the addition of calcareous
amendment such as CaSO4 (Ritchey and Snuffer, 2002; Toma et al, 2005; Takahashi
et al., 2006). Calcium sulfate can reduce Al3+ without altering soil pH necessary for
development of some crops. Chemical and physical properties of Andisols, have
enabled blueberry development, which is well adapted to soil pH ranges from 4.5 to
5.2 and high organic matter (OM) content >5% (Sanderson et al., 1995; Trehane,
2004). However, it has been reported that excessive exchangeable Al3+ concentration
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in these soils would cause toxicity in blueberries, decreasing root and shoot growth,
nutrient uptake, and photosynthesis processes, mainly in Al-sensitive cultivars (Blatt
and McRae, 1997; Reyes-Díaz et al., 2009, 2010, 2011).
With over 10,000 hectares (ha) and 55,000 tons (t) production, highbush
blueberry (Vaccinium corymbosum L.) has become an economically important fruit
crop in Chile (Espinoza et al., 2009; ODEPA, 2011), because it is a rich source of
antioxidant compounds such as phenols, anthocyanins and flavonoids, with
nutritional properties for human health (Prior et al., 1998; Dragović-Uzelac et al.,
2010, Ribera et al., 2010).
For some woody species grown in nutrient or soil solution was possible to
establish the better molar relation among Ca/Al ratios (Álvarez et al., 2005; St Clair
et al., 2005). Therefore, it would be also possible to consider the effects of this ratio
in a woody fruit species as blueberry grown in an Andisol amended with calcium
sulfate. Thus, the aim of this research work was to study Ca/Al molar ratio ranges that
allow a better nutrient balance and Al detoxification reflected by photosynthetic and
antioxidant performances in calcium sulfate amended blueberry cultivars grown in an
Andisol of Southern Chile.
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1.2 HYPOTHESIS
The improvement of Ca/Al ratio in highbush blueberry grown in an Andisol
amended by calcium sulfate will increase the efficiency of physiological and
biochemical features associated with oxidative stress.

1.3 GENERAL OBJECTIVE

To study the effects of Ca/Al ratio on physiological and biochemical processes
in highbush blueberry cultivars grown in a calcium sulfate amended Andisol.

1.4 SPECIFIC OBJECTIVES

1) To evaluate the effect of Ca/Al ratio on oxidative stress levels in leaves and roots
of highbush blueberry under Al-toxicity.

2) To compare enzymatic and non-enzymatic antioxidant capacity of highbush
blueberry under Al-toxicity at increased Ca/Al ratio.

3) To determine physiological performances in two highbush blueberry cultivars
subjected to Al-toxicity and at increasing Ca/Al ratio.
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ABSTRACT
High aluminum (Al) concentrations as Al3+ represent an important growth and
yield limiting factor for crops in acid soils (pH ≤ 5.5). The most recognized effect of
Al-toxicity in plants is observed in roots. However, damages in the upper parts
(including stem, leaves and fruits) may also be present. In addition, Al-toxicity
triggers an increase in reactive oxygen species (ROS), causing oxidative stress that
can damage the roots and chloroplasts, decreasing normal functioning of
photosynthetic parameters. Al-toxicity may also increase or inhibit antioxidant
activities, which are responsible to scavenge ROS. As result of the negative effects of
toxic Al, root metabolic processes, such as water and nutrient absorption, are
disturbed with a concomitant decrease in calcium (Ca) uptake. Calcium plays a
fundamental role in the amelioration of pH and Al-toxicity through Al-Ca interactions
improving physiological and biochemical processes in plants. Calcium is a useful
amendment for correcting these negative effects on crops growing in acid soils. This
is an agronomic practice with alternatives, such as limestone or gypsum. There is
little information about the interaction between amendments and Al-toxicity in
physiological and biochemical processes in crops. Thus, the main objective of this
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review is to understand the interactions between Al3+ and Ca amendments and their
effects on the physiology and biochemical responses in crops growing in acid soils.

Keywords: Acid soils, aluminum, amendments, calcium, gypsum.

2.1 INTRODUCTION

Andisols are acid soils developed from volcanic ashes materials (Nanzyo et
al., 1993; Iamarino and Terribile, 2008), comprising a pH ≤ 5.5 range (Samac and
Tesfaye, 2003), a high organic matter (OM) content (Mora et al., 2002; Takasu et al.,
2006a), low phosphorus (P) availability, as well as low Ca and magnesium (Mg)
contents (Kleber and Jahn, 2007; Mora et al., 2007), and high levels of extractable Al
and manganese (Mn) (Toma and Saigusa, 1997).Under acidity conditions, Al-toxicity
is the main stress factor for cropped plants (Poschenrieder et al., 2008; Ryan and
Delhaize, 2010), which could limit their production by alterations in physiological
and biochemical processes (Jones and Kochian, 1997; Mora et al., 1999). The
decrease in root growth is the most initial and evident symptoms of Al-toxicity,
which inducing a reduced capacity for water and nutrient uptake (Rengel and Zhang,
2003), although functions in upper organs also may be affected (Reich et al., 1994;
Peixoto et al., 2002). Toxic Al triggers an overproduction of oxygen reactive species
(ROS) (Blokhina et al., 2003; Ma, 2005), which alters the functionality of
biomembranes, favoring oxidative damage in plants (Bóscolo et al., 2003; Guo et al.,
2006). The scavenging of ROS in plants can be regulated by enzymatic and nonenzymatic antioxidant systems (Shao et al., 2008).
To overcome the limitations of Al-toxicity, Ca amendments are common
agronomic practices used to reduce Al-toxicity, to restore Ca and Mg availability for
plants, and adjust soil acidity (Toma and Saigusa 1997; Mora et al. 2002), by
different economically viable options, such as limes, gypsum, and phosphogypsum
(PG) (Campbell et al., 2006; Takahashi et al., 2006a,b). There are several studies
reporting the Ca ameliorative effect on Al-toxicity in crops growing in acid soils, as
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soybean (Glycine max) (Caires et al., 2006; Bachiega et al., 2007), wheat (Triticum
aestivum) (Caires et al., 2002), coffee (Coffea arabica) (Hue, 2005), tomato
(Lycopersicon esculentum) (Tuna et al., 2007), among others. Although the effects of
different Ca amendments on physical and chemical properties of acid soils are well
documented, limited information is available about the effectiveness of calcareous
amendments on plant physiological and biochemical processes, such as water and
nutrient uptake, photosynthesis, and antioxidant systems. Therefore, the aim of this
review is to summarize the effects of Al-toxicity in plants, the interactions between
toxic Al and different Ca amendments and their effects on the physiological and
biochemical responses in cultivated plants growing in acid soils.

2.2 GENERAL CHARACTERISTICS OF ANDISOLS

2.2.1 Andisols and their properties
Andisols are typical soils developed from volcanic materials (Takahashi et al.,
2007), covering from 110 to 124 million hectares (ha) at worldwide (Sparks, 2004).
These soils generally possess excellent physical properties such as low bulk density
(<0.90 Mg m-3), high permeability, and high water-holding capacity. In addition, are
unique in terms of their aggregate structure, with well-defined and stable intra- and
inter-aggregate spaces (Takahashi et al., 2007; Iamarino and Terribile, 2008).
Chemically, Andisols are characterized by high phosphate sorption capacity, acidity,
Al and Mn toxicity (mainly non-allophanic Andisols), and are rich in cations such as
Ca, Mg, potassium (K) and sodium (Na) (Nanzyo et al., 1993; Kameyama and
Miyamoto, 2008).

2.2.2 Aluminum forms in acid soils
According to Kochian et al. (2005), Al is the third most abundant element in
the earth’s crust, comprising about 7% of the total mass of the earth (Delhaize and
Ryan, 1995; Zhang et al., 2007). Yakimova et al. (2007) considered that Al is one of
the most abundant toxic elements with ability to pollute soil, water and trophic
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chains. Nonetheless, the specific biological functions of Al for animals and plants are
still unknown, and so it is not regarded as an essential nutrient (Poschenrieder et al.,
2008). Fortunately, in agronomic terms, most of the Al is bound to insoluble forms
such as aluminosilicates and/or precipitated as Al-hydroxide-sulfate, being
solubilized from silicates and oxides (not toxic forms) to Al3+, which is phytotoxic
only under conditions of low pH (Delhaize and Ryan, 1995; Takahashi et al.,
2006a,b; Wang et al., 2006).
In acid soils, Al has been reported in several forms, as monomer, polymer, and
solid phase, which their concentration will depend on of the degree and duration of Al
compounds hydrolysis (Alva et al., 1991; Delhaize and Ryan, 1995) (Figure 2.1).
Under high acidity (pH ≤ 5.0) the trivalent Al species [Al(H2O)6]3+ dominate and are
generally referred to Al3+. With increase of pH, Al(OH)2+ and Al(OH)2+ begin to
appear (Lidon and Barreiro, 2002; Abreu et al.,2003), Langer et al. (2009) showed
that these forms were toxic for soybean [Glycine max (L.) Merrill]. These two
monomeric species are not generally considered toxic for many plants species. Under
conditions of soil neutrality, the Al(OH)3 or gibsite maintains a high presence, while
aluminates Al(OH)4- are predominant in alkaline soil (Kochian, 1995; MossorPietraszewska, 2001). These authors also noted that another polymeric complex of Al
[AlO4 Al12 (OH)24 (H2O)127+ or (Al13)] together with Al3+ are the most toxic forms for
plants under acidity conditions.
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Al(OH)3
Kochian, 1995
Abreu et al., 2003

Al(OH)2+ / Al(OH)2+
Jones and Kochian, 1997
Abreu et al., 2003

AlO4 Al12 (OH)24 (H2O)12 7+ = Al13

Al(OH)4Mossor-Pietraszewska, 2001
Abreu et al., 2003

Kochian, 1995
Lidon and Barreiro, 2002

[Al (H2O)6]3+= Al3+

Al(OH)52Marion et al., 1976

Delhaize and Ryan, 1995
Kochian et al., 2004

4.0

7.0
Soil pH

10.0

Figure 2.1. Monomeric and polymeric forms of Al and pH of soil according to
various authors. When pH is lower than 5.5, soluble forms available for plants are
predominant. Al3+ and [AlO4 Al12 (OH)24 (H2O)127+] (Al13), Al species are the most
toxic to plants.

Rout et al. (2001) found a significant correlation between low pH and high
concentrations of phytotoxic Al, which is related to the reduction of exchangeable
bases in the soil solution (Mora et al., 2006). Soil acidification is associated with
inappropriate agricultural practices (Rengel, 1996), heavy winter rainfalls that causes
the loss of bases (Na+, K+, Ca2+, Mg2+) due to leaching (Mora et al., 2006), use of
ammoniacal fertilizer (urea) and nutrient uptake by plants (Mora et al., 2006). Hede
et al. (2001) reported that the mineralization of OM may also contribute to Altoxicity, resulting in a hydrogen ions (H+) release to soil environment reducing its pH,
which determine an increase of Al3+ release.

2.2.3 Detrimental effects of aluminum on plants
Stressful conditions of Al-toxicity on plants, and hence a constraint on their
agricultural production, occurs in approximately 40% of arable soil of planet
(Mossor-Pietraszewska, 2001; Ma et al., 2002; Ryan and Delhaize, 2010), where are
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several studies demonstrating that metabolic and morphological damages caused by
toxic Al in plants are expressed by a dramatic decrease in productivity (Hoshino et
al., 2000). Wang et al. (2006) rewieved that there was more than USD 600 million in
estimated Al-toxicity-related losses in the agricultural sector in Australia during first
years of the 21st century (with large areas of acid soils with a high content of toxic
Al). Mora et al. (2006) reported a poor quality and forage production in a pasture of
perennial ryegrass (Lolium perenne L.) and white clover (Trifolium repens L.), due to
high Al3+ concentrations in tissues, impacting in higher risk of agricultural losses,
including weight gain in livestock.
The first and most recognized effect of Al-toxicity in plants is the inhibition of
division and elongation of meristematic cells and, thereby the reduction in root
growth (Panda et al., 2003; Mora et al., 2006). In susceptible species to Al presence,
symptoms of root damage have been linked to Al binding with carboxylic groups of
pectins, interruption in the synthesis of cellulose and/or accumulation of callose (1,3β-glucan) (Lidon and Barreiro, 2002), by interference with the enzymes involved in
biosynthesis of cell wall polysaccharides which results in elevated rigidity of the cell
wall (Wang et al., 2006). These roots becoming thinner and darker, resulting in lower
efficiency for water and nutrient absorption; being more pronounced in seedlings than
in adult plants (Foy et al., 1978). It has been reported that Al inhibits the absorption
of nutrients as Ca and Mg, and available P (Wang et al., 2006; Poschenrieder et al.,
2008). Despite the number of reports on various effects of Al-toxicity in roots, there
is a lack of detailed information about its effects on the structural integrity and
functional performance of photosynthetic apparatus (Lidon and Barreiro, 2002;
Poschenrieder et al., 2008) and the fact that Al may inhibit photosynthesis efficiency
in some species (Reyes-Díaz et al., 2009). In relation to photosynthetic efficiency
(PE) of a unicellular green alga Euglena gracilis (strain Z, Department of Plant
Physiology, University of Lund, Sweden), this process was reduced after short-term
exposure (1h) at 15.0 mg Al (AlCl3) L-1, although in long-term (7 days) experiments,
PE was partially recovered (Danilov and Ekelund, 2002). Moreover, Al-toxicity also
affected the transpiration rate by reducing stomatal aperture (Kumar Roy et al., 1988;
Wang et al., 2006).
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Many plants have no more than 0.2 mg Al g-1 dry weight (DW) in their leaves,
because the translocation of Al to the upper parts of plant is very slow, but plants
species such as tea [(Camellia sinensis (L.) O. Kuntze] may contain up to 30 mg Al g1

DW in old leaves, identified as one of the 400 accumulator species of this toxic

metal (Mossor-Pietraszewska, 2001; Han et al., 2007; Poschenrieder et al., 2008).
Among others, rye (Secale cereal L.), cranberries (Vaccinium spp.), and some
members of the Proteaceae family have also been described as effective accumulators
of toxic metals (Bakker et al., 2000). In nutrient solution experiments, Al
concentrations at micromolar range (25 - 1,600), have been sufficient to induce
morphological and physiological damages in some crops (Rengel, 1996). According
to Pan et al. (2001), Al could induce a programmed cell death in barley (Hordeum
vulgare L.) roots after eight hours of exposure to Al treatment (0.1-50 µM) due to the
presence of ROS.

2.3 CALCIUM AND ALUMINUM IN PLANTS AND THEIR INTERACTIONS

2.3.1 General role of calcium in plants
From ancient times, Ca plays a key role as essential nutrient in plants (White and
Broadley, 2003), being related as a regulator of growth plant and development of root
and stem (White and Brodley, 2003; Hepler, 2005), and a lot of metabolic
functions/pathways (Plieth, 2005). As divalent cation, Ca2+ plays a structural
component of cell walls and plasma membranes, forms ionic and covalent bonds with
carboxylates of pectins in the polysaccharide matrix of cell wall, which is relevant for
growth and texture of plants, fruits and mature vegetables (Poovaiah et al., 1988;
Gilroy et al., 1993). Hepler (2005) reported about the antagonistic interaction
between Ca and indol acetic acid (IAA), where this acid is a chelator of Ca and Mg,
allowing cell division and cell elongation. However, several reports provide evidence
on the inhibition of cell elongation by Ca does not prevent to IAA from stimulating
cell wall synthesis. In plasma membrane, Ca interacts with phospholipids bilayer,
providing stability and structural integrity, thus controlling its permeability by
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interactions between phospholipids and membrane proteins (Poovaiah et al., 1988;
Hepler, 2005).
On the other hand, Ca participate in extra- and intracellular signaling (Yocum,
2008), by regulation of enzymatic activities (Cheng et al., 2002), in both chloroplast
and mitochondria, and produces electrochemical potential (Ryan et al., 1997). Is
involved as a secondary messenger in various signal transduction pathways in
eukaryotic cells (Sanders et al., 2002; Silva et al., 2005), and is modulated at
intracellular level in response to many signals such as hormones, light, mechanical
disruption, abiotic and biotic stress (Cheng et al., 2002; Sanders et al., 2002). Also,
Ca is involved in photosynthesis process, as activator of Mn redox chemistry, that
culminates in the release of O2 from photosystem II (PSII) during water splitting
(Homann, 2002; Yocum, 2008), a process that could be inhibited by substitution of
other cations such as K+ (Ono et al. 2001). However, Ca deficiency in sugar beet
(Beta vulgaris L. cv. F58-554H1) had no effect on leaf carbon dioxide (CO2) uptake,
photoreduction of ferricyanide, or ATP formation via cyclic and non-cyclic electron
transport in chloroplast (Terry and Huston 1975). Whereas Homann (2002) and
Yocum (2008) reported that PSII contains a set of intrinsic proteins such as Psb A, B,
C, D, E, and F, that could be restored by Ca action.

2.3.2 Physiological interactions of Ca and Al in plants
It is accepted that first plant responses to Al3+ damage appear in roots,
resulting in a decreased nutrient uptake (Wang et al., 2006). Although, effects of Al3+
in roots have been intensively studied, on leaf structure and functions of
photosynthetic machinery are little understood. In this way, some reports have
indicated that Al-induced leaf necrosis (Kumar Roy et al., 1988; Zhang et al., 2007),
leaf yellowing (Foy, 1984), stunted leaves (Wang et al., 2006), and late leaf maturity
(Rout et al., 2001). So, these changes were accompanied by a reduction in
chlorophyll contents (Wang et al., 2006), photosynthesis rate (Reich et al., 1994), and
abnormal chloroplast structure (Akaya and Takenaka, 2001; Peixoto et al., 2002). The
Ca/Al molar relation is strongly associated with growth and development in a wide
variety of plants (Cronan and Grigal, 1995; Schaberg et al., 2006). This interaction
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has been related to the toxicity that Al exerts on plants, which is principally mediated
by Ca2+ deficiency (Álvarez et al., 2005). A low Ca/Al molar ratio resulted in a
reduced photosynthetic capacity and increased respiration in Scots pine (Pinus
sylvestris L.) grown in polluted acid soils of east Europe (Reich et al., 1994). By
contrast, Ca addition alleviates the toxic effects caused by Al3+ (Rout et al., 2001;
Rengel and Zhang, 2003). This interaction is the factor that must affect Ca uptake and
translocation in plants growing in acid soils (Mossor-Pietraszewska, 2001). It has also
been shown that Al excess competes or inhibits Ca and/or Mg absorption capacity,
which affects normal plants development (Watanabe and Osaki, 2002; Silva et al.,
2005). According to Delhaize and Ryan (1995) and Kochian (1995), three
mechanisms are proposed to explain Al-Ca interactions, as follows:
2.3.2.1 Inhibition of Ca2+ transport via symplasm by Al3+
The surface charge of plasma membranes and trans-membrane potential can
be modulated by Ca2+-channel activity, regulating ion transport and other processes
(Rengel and Zhang, 2003). Is known that Al3+ affect cell membranes structure and
their permeability by blocking the Ca2+-channels, inhibiting influx of divalent and
monovalent cations into cells, but it stimulates the anion cell influxes (Ryan and
Kochian, 1993; Plieth, 2005). Binding of Al3+ to plasma membrane phospholipids
and transport proteins, reduces the net negative membrane surface charge, permitting
the movement of anions and restricting that of cations (Huang et al., 1992) (Figure
2.2A). Therefore, alleviation of Al3+ toxicity through Ca2+ addition causes a reduction
in the negative potential of plasma membrane, leading to a drop in the electrostatic
attraction of the toxic Al3+ (Kinraide, 1998). Rengel (1992a), reviewed the
mechanism of Al inhibition of net
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Ca2+ uptake in Amaranthys tricolor, and

concluded that Al ions affected net uptake by blocking of Ca2+-channel (i.e. by
binding to the verapamil-specific channel-receptor site), as well as by interfering with
the action of the GTP proteins involved in the regulation of transmembrane Ca2+
fluxes. However, they not reported effects of Al on the plasma membrane Ca2+ATPase. Rengel (1992b) suggested that Al may disturb the symplasmic Ca2+
homeostasis by altering the Ca2+ flux pattern across plasma membrane, triggering an
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excessive increase in cytosolic Ca2+. Huang et al. (1992) evaluated Ca2+ transport
mechanism in two wheat cultivars with contrasting tolerance to Al3+, grown in
nutrient solution (pH 4.5). In the sensitive cultivar, Al3+ induced an inhibition of Ca2+
uptake by blocking of Ca2+-channels in root plasmalemma, indicating that Al effects
did not involve Al-Ca interactions in the cell wall (Figure 2.2A). Lindberg and Strid
(1997) reported, in two cultivars of wheat (Al-tolerant and Al-senitive), subjected to a
concentration of 50 µM of Al (as AlCl3), when Al was added caused reduction of
cytosolic pH and free [K+] and [Ca2+] of root cell, and afterwards plants were
removed from the Al treatment, where cytosolic pH was recovery only in Al-tolerant
cultivar, caused by a hyperpolarization and depolarizations of transmembrane
electrical potential of root cells.
2.3.2.2 Disruption of Ca2+ homeostasis in cytoplasm by Al3+
Cytosolic Ca [Ca2+]cyt in eukaryotes plant cells is approximately 100-200 nM,
whereas in apoplastic fluid and some cellular organelles, [Ca2+] cyt is 104 to 105 times
higher (Hepler, 2005; Lecourieux, et al., 2006). Calcium intake to cells through
permeable ion channels, in the plasma membrane (White and Broadley, 2003), is
gated by voltage changes, stretch and ligands such as IP3, cADP-R, glutamate, G
proteins, among others (Rengel and Zhang, 2003). The [Ca2+]cyt plays an important
role as a regulator of cell expansion and division, and it is known that its changes
under controlled homeostasis permit cell viability (Bush, 1995; Jones et al., 1998). At
very low external pH, the related control mechanisms cannot avoid a decrease in
cytosolic pH; then the plant activates responses as an increase in Ca2+ free
concentrations in cytosol (Plieth, 2005). Under acid conditions, exposure to Al3+
generates a disturbance of pH homeostasis and [Ca2+]cyt (Ma et al., 2002), which
affects metabolic processes, such as cell division and elongation (Zhang and Rengel,
1999) (Figure 2.2B). Ma et al. (2002) correlated increases in cytosolic Ca2+ (46%) of
rye root tip cells under two Al concentrations (50 and 100 µM), with a slight increase
in Ca2+ at 50 µM and 100 µM. Aluminum 100 µM triggered an inhibition of root
growth after two hours of exposure. These disruptions are generally believed to be a
primary trigger of Al-toxicity, because an increase in [Ca2+]cyt activate synthesis of
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callose (1,3-β-glucan) in plant cells, which is accompanied by strong reduction of
root elongation (Ma et al., 2002). Other authors have indicated that this homeostasis
disruption leads to an inhibition of Ca2+-dependent signal transduction, affecting cell
division and cell elongation (Rengel, 1992a; Kochian, 1995; Jones et al., 1998).
2.3.2.3 Ca2+ displacement by Al3+ from apoplast
The importance of Ca in cell wall structure is due to its role in the interaction
2+

of Ca -pectate, as a regulator of growth and antagonism with IAA (Hepler, 2005).
Cell wall components and intercellular spaces are critical sites in the apoplast, as this
is the first contact site between roots and potentially toxic Al species in a soil solution
(Ryan et al., 1997; Rengel and Zhang, 2003). In plants growing in acid soils, Al3+
reacts with these cell wall components in roots, particularly with Ca2+-pectate
(Blamey et al., 1997), where Al binds to carboxyl groups (Rengel, 1996;
Poschenrieder et al., 2008). Ma et al. (2007) mentioned that about 85-99% of total Al,
corresponds to apoplastic content, and Ca2+ is displaced from negative binding sites
by Al3+ in the apoplasm (Kinraide, 1998), because Al3+ binds more strongly than Ca2+
to pectin, a major constituent of cell walls (Rengel and Zhang, 2003) (Figure 2.2C).
The displacement of pectin-bound Ca2+ would inevitably alter physical properties of
cell wall such as extensibility, rigidity, and permeability (Horst, 1995).
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Figure 2.2. Three mechanisms proposed of Ca-Al interactions at cellular level. (A)
Inhibition of Ca2+ transport via symplasm by Al3+, (B) Disruption of Ca2+
homeostasis in cytoplasm by Al3+ and (C) Ca2+ displacement by Al3+ from apoplasm.
(ER) Endoplasmatic reticulum, (PM) plasma membrane, (TP) transports protein.

2.3.3 Biochemical Ca and Al interaction in plants
Under normal conditions, physiological processes in higher plants produce
relatively small amounts of ROS through successive reduction of O2 to H2O, which
are a constant threat produced by photosynthetic organisms (Scandalios, 2002; Mittler
et al., 2004; Khan et al., 2007). The term ROS includes free radicals as superoxide
anion (*O2-) and hydroxil (*OH), and oxidant molecules such as H2O2, singlet
oxygen (1O2) and ozone (O3) (Guo et al., 2004; Khan et al., 2007). The main sources
of ROS in plants are organelles with a highly oxidizing metabolic activity or with an
intense rate of electron flow, such as chloroplasts, mitochondria, and peroxisomes
(Yamamoto et al., 2002; Mittler et al., 2004). Several biotic or abiotic environmental
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stresses induce an increase in ROS production in plants (Foyer and Noctor, 2005),
which can cause oxidative damage in different biomolecules, such as lipids, proteins,
and nucleic acids (Yamamoto et al., 2003; Guo et al., 2004; 2006).
Heavy metals are an important abiotic factor of environmental stress, that
increases ROS production and oxidative stress in plants (Tamás et al., 2005). In acid
soils (such as Andisols), high Al3+ concentration can triggers an enhancement of ROS
in plant cells, accompanied by a strong correlation with oxidative stress (Ma, 2005;
Ma et al., 2007). Although, Al itself is not a transition metal and cannot catalyze
redox reactions, it is probably has a pro-oxidant function through *O2- formation
(Yamamoto et al., 2003; Tamás et al., 2005). Aluminum binding to phospholipids
induces a rigidity of membranes, facilitates a free radical chain reaction, mediated by
Fe (Yamamoto et al., 2002). Therefore, prolonged exposure to Al may be
accompanied by enhanced peroxidation of phospholipids and membrane proteins,
which could to leading to cell death (Pan et al., 2001; Panda et al., 2003;
Šimonovičová et al., 2004). Meriga et al. (2004) reported that the primary target of
Al-induced increases of ROS in plasma membranes, causing increased peroxidation
of phospholipids and proteins. Bóscolo et al. (2003), reported to this trivalent ion can
induce death in root tip cells in Al-sensitive maize (Zea mays L.) cultivars, by
increasing the amount of ROS and protein oxidation. Also, they reported
controversial results about activities of antioxidant enzymes involved in ROS
scavenging.
A number of studies have reported that in parallel to increased ROS levels, Al
stress also would induces an enhancement in the antioxidant activity to overcome the
deteriorating effects of these toxic species, and improve plant tolerance to Al stress
(Guo et al., 2006; Khan et al., 2007). Okamoto et al. (2001) reported that tolerance of
photosynthetic organisms is mainly related to defense systems rather than prevention
of oxidative damage. The ROS scavenging and elimination in plants is regulated by
non-enzymatic

and

enzymatic

antioxidant

systems,

which

are

highly

compartmentalized (Shao et al., 2008). The antioxidant set includes enzymes such as
superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX; EC
1.11.1.11), peoxidase (POD; EC. 1.11.1.7), and glutathionereductase (GR), among
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others (Ma et al., 2007). In roots of intact plants and cultured cells of Camelia
sinensis subjected to Al treatments, Ghanati et al. (2005) enhanced activities of SOD,
CAT, and APX. However, Guo et al. (2004) showed greater antioxidative ability in
barley root cells subjected to 100 µM Al, when Ca (3 mM) was added to nutrient
solution. On the other hand, several non-enzymatic molecular compounds have been
reported to play effective antioxidant role such as: ascorbate and glutathione in
hydrophilic conditions (Shao et al., 2008), α-tocopherol (Foyer and Noctor, 2005),
vitamins C and E (Huang et al., 2005), β-carotene (Stahl and Sies, 2003), (poly)
phenols (Prior et al., 2005), salicylic acids (SA), and flavonoids as flavones,
isoflavones, flavonones, anthocyanins, and catechins (Mittler et al., 2004; Prior et
al.,2005).
In plant tolerance to different stresses, Ca2+ may also be involved by
regulating of antioxidant metabolism (Jiang and Huang, 2001). Generally, Ca2+ is
considered to act as a secondary messenger in the oxidative stress response plants.
Both, Ca2+ and Ca2+-binding proteins such as calmodulin, are involved in signaling
events associated with ROS sensing through the activation of G proteins and the
activation of phospholipids signaling, which results in the accumulation of
phosphatidic acid (Foyer and Noctor, 2005). The localization of ROS signals, in
specific cell sites, may be similar to that of Ca2+ signals in response to many stimuli
(Mittler et al., 2004). A cross-talk between Ca2+ and ROS originating from cell
membrane-bound-NADPH oxidase is also involved in abscisic acid ABA-dependent
signal transduction, inducing an effective antioxidant defense and enhancement of
antioxidant enzyme as SOD, CAT, APX and GR activities (Jiang and Huang, 2001).
As mentioned above, the amelioration of Al-toxicity has been related to the
use of cations such as Ca and Mg (Guo et al., 2004), but the information related to
Ca-Al interaction and their effect on antioxidant activity in plants is scarce. In this
context, Guo et al. (2006) found a stimulated antioxidant enzymatic activity of SOD,
POD, and CAT, by Ca addition on barley plants exposed to Al (100 µM).
Furthermore, short-term Al-toxicity (5 mM) was mitigated by Ca and Mg addition, by
enhancement of antioxidant enzyme activities in Japanese cedar needles
(Cryptomeria japonica D. Don) growth in acidified nutrient solution (Takami et al.
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2005). Also, they suggested that Ca/Al ratio was correlated with an increased SOD
and CAT activity either with short-term or long-term treatments. Indeed, Mora et al.
(2008) reported enhanced antioxidant enzymes (POD and APX) application of lime
(Calcitic) and P, improving the nutrition, thus, increasing the dry matter and yield of
white clover (Trifolium repens L.) growing in Andisols. External Ca addition on two
grass species, tall fescue (Festuca arundinacea L.) and Kentucky bluegrass (Poa
pratensis L.) growing in nutrient solution, increased CAT, APX, and GR activities,
reduced lipid peroxidation (LP), raised relative water content (RWC), and improved
chlorophyll (Chl) content in leaves (Jiang and Huang, 2001). Also, in maize seedlings
Ca2+ treatment (CaCl2) allowed to keep relatively higher SOD, CAT, and APX
activities, and lower LP levels compared to the non-treated seedlings (Gong et al.,
1997). In contrast, other authors report reduction in antioxidant enzyme activity due
to Ca addition. For hooky cypress (Chamaecyparis obtusa), Ogawa et al. (2000)
showed that high Ca concentration (5, 12.5, and 25 mM) suppressed antioxidant
activity of SOD and CAT, in comparison to Al treatment (5 mM) without Ca
treatment. In addition, these authors reported that in parallel to decrease in Ca/Al,
there was an increase in activity of these enzymes.
2.3.4 Alleviation of Al-toxicity by Ca2+
There are many reports about the ameliorative effects of Ca on Al-toxicity in
different crops growing in acid soils. Several studies have shown that soil pH
increases after application of Ca amendments due to the displacement of Al3+ and H+
by Ca2+ from the exchange sorption sites in soil solution (Alva and Sumner, 1988;
Mora et al. 1999; Mora et al., 2002). It has been shown, that Ca has a beneficial
effect on root hair growth and elongation in soybean plants affected by Al3+ toxicity
(Sanzonowicz et al., 1998). It has also been recognized that Ca/Al molar ratio is a
good indicator of Al stress in nutrient solutions (Akaya and Takenaka, 2001; Ritchey
and Snuffer, 2002), and may be used to predict acidity effect on plant growth and
development. Indeed, it has been demonstrated that there was a 50% risk on Japanese
cedar trees growth´s when Ca/Al ratio in soil solution was below 1.0 (Takami et al.,
2005). Furthermore, this indicator may not be quite useful for Andisols due to its high
OM content, which could be complex Al ions (Takahashi et al., 2006b). Moreover, a
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higher concentration of Al in soil solution resulted in reduced foliar concentrations of
Ca, Mg, Mn, and Zn, net photosynthesis and cellular respiration, and decreased
shoots biomass in red spruce (Picea rubens Sarg.) (Schaberg et al., 2000). Also
Watanabe and Osaki (2002) reported negative relationships between Al accumulation
and other essential minerals in leaves. In addition, Ca played an important role on
growth, yield, and fruit quality in different crops such as melon (Cucumis melo L.)
(Takasu et al., 2006a), highbush blueberry (Vaccinium corymbosum L.) (Blatt and
McRae, 1997), and yields in wheat (Caires et al., 2002), in a mixed grassland with
timothy (Phleum pratense L.) and red clover (Trifolium pretense L.) (Zheljazkov et
al., 2006), Brussels sprouts (Brassica oleracea var. gemmifera) (Carter and Cutcliffe,
1990), and perennial ryegrass (Lolium perenne L.) (Mora et al., 1999; 2002).
Kinraide (1998) reported the Ca ability to alleviate Al3+ toxicity at short-term by three
proposed mechanisms: 1) Displacement of Al3+ by electrostatic effects on the cell
surface, most probably by blocking plasma membrane channels to the toxic cation
(Kinraide, 1998); 2) Restoration of Ca2+ on cell membrane surface with Ca addition,
reducing negativity of surface for Al binding (Kinraide et al., 2004); and 3)
Interactions between Ca2+ and Al3+ (Silva et al., 2005). Kinraide (1998) highlighted
that in order to inhibit effect of Al3+ (1 µmol L-1) a Ca2+ concentration approaching 1
mmol L-1 is necessary.

2.3.5 Use of Ca as amendment in acid soils
Several studies report the beneficial Ca effects in different crops growing in
acid soils (Mora et al., 2002). Currently, Ca application is carried out through
different practical alternatives (Campbell et al., 2006; Takasu et al., 2006a,b)
including common liming oxides (CaO), hydroxides [Ca(OH)2], silicates of Ca or CaMg, carbonates as calcites (CaCO3), dolomites [Ca Mg(CO3)2], and sulfate salts
(Tisdale et al., 1985), as mined gypsum and gypsum by-product such as PG,
titanogypsum or red gypsum (Garrido et al., 2003; Illera et al., 2004). Liming is a
very common practice, in approximately 22 countries, that are benefitting
substantially from well established liming practices (Scott et al., 2000) for restoring
available Ca for plants (Mora et al., 1999; 2002), correcting acidic soils (Scott et al.,
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2000), amelioration of Al and Mn toxicity (Illera et al., 2004), and avoiding metal
leaching as cadmium (Cd), copper (Cu), and lead (Pb) in polluted soils (Campbell et
al., 2006).
In general, cultivated plant responses to Ca application are positively
correlated with an increased DW yield both in shoot and roots, and quality
improvement in different crops such as soybean (Caires et al., 2006; Bachiega et al.,
2007), blueberries (Blatt and Mc Rae, 1997), wheat (Caires et al., 2002), coffee (Hue,
2005), and tomato (Tuna et al., 2007). However, its use is strongly dependent on the
crop type, locality, deep requirement, soil texture, OM content, as well as pH, time,
and/or frequency of liming, and the nature and cost of the amendment material
(Schuman et al., 1994; Takasu et al., 2006a).

2.4 CALCAREOUS AMENDMENT TYPES

2.4.1 Limes (calcite and dolomite)
The major limestones are CaCO3 and Ca Mg (CO3)2 (von Willert and
Stehouwer, 2003), being CaCO3 associated to various reaction steps with soil water:
releasing Ca2+ which later can be up taken by roots or lost by water drainage (Tisdale
et al., 1985), and HCO3- that increases soil pH (Scott et al., 2000). The main direct
benefits of limestone application is pH increase in soils, particularly those having
levels below 5.0-5.5 (Mora et al., 2006), and reduction of toxic Al and Mn
concentrations (Hue, 2005; Caires et al., 2006). Whereas, indirect benefits could be
related to an increased effective cationic exchange capacity (CEC) (de Castro et al.,
1999), additional supply of Ca2+ as well as Mg2+, if dolomitic limestone are used
(Pavan et al., 1984), and enhanced P availability by inactivation of Fe and Al
complex (Tisdale et al., 1985). Indeed, a reduction on P adsorption in two Chilean
Andisols treated with calcitic and dolomitic limes has been reported by Mora et al.
1999. Also, are improved micronutrient availability with adequate range of liming
(Tisdale et al., 1985), and amelioration of the nitrification and nitrogen (N) fixation
(Campillo et al., 2005). Also, deeper incorporation of lime increases roots
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development, resulting in an increased crop production (Sumner et al. 1986; Carvalho
and van Raij, 1997). Hue (2005) reported that lime amendment was positively
correlated with a good growth in roots of coffee plants grown in two acid soils
(Andisol and Ultisol) during five months. Mora et al. (2002) found a reduction in
weed presence in perennial pastures of ryegrass and white clover growing on
Andisols. Redente and Richards (1997) added lime plus NPK fertilizer to polluted
soils, increasing shoot and root biomass of wheatgrass (Agropyron spicatum), and
reduced trace element availability and their concentrations in plant tissues. In this
context, Garland and Wilkins (1981) found that barley roots subjected to Pb toxicity
increased their biomass and length, when Ca concentration was increased from 12 to
72 mM in nutrient solution. Recently, Han et al. (2007) showed a significant
reduction (20-50%) in Pb concentrations in roots and stems in tea plants growing in
acid soils after second year of lime application. However, in watermelon (Citrullus
lanatus) Locascio and Hochmuth (2002), showed that lime is not necessary for soils
with low toxic elements such as Mn and Al, additional Ca from lime [0 to 4.5 ton per
hectare (t ha-1)], since only a 10% increase was found in the first growing season and
no effects for second growing season were found. On the other hand, application of
dolomite (4 t ha-1) in a European forest of Picea abies increased the development of
fresh fine roots and decreased degraded lignin (Rosenberg et al., 2003). Similar
results were found earlier by Bakker et al. (1999) in a forest of sessile oak (Quercus
petraea Lieb. M.) limed with CaCO3.
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Table 2.1. Effects of PG dose applications on different plant crops in acid soils.
Doses
(t ha-1)
2.0

2.5

Species
Alfalfa
Soybean

Effects
Top and root growth
Increasing Ca content in plant tissues
Decreasing exchangeable Al

Authors
Alva
1990

and

Sumner,

Subterranean Reduced Al3+ concentration in solution Smith et al., 1994
clover
and at exchange sites (0-5 cm)

2.0

Apple tree

Increased root density and decreased
Al3+ (60 cm depth)

Pavan et al., 1984

0.5

Sugar corn

Improvement of Ca, Mg and SO42+
uptake by plants
Decreasing of Al level

Dam-ampai
2007

10.0

Barley
Corn

Negative effects on photoactivity of
chloroplast
Increased chorophylls a, b, and a+b
content

Krutilina et al., 2000

4.0

Melon

Increased dry matter weights
Top and root growth

Takasu et al., 2006a

et

2.4.2 Phosphogypsum
Phosphogypsum by product is available in different regions of the world
(Carvalho and van Raij, 1997). Its annual production is estimated to be 5 Mt in India,
27.2 Mt in United States (Florida) and nearly to 2.4 Mt in Brazil (Korcak, 1988;
Carvalho and van Raij, 1997; Kumar, 2002). Is a primary by-product of phosphoric
acid in the fertilizer industry, its chemical composition of PG varies depending on the
phosphate rock used as source in production process (Korcak, 1988; Kumar, 2002). It
contains mainly Ca2+ and SO42-, as well as small amounts of other elements such as P,
Si and fluoride (F) (Campbell et al., 2006). Also PG contains trace amounts of barium
(Ba), chromium (Cr), Cu, nickel (Ni), zinc (Zn), and some radionuclides not
hazardous for handling (Garrido et al. 2003).
In agriculture, PG has been used as an alternative for Ca2+ and SO42- addition for
correcting both surface and deep acidity and Al-toxicity in acid soils such as
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Andisols, Oxisols and Ultisols (Toma and Saigusa, 1997; Garrido et al., 2003) (Table
2.1), via complex formation with F at pH 4.1-5.3 range (Alva and Sumner, 1988).
Also, it can be used alone or in combination with other synthetic organic polymers for
preventing runoffs and erosion in agricultural soils exposed to heavy rainstorms
(Tang et al, 2006). The recommended amounts of PG for use in agriculture vary from
500 to 1000 kg ha–1 (Mays and Mortvedt, 1986). Alva and Sumner (1990) found that
PG (2 t ha–1) increased Ca content and growth of tops and roots in alfalfa (Medicago
sativa cv. Hunter River) and soybean cv. Lee crops. These changes were attributed to
amelioration of subsoil acidity (60 to 80 cm), ligand exchange among SO42- and OH-,
and a decrease in exchangeable Al. In a subterranean clover (Trifolium subterraneum
L.) pasture growing under acidic soil conditions, PG mixed with CaCO3, and gypsum
at rate 2,500 kg ha-1 reduced concentration of Al3+ in solution and on exchange sites
at 0-5 cm, but no significant changes were observed deeper in the soil (Smith et al.,
1994). A similar experiment with a raised pH, in wheat var. Jabato growing under
greenhouse conditions, was performed by Peregrina-Alonso et al. (2006). Pavan et al.
(1984) showed effects of PG amendment to a depth of 60 cm, obtaining increased
roots density and decreased Al in apple trees (Malus domestica L.) growing in
Brazilian Oxisols. The improvement of Ca, Mg, and SO42- uptake by plants and pH
correction together with a decreased Al level in acid soil in Thailand were performed
on sugar corn (Zea mays L.) crops by Dam-ampai et al. (2007), obtaining an
enhanced DW. In wheat, Mariscal-Sancho et al. (2009) studied the effects of PG (1.4
to 84.2 t ha–1) on biomass production and composition. They also found an increase
in F, Al and Si at lower of PG rates (0 - 16.8 t ha–1), but not at higher rates
(67.3 t ha–1). However, the highest PG rates increased plant Al and F contents,
potentially reaching toxic levels for consumers. Similarly, culture of canola (Brassica
rapa L. cv. Natsurakuten) in pots with an Andisol, were added with PG at 0.30, 0.75,
and 1.50 g kg−1 over 33 days. Shoot and roots growth increased with a maximum
increase of root fresh weight (FW) at dose 0.30 g kg−1. This growth was significantly
correlated with an improvement in Ca uptake (Takasu et al., 2006b). Saigusa and
Toma (1997) explained that Ca applied as PG had an average movement of 55% in
subsoil related to 5% of lime in non-allophanic Andisols.
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On the other hand, literature has reported negative toxic effects of PG on soils
and plants production. Mays and Mortvedt (1986) applied 0, 22, and 112 t ha–1 in
soils sown with corn, wheat, and soybean, to know the effects of PG on crop growth
and uptake of Cd and radium (Ra). Where demonstrated that, corn production
decreased at a high PG rate (112 t ha–1), but wheat and soybeans were not affected.
Nutrient elements, Cd, and Ra in grains and soils were not affected by PG
application. These experiments revealed that PG origin has an influence on PG
radioactive composition. Papastefanou et al. (2006) experimented with PG
amendments and detected an increase in such radionuclides as radium-226 (226Ra)
(derived from a uranium series), from 50 to 479 Becquerel (Bq) kg-1 in evaluated rice
(Oryza sativa L.), and recommended previous PG checking for agricultural purposes.
According to the U.S Environmental Protection Agency, controlled PG use is
permitted if

226

Ra levels are ≤10 pCi g-1 (Korcak, 1988). An interesting response of

photosynthetic apparatus was found by Krutilina et al. (2000), when barley and corn
seedlings were amended with PG (10t ha–1). Negative effects on the photoactivity of
chloroplasts (21.00 and 14.25, respectively) were found, even lower than the control.
These effects may be explained by an imbalance of Ca/Mg or Ca/Fe relations in
plants that inhibited photosynthetic activity, despite an increase of chlorophyll (Chl) a
and b and Chl a+b contents in both species compared with the non-amended control.

2.4.3 Gypsum
Calcium sulfate (CaSO4 x H2O), more commonly known as gypsum, occurs
geologically as an evaporate mineral associated with sedimentary deposits (Korcak,
1988; Mandal and Mandal, 2002). Currently, gypsum application may be an
interesting option as amendment in soils under acidic conditions, because its most
important property (from an agricultural point of view) is its water solubility (2.5 g L1

in water), which is higher than calcite lime (0.5 g L-1 in water) (Korcak, 1988). It

represents also an important source of Ca2+ and sulfur (S) (Bolan et al., 1993) for
plant nutrition, and according to some authors, it can improve mineral content in
vegetal tissues, such as N, P, K, Ca, Mn, S, and Zn (Caires et al., 2006; Tuna et al.,
2007). Gypsum increases subsoil Ca (Caires et al., 2006), decreases subsoil acidity
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(Toma et al., 1999), and reduces exchangeable Al (Ritchey and Snuffer, 2002; Hue,
2005), and reduction in metal toxicities has also been documented (Campbell et al.,
2006). Calcium sulfate also can reduce the uptake of toxic levels of soil pollutants,
such as high selenium (Se) (Mathews and Joost, 1989; Arthur et al., 1993). In respect
to physical properties, the benefits of gypsum include increased infiltration (Sahin et
al., 2003; Chen et al., 2009), increased soil aggregation (Chen et al., 2009), decreased
Na adsorption (Gambaudo, 2004), improved root development (Takahashi et al.,
2006a), and decreased soil compactation (Gambaudo, 2004). Other benefits are an
increase in the hydraulic conductivity of soil after consecutive gypsum applications
(Sahin et al., 2003).
An important gypsum characteristic, is the capacity for reduction of toxic Al
and the increase in the Ca status in subsoil (Toma et al., 2005) (Table 2.2), without or
only slightly altering pH conditions (Takahashi et al., 2006a). If the pH ranges from
4.5 to 8.4, the addition of gypsum will have no effect on the soil pH (Franzen et al.,
2006). It has reported that the reduction of Al exchangeable by gypsum is by
precipitation of Al-hydroxy-sulfate minerals or aluminum sulfate (AlSO4+) formation,
considerably less toxic for plants (Saigusa and Toma, 1997; Garrido et al., 2003). For
Alva et al. (1991), the role of SO4- in reduction of Al-toxicity is very important in
subsoil, where Al is complexed with organic ligands. According to Shamshuddin et
al. (1991), Al complexing organic ligands after gypsum application in acid soils
resulted in an increase of AlSO4+ and a decrease in Al3+ activity, which was
correlated with corn yields. Mora et al. (1999) reported that gypsum application to
ryegrass growing in an Andisol (high OM), resulted in a considerable yield increase
and reduction in Al concentration (~50%), without significant changes in soil pH.
This minimal effect on pH is very important for crops such as blueberry (Vaccinium
spp.), which must be developed in acid conditions (pH 4.0-5.2), but that are sensitive
to Al-toxicity (Lyrene and Muñoz, 1997). According to Takahashi et al. (2006a) in
Andisols the Al release by gypsum will depend of OM content, being more effective
in soil with a lower humic substance content, also Toma et al. (2005) showed that
gypsum application in a non-allophanic Andisol was more effective on a soil horizon
with lower humus content. Brady et al. (1993) studied the effects of three monomeric
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Al species, Al3+, Al(OH)2+, and A1(OH)2+, on root growth in soybean amended with
calcium sulfate (500-2000 µM), being dose 500 µM who inhibited negative effects of
these species on root.
Table 2.2. Effects of gypsum doses (t ha-1) application on different plant crops in acid
soils.
Doses
(t ha-1)

Crop Species

2.0

Ryegrass

Yield increase and 50% reduction
of Al concentration.

Mora et al.,1999

0.5- 4.3

Brussels
sprout

Raised Ca and S tissue
Marketable yields.
Increasing B, Mn, Fe, and Zn
in the leaf tissue.

Carter and Cutcliffe, 1990

4.0

Lowbush
blueberry

Increased foliar content of N, P,
K, S, Mn, and Ca.
Length of stem, live buds,
and quantity of blossoms.

Sanderson and Eaton,
2004

4.0

Lowbush
blueberry

Raised N, K, Ca, Mn, S,
and significantly reduced Mg
and Fe.

Sanderson, 2004

2.5

Highbush
blueberry

Increase in root and leaf Ca
content

Korcak, 1992

Effects

Authors

The effects of gypsum application on different crops in alleviating Al-toxicity
has been well studied in soils, as well as at different pH, depths, and OM contents
(Favaretto et al., 2006), but these effects are relatively less studied in respect to plant
physiology responses. In this context, treatments of gypsum (Ca 0, 25, 75, or 225
µM) on nutrient solution (200 µM Al), increased the mean mineral content in leaves,
especially Ca and Zn (mg kg-1), reduced Al, and increased respiration rates (Schaberg
et al., 2000). According to Caires et al. (2006), surface gypsum applications on
soybean resulted in an improved root growth, nutrient contents, water uptake, and S,
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P and K content in grains. Bakker (1999) also concluded that gypsum increased the
fine root biomass and length of oak growing in acid soils, even four to five years after
application. In brussels sprouts grown in low-calcium soil, gypsum application (0.5 4.3 t ha-1) raised tissue Ca and marketable yields significantly, as well as increased
leaf S, boron (B), Mn, Fe, and Zn content (Carter and Cutcliffe, 1990). On lowbush
blueberry (Vaccinium angustifolium Ait.), the addition of gypsum (4 t ha-1) plus NPK
fertilizer (300 kg ha-1), increased foliar contents of N, P, K, S, Mn, and Ca, stem
length, live buds, and blossom quantity (Sanderson and Eaton, 2004). In 2004,
Sanderson evaluated the responses in lowbush blueberry to gypsum (4 t ha-1) under
field assays. This surface amendment elevated N, K, Ca, Mn, S, and significantly
reduced Mg and Fe in comparison to the control. Korcak (1992) reported that gypsum
increased root and leaf Ca content in highbush blueberry, which did not affect soil pH
significantly. However, Hanson and Berkheimer (2004) reported an increased Ca
level in soil, but that these levels in the leaves and fruits of highbush blueberry were
not affected.
Little is known about the gypsum effects on biochemical responses in plants
affected by the presence of Al-toxicity, there is only information about Ca-Al
interactions on biochemical responses (see above). This calls for further research in
order to examine such phenomena. However, Guo et al. (2006) demonstrated that Ca
(0.5, 1.0, and 3.0 mM) in barley seedlings growing in nutrient solution, reduced Altoxicity efficiently, which is reflected by an increase of root growth, a decrease in Al
concentration, malondyaldehide (MDA) content, and increased SOD, POD, and CAT
activities compared with Al-only treatment (100µM) (Guo et al., 2006).

2.4.4 Comparative effectiveness of calcareous amendments
Soil pH could affect soil microbial activity and populations, soil chemical
reactions, and nutrient availability (Mullen et al., 2007). The progressive acidification
of soils by natural and anthropological factors has negative effects on crops, and
growers must apply various amendments to sustain their crop production (Wang et
al., 2006). In acid soils like Andisols, the amendments depend on conditions like
agronomic management, OM content, fertility levels, local climatic conditions, and
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crop type (Tisdale et al., 1985). There are a number of studies evaluating the qualities
of different amendments in different crops and reporting on the advantages and
disadvantages of these treatments.

2.4.5 Surface applications and subsoil effects
Liming is a practice largely used to neutralize the acidity of the surface soil
layers, but does not seem to be effective in acidity amelioration at a subsoil level
(Carvalho and van Raig, 1997). Moreover, deep limes incorporation requires the
implementation of specific equipment and results in higher costs, which makes it
unfeasible for use by small farmers (Carvalho and van Raig, 1997). Alternatively, the
surface application of gypsum or PG allowing leaching into subsoil has resulted in
higher water and nutrient uptake by plant roots (Alva et al., 1988; Sumner, 1993).
These effects are attributed to an increase in Ca content and a reduction of Al-toxicity
at deeper soil layers (Toma et al., 2005). In addition, both gypsum and PG are more
mobile Ca sources than CaCO3 (von Willert and Stehouwer, 2003). In this context,
Sumner et al. (1986) demonstrated that deep limes incorporation into the soil (100
cm) and surface gypsum application increased root development in alfalfa growing in
acid soils.
In alfalfa, application lime have resulted in a complete Al3+ precipitation,
increased soluble Ca levels, and a 50% increased yields. Surface application of
gypsum resulted in 25% increase of yield with a progressive reduction of soluble Al
and increased Ca content, creating a similar but lesser effect than liming. Pavan et al.
(1984) reported that gypsum was more effective in reduction of Al concentration
within the 100 cm depth profile, while lime effects were observed only in the upper
20 cm. Caires et al. (2006) showed that gypsum ameliorate subsoil pH and Altoxicity, increasing Ca and S level in wheat leaves. A comparative evaluation of lime,
gypsum and PG demonstrated that lime treatment (CaCO3 2,500 kg ha-1) increased
exchangeable Ca and decreased exchangeable Al in the 0-5 cm soil layer, but no
significant changes were observed below 5 cm, which suggested limited lime
leaching. By contrast, gypsum and PG reduced these values to a 25 cm depth profile
(Smith et al. 1994). McCray et al. (2007) incorporated dolomite limestone (4.0 t ha-1)
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and PG (10 t ha-1) into the surface soil layer (15 cm). It was shown that PG moved
downward much more rapidly than lime, increasing soil solution Ca ion activity to a
depth of 80 cm within 5 months of application. Yield responses to PG were attributed
to increased root growth below 20 cm, resulting from the increased Ca ion activity
over a three-year period. CaCO3 addition in two horizons (A and B) of nonallophanic Andisol in Japan reduced Al amounts complexed organically, as well as
exchangeable Al, after 30 days of application (Takahashi et al. 2006b). Gypsum (4.3
g kg-1 and 8.6 g kg−1) has also improved the root growth of burdock (Arctium lappa
cv. Kantan) on horizon B of the Andisol (Takahashi et al., 2006a; Figure 2.3).
The amendment plays a role in root disease responses to manageable soil
chemical factors, such as pH or Ca saturation. Allmaras et al. (1987) evaluated lime
and gypsum treatment on a wheat-peas culture rotation and measured the propagated
density of Fusarium solani ssp. pisi in the 0 to 15 cm soil layer. They found a
decrease in the density of propagation (37%) of this fungus species by effect of lime,
meanwhile between 15 to 45 cm of depth soil gypsum reduced its propagation density
in 22%, therefore concluded that Ca can improve the resistance of the membrane in
pea-root to attack by Fusarium pathogens, or allowing greater microbial antagonism.

Lime

Phosphogypsum

Gypsum

Increase Ca availability for plants (Sumner et al., 1986; Toma et al., 2005)
Reduction Al3+ concentration (Pavan et al., 1984; Takahashi et al., 2006)

0 – 25 cm

0 – 100 cm

0 – 100 cm

(Alva et al., 1988
Caires et al., 2006)

(Shainberg et al., 1989

Carvalho and
van Raij, 1997)

Sumner, 1993)

Increase pH

Slightly increase pH

(Scott et al., 2000)

(Soratto and Crusciol, 2008)

Slightly increase or
without changes in pH
(Takasu et al., 2006)

Figure 2.3. Comparative effectiveness related to amendments at different soil layers.
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2.4.6 Effects on pH and mineral content
Gypsum treatment does not affect soil pH as much as limestone (Figure 2.3),
but results in increased Ca, S, and Mn contents and decreased P and Mg levels
(Ritchey et al., 1995). On the other hand, limestone impact on soils is carried out by
increasing pH (Scott et al., 2000). Ritchey and Snuffer (2002) concluded that gypsum
reduced both Mg in soil solution and orchard grass leaves (Dactylis glomerata L.)
and tall fescue (Festuca arundinacea Schreb), but lime (dolomitic limestone) raised
Mg ranges in leaves. Application of CaCO3 raised pH from 5.7 to 6.0 in the Andisol
and increased foliar and root Ca content in coffee plants (Hue, 2005). By contrast,
gypsum did not increase pH, but raised Ca content in leaves (Hue, 2005). Hanson and
Berkheimer (2004) added Lime (1,100 kg ha-1) in field assays for five seasons, and
the soil pH values increased from 4.2 (1996 season) to 5.0 (2001 season), whereas
gypsum amendment (550 kg ha-1) had a slighter effect on pH, increasing it from 4.2
to 4.6 in the same time lapse, while leaf Ca contents did not change significantly.
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2.5 CONCLUSIONS AND PERSPECTIVES
The first symptoms of Al3+ damage in plant roots growing in acid soils have
been well established; however, the effect on the upper parts such as stems, leaves
and/or fruits remain a matter of controversy, despite the negative effects of Al3+ on
photosynthesis, photochemical parameters and cellular respiration have been well
established. Al presence in plant tissues has been correlated to decreased leaf nutrient
content, especially Ca2+ and Mg2+, and damage to the chloroplast and mitochondrial
membranes. Al3+-induced damage and toxicity are also related to Ca2+ interactions at
apoplast and symplast levels and the regulation of cytosolic Ca2+ homeostasis. Both
cations compete for the active sites of membrane structures to form ligands. This
interaction is not fully understood, since each cation inhibits to another one,
depending on the state of membrane. The few reports regarding the interaction
between Ca2+ and Al3+ have demonstrated that Ca2+ decreases the enzymatic
antioxidant activity of SOD, CAT, and POD, concomitant with a decrease in the toxic
Al3+ levels. Nevertheless, other authors suggest that the antioxidant ability could be
favored by the interaction between Ca2+ and Al3+. The knowledge of the nonenzymatic antioxidant defense against Al stress is less recognized than the enzymatic
one. Further studies are needed to better understand the mechanisms involved in the
Ca-Al interactions that affect such physiological and biochemical processes as
photosynthesis, respiration, antioxidant activities, signal transduction and cellular
homeostasis in plants growing in acid soils like Andisols.
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ABSTRACT
The effect of CaSO4 on Ca/Al molar ratio (Ca/Al) and on chemical, physiological and
biochemical features in highbush blueberry (Vaccimium corymbosum L.) was
investigated. Cultivars with contrasting tolerance to Al (Legacy, Al-tolerant and
Bluegold, Al-sensitive) were grown for 15 days in a nutrient solution containing
CaSO4 concentrations (2.5, 5, and 10 mM) and Al (100 and 200 µM). Afterwards,
leaf and roots were harvested to evaluate calcium (Ca) and aluminium (Al)
concentrations, lipid peroxidation and enzymatic and non-enzymatic antioxidant
responses. In addition, photosynthetic performance was determined. In both cultivars,
Ca content and Ca/Al increased up to ~100% and 180%, respectively by adding
CaSO4 concomitant with a reduction in foliar Al in both Legacy and Bluegold
(r=─0.80; P≤0.001 and r=─0.74; P≤0.001, respectively). A high Ca/Al had a positive
effect on photochemical parameters in both cultivars (P≤0.05) as well as in the
reduction of oxidative stress and increase of total phenols and SOD, particularly in
Legacy. Furthermore, V. corymbosum develops well in acid soils, where Ca/Al ratio
is typically low; CaSO4 amendment, mainly at 5 and 10 mM, may represent an
effective alternative to application in Chilean acid soils, as Ca source and reduction of
toxic Al especially in Legacy.

Keywords: Acid soil, Aluminum toxicity, molar ratio, Calcium sulfate, blueberry.
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3.1 INTRODUCTION
At soil pH ≤ 5.5, toxic aluminium (Al3+) is a main stress factor for several cultivated
plants. The effects of Al toxicity have been studied more in roots than in upper organs
(Kochian et al. 2005, Ryan and Delhaize 2010), because Al effects are first
manifested in the roots (Delhaize and Ryan, 1995, Ryan and Delhaize 2010),
reducing growth and nutrient uptake capacity, mainly Ca (Rengel and Robinson 1989,
Poschenrieder et al. 2008). Moustakas et al. (1995) pointed out that Al3+ stress affects
photosynthesis as result of a partial inhibition of photosynthetic electron transport rate
(ETR) and closure of reaction centers in photosystem II (PSII). Furthermore, other
photochemical parameters as the maximum quantum yield (Fv/Fm) and the effective
quantum yield of PSII (ФPSII) also decreased as a consequence of Al3+ stress in
blueberry cultivars (Reyes-Díaz et al. 2009, 2010). Another negative effect of toxic
Al on plants is the increase in reactive oxygen species (ROS), which induce oxidative
stress and lipid peroxidation of cell biomembranes, which may result in cell death
(Yamamoto et al. 2002, Ma et al. 2007). Studies have reported that a rise in the
antioxidant activity is induced to mitigate the oxidative stress that enhances plant
tolerance to Al3+ (Guo et al. 2006, Shao et al. 2008). Antioxidant enzymatic (e.g.
superoxide dismutase (SOD), catalase (CAT) and ascorbate peroxidase (APX)
(Blokhina et al. 2003, Khan et al. 2007) and non-enzymatic systems (polyphenols,
including flavonoids, anthocyanins and phenols) (Prior et al. 1998, Prior et. al. 2005)
are frequently associated with a reduction in oxidative stress (Ma et al. 2007, Shao et
al. 2008).
Calcium is a crucial regulator for growth and development of plants (Hepler 2005). It
is important for many functions such as structural support and environmental signal
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perception (Schaberg et al. 2006), being involved in plant tolerance to different
stresses by regulating the antioxidant metabolism (Jiang and Huang 2001, Cheng et
al. 2002). Inadequate levels of foliar Ca can also reduce the photosynthetic
performance of plants, especially the water spplitting reaction in PSII (Ghanotakis
and Yocum 1990, Vrettos et al. 2001; Miqyass et al. 2007, Yocum 2008).
The interaction between Ca and Al is probably the most important factor affecting Ca
uptake and transport in plants grown in acid soils (Zhang and Rengel 1999, Rengel
and Zhang 2003, Schaberg et al. 2006) because these two cations compete for the
active sites of soil and plant roots (Ryan et al. 1997, Kinraide 1998, Kinraide et al.
2004). Moreover, the degree of Al3+ stress is strongly correlated with Ca/Al rather
than to the Al concentration in soil or nutrient solution (Cronan and Grigal 1995).
This molar ratio in soil nutrient solution and plant tissues has been suggested as one
of the best expressions for assessing Al toxicity in plants (Cronan and Grigal 1995,
Brunner et al. 2002). The value of this molar ratio able to indicate the Al3+ toxicity
risk is highly variable depending on the soil solution, plant species and organs. For
example, Boudot et al. (1994) reported that a soil solution with a Ca/Al lower than 1
or 2 would be in serious danger of Al3+ toxicity for Picea abies and Fagus silvatica,
whereas Truman et al. (1986) from experiments in nutrient solution reported that
Ca/Al ratios below 10.5 indicated risk of Al3+ toxicity. In Pinus radiata fine roots
values of 0.2 and 0.1 Ca/Al had an estimated 50% and 80% Al3+ toxicity risk,
respectively (Cronan and Grigal, 1995). For leaves, these authors reported that a
Ca/Al ratio less than 12.5 would indicate a 50% risk of Al3+ toxicity and a Ca/Al
lower than 6.5 a 75% risk.
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To reduce subsoil Al toxicity in acid soils and enhance Ca2+ availability for plants,
the addition of calcareous amendments (e.g. calcite lime and/or gypsum) has been
studied (Fenn and Gobran 1999, Caires et al., 2002, Ritchey and Snuffer 2002, Toma
et al. 2005, Caires et al. 2006). The effectiveness for reducing Al toxicity to a greater
or lesser extent depends on the Ca source and the crop species used (Takahashi et al.
2006a, Bachiega et al. 2007, Meriño-Gergichevich et al. 2010). Nevertheless, the
effects of calcareous amendments on radical and foliar Ca/Al in fruit crops have been
scarcely considered, in particular those relating to CaSO4 (Sanderson et al. 1995,
Hanson and Berkheimer 2004). Currently, CaSO4 application may be an interesting
option as an amendment in acid soils due to its high Al3+ ameliorative effect on
subsoil (Toma et al. 2005) and the increase in Ca contents of soil solutions (Bachiega
et al. 2007). Hence, CaSO4 represents an important source of Ca in addition to sulfur
(S) for plant nutrition (Toma et al. 2005, Zheljazkov et al. 2007). Toma et al. (1999)
suggested that an increase in exchangeable Ca and S after CaSO4 application
increased the yield up to 50% in corn (Zea mays L.) and alfalfa (Medicago sativa L.).
It can also improve the contents of nitrogen (N), phosphorus (P), potassium (K),
manganese (Mn), zinc (Zn), and the Ca/Al in plant tissues and thereby the plant
productivity (Caires et al. 2006; Tuna et al. 2007). Stout and Priddy (1996) mentioned
that an amendement with CaSO4 augmented the yield in 21% concomitant with an
increase of ~ 45% in the Ca/Al in alfalfa roots compared to the non-amended ones. It
is remarkable that this amendment can reduce Al toxicity in acid soils without
altering the soil pH necessary for a good growth and development of some crops such
as commercial berries (Gough 1997, Mora et al. 2002, Takahashi et al. 2006a, b).
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Blueberry is an important crop in Chile (Prodorutti et al. 2007, Espinoza et al. 2009)
due to its richness in antioxidants, which are beneficial to human health. In southern
Chile blueberry is mainly cultivated in soils with a pH from 3.5 to 5.5. Although this
crop species is well adapted to this soil type, it is sensitive to Al toxicity induced by
acidity, decreasing its viability and productivity (Yang et al. 1996, Blatt and McRae
1997, Suzuki et al. 1999). Therefore, the aim of this study was to ascertain the effect
of CaSO4 on Ca/Al molar ratio (Ca/Al) and on chemical, physiological and
biochemical features in two highbush blueberry cultivars with contrasting Al
tolerance hydroponically grown under phytotoxic aluminum.

3.2 MATERIAL AND METHODS
3.2.1 Plant material and experimental conditions
The study was carried out in a greenhouse at the Universidad de La Frontera,
Temuco, La Araucanía Region, Chile. Two highbush blueberry cultivars frequently
cultivated in southern Chile (Guerrero 2006) and with contrasting Al tolerance
(Legacy and Bluegold, Al-tolerant and Al-sensitive, respectively) (Reyes-Díaz et al.
2009, 2010, Inoztroza-Blancheteau et al. 2011) were used in this study. One-year-old
plants growing in a substrate of 1 oat: 1 shell sawdust: 1 pine needless by volume
were provided by commercial farm Berries San Luis, located in Lautaro, La
Araucanía Region, Chile. Plant roots were washed with abundant deionized water (<1
microsiemens) and then transferred to plastic pots (four plants per pot) and filled with
10 L of Hoagland nutrient solution (Hoagland and Arnon 1950) for conditioning for
seven days. The Hoagland nutrient solution composition was as follows: Ca(NO3) 2
mM, KNO3 3 mM, MgSO4 1 mM, KH2PO4 0.1 mM, H3BO3 22 µM, MnSO4 2 µM,
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NH4NO3 1 mM, (NH4)6Mo7O24 0.07 µM, ZnSO4 1.6 µM, CuSO4 0.4 µM, and FeEDTA 20 µM. After conditioning, plants were transferred to a Hoagland hydroponic
solution containing increased CaSO4 concentrations (2.5, 5 and 10 mM) and Al, as
aluminum chloride (AlCl3), in 100 and 200 µM, for 15 days. The treatments were: (i)
nutrient solution alone (control); (ii) nutrient solution plus 100 µM AlCl3 (100Al);
(iii) nutrient solution plus 200 µM AlCl3 (200Al); (iv) nutrient solution plus 100 µM
AlCl3 plus 2.5 mM CaSO4 (100Al+2.5G); (v) nutrient solution plus 200 µM AlCl3
plus 2.5 mM CaSO4 (200Al+2.5G); (vi) nutrient solution plus 100 µM AlCl3 plus 5
mM CaSO4 (100Al+5G); (vii) nutrient solution plus 200 µM AlCl3 plus 5 mM CaSO4
(200Al+5G); (viii) nutrient solution plus 100 µM AlCl3 plus 10 mM CaSO4
(100Al+10G); (ix) nutrient solution plus 200 µM AlCl3 plus 10 mM CaSO4
(200Al+10G). Every pot had a water pump to aerate the nutrient solution. The pH
was adjusted daily to 4.5 with 0.1 M HCl or 1M NaOH and measured with a highaccuracy portable pH meter (model pH-0.13; Hi-Tech-Instruments, Shanghai, China).
The chemical speciation of solution was calculated using the computer speciation
program GEOCHEM-EZ, by which chemical species such as free ions, soluble
complexes, and chelates were calculated (Shaff et al. 2010) (see in appendices).
The greenhouse conditions were: 25/20ºC (day/night), 16/8 h light regimen
(light/dark, respectively), relative air humidity of 70%, and photosynthetic photon
flux density (PPFD) mean of 300 µmol photons m-2 s-1. At the end of experiment,
chemical, physiological and biochemical analyses of roots and leaves were performed
as indicated below. At 15d, plants of different treatments were harvested; one half
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was used for chemical analyses and another half was stored at -80ºC in a freezer
(REVCO®, model ULT 1386-5-V41, USA) until biochemical analysis.

3.2.2 Chemical analyses
Contents of Ca and Al were determined in the leaves and roots according to the
method described by Sadzawka et al. (2007), using a simultaneous multi-element
atomic absorption spectrophotometer (model UNICAM 969 Atomic absorption
Spectrometer, England).

3.2.3 Physiological determinations
3.2.3.1 Net Photosynthesis
Net photosynthesis of attached leaves was performed by using an infrared gas
analyzer (IRGA) (Licor LI-6400 XTP) between 9:00 am and 11:00 am. Using a
PPFD of 300 µmol photons m-2 s-1, external air was scrubbed with CO2 and mixed
with a supply of pure CO2, resulting in a reference concentration of 360 ppm of CO2,
with a flow rate of 200 mL min-1 and 80% external relative humidity. The
temperature inside the leaf chamber was 22ºC (Reyes-Díaz et al., 2009).
3.2.3.2 Chlorophyll fluorescence parameters
In order to determine the photochemical efficiency of PSII in leaves, the basic
protocol of Reyes-Díaz et al. (2009) adapted to blueberries was followed. Attached
leaves were dark adapted for 20 minutes, and chlorophyll fluorescence was measured
using a portable pulse-amplitude modulated fluorimeter (FMS 2; Hansatech
Instruments, Norfolk, UK). Minimal fluorescence (F0) was determined by applying a
weak-modulated light (0.4 µmol m–2 s–1) and maximum fluorescence (Fm) was
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induced by a short pulse (0.8 s) of saturating light (9,000 µmol m–2 s–1). After 10s,
actinic light (300 µmol m–2 s–1) was turned on to obtain fluorescence parameters
during steady-state photosynthesis had been reached to determine the maximum
fluorescence in light-adapted leaves (Fm’) and steady-state fluorescence (Fs). Finally,
the actinic light was turned off and a 5-s far-red (FR) pulse was applied immediately
to obtain minimum fluorescence in light-adapted leaves (F0’). Different fluorescence
parameters of PSII were determined: maximum quantum yield (Fv/Fm), effective
quantum yield (ФPSII) and electron transport rate (ETR). ФPSII was calculated as
(Fm’– Fs)/Fm’ and ETR as PPFD x 0.5 x ФPSII x 0.84 (Maxwell and Johnson 2000).

3.2.4 Biochemical analyses
3.2.4.1 Lipid peroxidation
The level of lipid peroxidation (LP) was expressed as malondialdehyde acid (MDA)
content (nmol MDA g-1 FW) and determined as 2-thiobarbituric acid reactivesubstances (TBARS), according to the modified protocol by Du and Bramlage
(1992).
3.2.4.2 Radical scavenging activity
Fresh leaves and root samples were frozen in liquid nitrogen, powdered in a mortar,
and homogenized with 1mL of 80% (v/v) methanol, centrifuged to 10,000 rpm x 5
min (4ºC), and then the supernatant was collected (~500 µL) and stored at -80°C until
analysis (Li et al. 2007).
3.2.4.3 Superoxide dismutase activity
The Superoxide dismutase (SOD) activity in leaves and roots was assayed by
measuring the inhibition of the photochemical reduction of nitroblue tetrazolium
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(NBT) method described by Oberley and Spitz (1986). The samples were
homogenized in 1mL buffer extraction (phosphate 0.1M pH 7.0) and centrifuged at
13,000 rpm x 15 min (4ºC). Afterwards, extracts were mixed with 10 mM EDTA, 260
mM methionine, 322 µM NBT. Finally, riboflavin was added and the test tubes were
illuminated for 15 minutes and the absorbance of the samples was measured at 560
nm in an UV-VIS spectrophotometer. Non-illuminated and illuminated reactions
without supernatant were used as controls. One SOD unit was defined as the amount
of enzyme corresponding to 50% inhibition of the NBT reduction (Donahue et al.
1997). The SOD activity was expressed as U mg protein-1. Enzyme activity was
expressed on protein basis. Total protein was estimated according to Bradford (1976)
using bovine serum albumin (BSA) as the standard.
3.2.4.4 Total phenols content
Total phenol content (TPC) was determined following the method of Slinkard and
Singleton (1997) using the Folin-Ciocalteu reagent. The absorbance of samples was
measured in a UV-VIS spectrophotometer at 765 nm and expressed as µg chlorogenic
acid equivalents (CAE) per g-1 FW.

3.2.5 Experimental design and statistical analyses
The experimental design corresponded to a factorial split-plot with four replicates
each. In this design the treatments are randomly assigned to groups of experimental
units called blocks or repetitions, maintaining the variability between experimental
units inside a block, maximizing the differences between blocks (Little and Hills
1978). Values corresponded to the mean of four replicates for each cultivar,
treatments and chemical, physiological and biochemical determinations. For
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normality and equal variance all data were tested by Kolmogorov-Smirnov and
Levene test respectively. A two-way analysis of variance (ANOVA) test was used,
where the factors are two cultivars and nine treatments, and a Tukey test with a
significance level at P≤0.05 was considered for comparison of values with significant
differences. All statistical analyses were performed with Sigma Stat 3.1 (SPSS Inc.,
Chicago, IL, USA).

3.3 RESULTS
3.3.1 Effects of CaSO4 on mineral content and Ca/Al molar ratios
After 15d of experiment, Bluegold leaves showed at least two-fold higher Ca
contents than Legacy in all treatments (P≤0.001), whereas the roots of Legacy
presented in average 67% higher Ca content than Bluegold (P≤0.05; Table 3.1).
Neither Legacy nor Bluegold showed any significant decrease in foliar Ca levels at
100 and 200Al treatments compared to the non-treated plants. By contrast, the same
treatments significantly reduced the root Ca content (~50%) compared to the control
in both cultivars, independent of their Al tolerance (P≤0.05). When Al-treated
Bluegold plants were supplied with CaSO4 at 5 and 10 mM, foliar Ca content
increased significantly (between 24 and 55%) in comparison to the control plants,
while root Ca content increased up to 127% in Legacy (Table 3.1). In leaves,
Bluegold exhibited a strong enhanced Al content (~1,900%), when the plants were
subjected to 100 and 200Al in comparison to the non-treated control plants (P≤0.05).
Nevertheless, CaSO4 at 5 and 10 mM significantly reduced foliar Al content in
Legacy (~3-fold) and Bluegold (~6-fold), whereas root Al content was significantly
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decreased by 5 mM CaSO4 supply in Bluegold compared to control plants. In both
cultivars a statistically significant interaction between cultivar and treatment were
observed either in leaves or roots for Al contents (P≤0.001).
Molar ratios between Ca and Al were calculated from their concentrations in the
nutrient solution and tissues (leaves and fine roots) of blueberry plants grown in
hydroponic experiment. A positive relation was observed between Ca/Al molar ratio
of nutrient solution and foliar Ca/Al (fCa/Al) of Bluegold (r=0.91; P=0.005) and
Ca/Al molar ratio of roots (rCa/Al) in Legacy (r=0.80; P=0.015). The fCa/Al and
rCa/Al of Legacy and Bluegold significantly increased with 2.5, 5 and 10 mM CaSO4
compared to the non-amended plants (Table 3.1). Foliar Ca/Al was correlated
positively with the Ca content of leaves in Legacy (r=0.48; P=0.016), and Bluegold
(r=0.38; P=0.049), and negatively with foliar Al content (Legacy r=─0.80 and
Bluegold r=─0.74; P≤0.001). For Legacy, no differences in the fCa/Al were found in
the Al supply treatments (100 and 200Al) compared to the control, but in Bluegold
fCa/Al decreased more than 63% (P≤0.05; Table 3.1). A statistically significant
relation between rCa/Al and Ca content was found (Legacy r=0.921 and Bluegold
r=0.63; P≤0.05), although with Al contents a negative correlation was found only in
Bluegold (r=─0.71; P≤0.001). For both fCa/Al and rCa/Al ratios significant
interactions between cultivars and CaSO4 treatment were found (P≤0.001).
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3.3.2 Photosynthetic performance of PSII under CaSO4 treatments
3.3.2.1 Net photoynthesis
In Legacy, CaSO4 treatments did not show any significant effect on net
photosynthesis compared to the control plants (Table 3.2). However, 200Al caused a
significant reduction of net photosynthesis (15%) compared to the control plants
(P≤0.001) and no relationship between fCa/Al and net photosynthesis was observed.
In Bluegold, plants subjected to 100Al and 200Al for 15 days showed a significant
decrease (~14%) in net photosynthesis, concomitant with lower fCa/Al. In both
cultivars, a reduced photosynthesis by Al was recovered with CaSO4 at same level of
control plants, although 200Al+10G the amendment performance did not recover the
negative effects caused by Al in Bluegold, showing a lower net photosynthesis than
the control (P≤0.050). Foliar and root Al content in Bluegold were negatively
correlated with net photosynthesis (r=─0.47; P=0.05 and r=─0.70; P≤0.001,
respectively).
3.3.2.2 Photochemical efficiency of PSII
There was practically no variation in the Fv/Fm in cultivars under exposure of
treatment, remaining between 0.7-0.8 (data not shown), which is the normal value
ranged for healthy leaves (Björkman and Demmig 1987). Frequently, the ФPSII and
ETR increased in Legagy by CaSO4 addition compared to the control (P≤0.05), while
Bluegold exhibited lower ФPSII and ETR with minor changes in all treatments
(Figure 3.1 A,B). Foliar Ca/Al was correlated directly with ФPSII and ETR (around
r=0.65; P≤0.001 and r=0.48; P=0.011 for Legacy and Bluegold, respectively). The
foliar Al content was negatively correlated with ФPSII and ETR, in Legacy and
Bluegold (around r=─0.65 and ─0.41; P≤0.05), respectively.
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Table 3.1. Mineral concentration in leaves and roots of blueberry cultivars subjected to different levels of Al and
CaSO4 in nutrient solution after 15 days. Values are means of four measurements ± S.E. Different lowercase letters
indicate statistically significant differences (P≤0.05) between treatments for the same cultivar. Uppercase letter
indicates differences (P≤0.05) between cultivars for the same treatment.
Cultivar

Treatment

Mean mineral concentrations (mg kg-1 DW)
Ca

Ca/Al molar ratio

Al

leaves

roots

Control
100Al
200Al
100Al+2.5G
200Al+2.5G
100Al+5G
200Al+5G
100Al+10G
200Al+10G

6,200±43Bab
5,627±152Bb
5,130±117Bb
5,812±397Bb
4,420±205Bb
6,597±431Bab
9,150±291Ba
9,028±196Ba
7,903±18Ba

5,927±713Ac
3,616±177Ad
2,979±123Ad
6,075±72Ac
4,687±221Acd
5,021±122Ac
6,139±25Ac
10,232±964Ab
13,462±137Aa

66±6Ac
784±17Ba
868±9Ba
463±20Bab
330±11Bb
267±34Ab
306±73Ab
369±23Ab
268±39Bb

120±0.2Bc
7,065±101Aa
6,315±744Aa
6,570±132Aa
5,541±884Aab
5,530±90Aab
5,685±456Aab
3,890±10Ab
4,616±955Ab

Bluegold Control
100Al
200Al
100Al+2.5G
200Al+2.5G
100Al+5G
200Al+5G
100Al+10G
200Al+10G

12,295±702Abc
10,708±386Ac
10,930±608Ac
15,452±147Aa
15,204±132Aa
12,332±703Abc
17,177±1394Aa
17,860±404Aa
19,084±1201Aa

1,937±89Bb
1,414±150Bc
951±35Bc
2,623±77Ba
2,946±144Ba
2,913±82Ba
1,565±14Bb
1,857±43Bb
1,604±18Bbc

77±2Ad
1,518±92Aa
1,286±34Ab
1,406±28Aab
1,005±11Ac
242±22Ae
207±14Ae
265±43Ae
457±44Ae

79±0.4Cc
1,665±256Ba
1,464±62Ba
165±7Bd
652±43Bc
156±0.4Bd
394±14Bcd
1,036±21Bb
1,461±200Ba

Legacy

leaves

roots

leaves

roots

2.60±0.20Bcd 0.35±0.03Bcd
1.90±0.01Ad 0.28±0.01Ad
1.65±0.04Ad 0.24±0.01Ad
3.24±0.14Acd 0.49±0.04Ac
3.82±0.05Ac 0.36±0.01Bcd
7.61±0.03Bb 0.49±0.00Bc
10.08±0.90Aa 0.62±0.02Bb
8.44±0.59Bab 1.59±0.03Aa
6.70±0.01Bb 1.51±0.07Aa
4.53±0.12Ae
1.74±0.07Af
2.26±0.12Af
2.90±0.21Aef
4.38±0.22Ae
13.77±0.04Ab
8.39±0.42Bd
15.99±0.73Aa
11.29±0.61Ac

0.64±0.02Ad
0.24±0.03Ae
0.18±0.00Ae
4.31±0.32Bb
1.21±0.09Ac
5.15±0.04Aa
1.08±0.04Ac
0.47±0.00Bd
0.50±0.08Bd
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Table 3.2. Net photosynthesis (µmol CO2 m-2 s-1) in two highbush blueberry cultivars
(Legacy and Bluegold) under Al and CaSO4 treatments. Values represent the mean of
four replicates ± S.E. Different lowercase letters indicate statistically significant
differences (P≤0.05) between treatments for the same cultivar. Different uppercase
letters show differences (P≤0.05) between cultivars for the same treatment.
Measurements were obtained under relative air humidity (RH) of 70%, and
photosynthetic photon flux density (PPFD) average of 300 µmol photons m-2 s-1.

Cultivar

Treatment

Net photosynthesis
(µmol CO2 m-2 s-1)

Legacy

Control
100Al
200Al
100Al+2.5G
200Al+2.5G
100Al+5G
200Al+5G
100Al+10G
200Al+10G

8.45± 0.54Aab
7.82± 0.20Ab
7.19± 0.11Ac
8.91± 0.38Aa
7.95± 0.36Bab
8.62± 0.45Aa
7.91± 0.49Aab
8.84± 0.44Aa
7.70± 0.23Ab

Bluegold

Control
100Al
200Al
100Al+2.5G
200Al+2.5G
100Al+5G
200Al+5G
100Al+10G
200Al+10G

8.83±0.38Aa
7.62±0.13Ab
7.72±0.17Ab
9.03±0.11Aa
9.06±0.20Aa
9.05±0.17Aa
8.70±0.18Aa
9.22±0.34Aa
7.47±0.15Ab
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3.3.3 Lipid peroxidation and antioxidant plant responses
At the end of the experiment, Bluegold leaves exhibited up to (~47%) higher foliar
LP than Legacy in 100Al (P≤0.001, Figure 3.2A). Interactions between cultivar and
Al treatment were found for the LP (P≤0.001). A negative relationship between foliar
LP and fCa/Al was observed for Legacy (r=─0.39; P=0.04) and Bluegold (r=─0.75;
P≤0.001), whereas foliar Al content and LP was significantly correlated in both
cultivars (r=0.44 for Legacy and r=0.64 for Bluegold). In roots, the increased LP
obtained by Al treatments was reduced by CaSO4 addition in both cultivars,
compared to the control plants (P≤0.05) (Figure 3.2A). In Legacy a negative
relationship between rCa/Al and LP (r=─0.55; P=0.003) was found. Calcium and LP
in roots were also negatively correlated in Legacy (r=─0.54; P=0.003) and Bluegold
(r=─0.57; P=0.019), while in the latter cultivar the Al content was correlated with LP
(r=0.60; P=0.001).
Radical scavenging activity (RSA) of Legacy and Bluegold leaves displayed a
significant reduction under the highest Al treatment compared to the control leaves,
whereas CaSO4 did not increase RSA significantly (Figure 3.2B). In the roots, CaSO4
only improved RSA at 100Al+2.5G and 100Al+5G in Legacy, while a decrease was
observed at 200Al in comparison to the non-treated plants. Bluegold exhibited a
correlation between the Al content and RSA in roots (r=0.52; P=0.004).
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Figure 3.1. Changes in effective quantum yield (ΦPSII) (A) and electron transport
rate (ETR) (B) of two highbush blueberry cultivars grown in nutrient solution (15d)
under Al and CaSO4 treatments. Values represent the mean of four replicates ±S.E.
Different lowercase letters indicate statistically significant differences (P≤0.05)
between treatments for the same cultivar indicate statistically significant differences.
Different upper case letters show differences (P≤0.05) between cultivar for the same
treatment.
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Figure 3.2. (A) Lipid peroxidation as malondialdehyde content (nmol MDA g-1 FW) and (B) radical scavenging activity (mg TE g-1
FW), in leaves and roots of two highbush blueberry cultivars grown in nutrient solution (15d) under Al and CaSO4 treatments.
Values represent the ,mean of four replicates ± S.E. Different lowercase letters indicate statistically significant differences (P≤0.05)
between treatments for the same cultivar. Different uppercase letters show differences (P≤0.05) between cultivars for the same
treatment.
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The superoxide dismutase (SOD) activity in leaves was significantly increased
in Legacy under 200Al+5G (P≤0.001) concomitant with the highest fCa/Al achieved
under this treatment (Table 3.1, Figure 3.3). A correlation between fCa/Al and SOD
activity were found (r=0.79; P≤0.001). By contrast, the enzyme activity in Legacy
was significantly reduced by 200Al (Figure 3.3) and negatively correlated with foliar
Al content (r=─0.52; P=0.005). Bluegold exhibited higher leaf SOD activity than
Legacy (P≤0.001) mainly under Al treatment (P≤0.05, Figure 3.3). In roots, Legacy
showed a higher SOD activity than Bluegold in the most treatments (P≤0.001),
showing a significant SOD increase in treatments with predominant Al toxicity. A
relation was found between root Al content and SOD activity (r=0.46; P=0.014),
whereas Ca content and rCa/Al were negatively correlated with SOD activity
(r=─0.57 and r=─0.49, respectively) in the roots. In Bluegold, all treatments reduced
SOD activity in respect to the control plants (P≤0.05, Figure 3.3).
A significant interaction between cultivar and treatments for Total phenol content
(TPC) was established. Legacy and Bluegold plants subjected to toxic Al exhibited no
increased TPC compared to the non-treated plants (P>0.05), but a CaSO4 (5 mM)
allowed a significant enhancing in both cultivars (Figure 3.4). In Legacy, TPC was
significantly correlated with fCa/Al (r=0.47), Ca content (r=0.42), and negatively
correlated with Al content (r=─0.70). Bluegold showed no clear increase in TPC
related to an improved fCa/Al.
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Figure 3.3. Superoxide dismutase (U mg Prot. g-1 FW) activity in leaves (A) and
roots (B) of two highbush blueberry cultivars grown in nutrient solution (15d) under
Al-toxicity and CaSO4 treatments. Values represent the average of four replicates ±
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3.4 DISCUSSION
In this study, we informed about the effectiveness of CaSO4 amendment added to an
acid substrate in improving the constraints induced by toxic Al3+ in V. corymbosum
cultivars. It was showed that the effectiveness of this amendement on Al toxicity
depends of the dose of amendent applied and the cultivar. Field studies guided by
Hanson and Berkheimer (2004), reported foliar Ca concentration from 3,000 to 4,000
mg kg-1 DW, in Ca-amended blueberry plants. This is generally consistent with the
results obtained for the Al-tolerant cultivar (Legacy) under CaSO4, while higher Ca
contents (up to two-fold higher) for the Al-sensitive cultivar Bluegold were observed
(Table 3.1). However, in the roots, Legacy presented up to eight-fold higher Ca
concentration than Bluegold. Therefore, Ca concentration in these species depends on
the cultivar, Ca uptake efficiency and the organ involved. Rout et al. (2001) reported
that Al-sensitive wheat cultivars (Triticum aestivum L.) subjected to toxic Al
exhibited less efficiency in root uptake, translocation and use of Ca and other
nutrients, than the Al-tolerant cultivar. In this way, we found that the increased Ca
content was concomitant with Al tissue reduction in both cultivars, with Legacy
exhibiting a significantly higher Al concentration in roots (Table 3.1), which suggest
that this cultivar could be an Al accumulator plant. According to Chenery (1949)
plants containing equal to or more than 1000 mg Al kg-1 DW may be considered Alaccumulators and those with less than 1000 mg Al kg-1 DW as non Al-accumulators.
By contrast, Reyes-Díaz et al. (2010) found in a long term Al-toxicity treatment that
Legacy roots showed a 40% lower Al accumulation than Bluegold. Guo et al. (2006)
reported that in barley (Hordeum vulgare L.) plants subjected to Al toxicity (100 µM)
the addition of Ca (from 0.5 to 3.0 mM) efficiently reduced Al contents in tissues by
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reducing Al uptake. Suzuki et al. (1999) reported that Al-induced injuries to shoots in
highbush blueberry decreased with the coexistence of Ca at appropriate values.
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Figure 3.4. Total phenols content (µg CAE g-1 FW) in leaves of two highbush
blueberry cultivars grown in nutrient solution (15d) under Al and CaSO4 treatments.
Values represent the average of four replicates ± SE. Different lowercase letters
indicate statistically significant differences (P≤0.05) between treatments for the same
cultivar. Different uppercase letters show differences (P≤0.05) between cultivars for
the same treatment.

Bearing in mind the suggestions of Cronan and Grigal (1995) and Alvarez et
al. (2005), about the importance of the Ca/Al molar ratios in woody species to
evaluate the level of Al toxicity in plants, our results revealed that the application of
CaSO4 to nutrient solution with toxic Al increased this ratio in both cultivars with
different Al-tolerances, Bluegold exhibiting a higher fCa/Al (from 1.74 to 15.99) than
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Legacy (from 1.65 to 10.08) (Table 3.1; P≤0.001). Weber-Blaschke and Rehfuess
(2002) studied the effect of different Ca sources on fCa/Al on Fraxinus excelsior,
including CaSO4 in a dose of 2000 kg ha-1, and found a rise in the fCa/Al ratio up to
41(63%) under the effect of CaSO4 compared to the non-amended control. In the
present study the fCa/Al ratio as indexes of Al toxicity in both cultivars, which were
negatively correlated with foliar Al concentration (around r=─0.80). Notwithstanding
this, only Bluegold displayed a significant correlation with foliar Ca content (r=0.38;
P=0.049), suggesting that a reduction in Al uptake (by the addition of CaSO4) was the
main effect of improved molar ratio. For fine roots (≤1mm), the rCa/Al of our studied
cultivars under the both levels of applied Al treatments lie in the range between 0.1
and 0.2, presenting a high risk (50 to 80%) of Al stress (Cronan and Grigal 1995). It
should be noted that by adding CaSO4 these root ratios were raised up to 1.6 in
Legacy and 5.15 in Bluegold, indicating a clear positive effect of CaSO4 on the risk
reduction of root Al stress, mainly in the sensitive cultivar (Bluegold). WeberBlaschke and Rehfuess (2002) in roots of F. excelsior reported a ratio of 0.76 for
CaSO4-fertilized plants versus 0.10 in the control plants. Borken et al. (2007)
reported similar ratios in Norway spruce [Picea abies (L.) Karst] roots when they
evaluated rCa/Al in this species standing on humic and mineral soil horizons.
There is a paucity of information about Ca/Al molar ratio and physiological processes
as photosynthesis has been scarcely reported. A net photosynthesis reduced by Al
toxicity and nutrient deficiency could be considered a limiting factor related to the
reduction of dry matter production (Reich et al. 1994, Giertych et al. 1997). In sugar
maple (Acer saccharum), growing in acidic and nutrient imbalanced conditions, St.
Clair et al. (2005) found a positive correlation between this foliar ratio and CO2
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exchange rate, and St. Clair et al. (2008) reported that lower ratios were more
correlated with impaired photosynthesis. However, in our study fCa/Al of both
cultivars was not correlated with net photosynthesis, whereas in the Al-sensitive
Bluegold rCa/Al and root Al content were positively and negatively correlated with
photosynthesis (r=0.42; P=0.025 and r=─0.70; P≤0.001, respectively). Thus, these
results have shown that Al perturbation in nutrient uptake by roots of the Al-sensitive
cultivar was more associated with a decreased photosynthesis. Nonetheless, improved
fCa/Al was correlated with ΦPSII (Legacy r=0.66; P≤0.001 and Bluegold r=0.48;
P=0.011) and ETR (Legacy r=0.63; P≤0.001 and Bluegold r=0.47; P=0.012). We
proposed that the increase in the photochemical parameters, due to an improved
fCa/Al, could be associated to better efficiency in the light-driven oxidation of water
in PSII, using Ca as cofactor (Vander Meulen et al. 2004, Yocum 2008, Chen et al.
2010), and a reduction of Al-content in the leaves. Reyes-Díaz et al. (2009, 2010)
found that a higher Al accumulation in the leaves of blueberry genotypes reduced the
photochemical efficiency of PSII.
The LP is early evidence of oxidative stress in plants, subjected to several
environmental stresses. In this way, Al content in tissues has been associated with LP
causing damage in biological membranes (Yamamoto et al. 2002, Bóscolo et al.
2003). Our study showed a concomitant increase of Al content in tissues with LP,
mainly in Bluegold leaves and roots. Pereira et al. (2010) showed that cucumber
(Cucumis melo) plants increased their MDA conent by almost 90% when the Al
concentration in the nutrient solution was 100 µM, suggesting that Al sorption affects
the conformation of the Ca pectates, which seem interact with carboxylate groups.
Our findings demonstrated a significant Ca effect on the drop in MDA in roots, and
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there were in fact correlations among these parameters (r=─0.54; P=0.003 and
r=─0.44; P=0.019 in Legacy and Bluegold respectively). This might be explained as a
response to increased antioxidant activity from adding Ca (Jiang and Huang 2001,
Guo et al. 2006). The increased LP triggered by the Al content was also mitigated by
an improved Ca/Al as the result of a better balance between Ca and Al mediated by
the addition of CaSO4, particularly at 5 and 10 mM treatments.
Plants have evolved strategies such as antioxidant compounds and enzymes to
protect them against oxidative stress induced by environmental factors as phytotoxic
Al stress (Lin and Kao 2000, Wang and Ballington 2007). Blueberries in particular,
are recognized by their higher antioxidant activity than other vegetables (Wang et al.
2010). Reyes-Díaz et al. (2010) and Inoztroza-Blancheteau et al. (2011) associated
the antioxidant activity with the degree of Al tolerance in blueberry cultivars
subjected to Al toxicity. In our study, the sensitive cultivar Bluegold exhibited higher
foliar and root RSA (measured by DPPH method) than tolerant Legacy (P≤0.001,
Figure 3.2B). The CaSO4 (5 mM)-enhanced RSA in both cultivars, showing similar
values than control, despite Al stress in nutrient solution. Although RSA was not
related with LP produced by Ca and Al imbalance, an improved rCa/Al triggered an
increase in RSA in Bluegold. Moreover, when fCa/Al was enhanced, changes in TPC
levels were more associated with the Al tolerance in Legacy and Al sensitivity in
Bluegold, respectively. A significant positive correlation was also found between
TPC and RSA in Legacy leaves (r=0.42; P=0.025). Other authors also reported
positive correlations between TPC and RSA in Smilax excelsa leaves (r=0.67;
P≤0.05) (Ozsoy et al. 2008) and in tea and herbal infusions (r=0.71; P≤0.05) (Horžić
et al., 2009). According to Howard et al. (2003) and Ribera et al. (2010), the content
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of these metabolites in blueberries plants may depend on genotypic and
environmental factors. In our experiment, however, TPC in the cultivars showed no
differences among control plants and phytotoxic Al treatments (100Al and 200Al).
Ghanatti et al. (2005) reported that the phenolic content in tea (Camellia sinensis L.)
plants was reduced by the treatment with Al (400 µM) in comparison with nontreated plants.
Superoxide dismutase is the most effective and first-line antioxidant enzyme
to avoid LP by catalyzing the conversion of superoxide anion to H2O2 (Bóscolo et al.
2003). A statistically significant correlations between SOD with Al in roots of Legacy
was found (r=0.46) and but no for LP (r=0.23). In Bluegold leaves and roots LP was
negatively correlated with Al contents (r=−0.64 and r=−0.64), although no
relationships with SOD activity were observed. Therefore, the degree of Al tolerance
could be related to higher SOD activity in roots of tolerant cultivar, however Legacy
showed a higher LP than Bluegold in roots, indicating other mechanism to avoid Al
toxicity. Calcium sulfate treatment (particularly 5 mM) activated enzyme activity in
both Legacy leaves and roots and in Bluegold leaves. Guo et al. (2006) reported an
enhancement SOD activity in barley after 3.0 mM Ca amendment was added to an
Al-toxified nutrient solution.
In highbush blueberry cultivars with contrasting degrees of Al tolerance,
CaSO4 was an effective amendment for improve the calcium contents concomitant
with a reduccion of aluminum contents, showing an important contribution to mineral
balance in the Al- sensitive Bluegold. The improvement of Ca/Al molar ratio in
leaves, by adding CaSO4 mainly at 5 and 10 mM, allowed a higher photochemical
parameters (ФPSII and ETR) in the Al-tolerant and Al-sensitive cultivars, probably
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due to a decrease on lipid peroxidation caused by Al toxicity. This reduction in
oxidative stress resulted from an increased radical scavenging activity, total phenols
content and superoxide activity related to the Ca/Al molar ratio in leaves. With
respect to antioxidant compounds, Legacy (Al-tolerant) showed a close relationship
between total phenolic content and superoxide dismutase activity with foliar Ca/Al
molar ratio, showing efficient mechanisms in this cultivar to mitigate oxidative stress
caused by aluminum. Molar ratios in leaves from 6 to 10 in Legacy, and 10 to 14 for
Bluegold showed are adequated to ameliorate toxicity by this toxicant. However,
more studies about the effects of adding CaSO4 to Al saturated soil on other
physiological and biochemical features are necessary.
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ABSTRACT
Highbush blueberry (Vaccinium corymbosum L.) is well adapted to acid soils
(pH≤5.5). However, it is sensitive to aluminum (Al3+), which is released under acid
conditions. To ameliorate its toxicity, without alter soil pH, a common agronomical
practice is the use of calcium sulfate (gypsum, CaSO4). The calcium sulfate effect on
chemical, physiological (growth, water content, and photochemical performance),
and biochemical (lipid peroxidation, antioxidant capacity, and antioxidant
compounds) features were studied in this species growing under Al3+ saturation.
Legacy (Al-tolerant) and Bluegold (Al-sensitive) cultivars were grown for 60 days in
an Andisol with high Al-saturation, that was amended with calcium sulfate at doses
of 0 (G0), 700 (1), 1400 (2), 2800 (4) mg kg-1 soil. Calcium sulfate improved Ca/Al
molar ratio and nutrient contents, plant growth, as well as photochemical parameters,
carotenoids contents, and relative water content (RWC) in leaves, especially in
tolerant cultivar. However, the amendment did not show clear effects on chlorophyll
contents (Chl) and leaf water potential (Ψl). The Ca/Al molar ratio was related to a
decreased lipid peroxidation (LP) in both cultivars, whereas radical scavenging
activity (RSA), anthocyanins (TAN), and antioxidant enzymes were directly
increased by this ratio. It was concluded that calcium sulfate can be an effective
amendment to ameliorate Al3+ toxicity in highbush blueberry, mainly in the Al
tolerant cultivar. Moreover, we observed that different Ca/Al molar ratio could be
established to improve the physiological and biochemical performance in this species,
depending on the cultivar.

Keywords: Aluminum, antioxidant, Ca/Al molar ratio, fluorescence parameters,
gypsum, Vaccinium corymbossum.
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4.1 INTRODUCTION
In Chile, highbush blueberry, is a significant commercial fruit crop, due to its
richness in antioxidants and the high market price of its fruits (Guerrero, 2006; 2010),
with over 7,000 hectares (ha) planted until 2010 (ODEPA, 2011). This species
demands acid soils for its growth (Trehane, 2004), which are provided in southcentral Chile by Andisols, volcanic soils origin, with high organic matter (OM)
content, low available phosphorus (P) content, and high acidity (pH≤5.5) (Nanzyo et
al., 1993; Mora et al., 2002). It is known that, mainly due to acid conditions, high
rainfall, OM mineralization, and cation bases lixiviation, Al3+ is probably the main
stress factor for several cultivated plants in acid soils (Foy, 1984; Zhang and Rengel,
1999; Poschenrieder et al., 2008). In Andisols of southern Chile, Al3+ levels >0.1
cmol+/ kg have been reported by van Lierop (1990) and Mora et al. (2004), although
Mora et al. (1999b) reported values over 1.5 cmol+/ kg at soil pH 4.5.
In spite, a lot of reports exist about the effects of Al3+ in roots, less is known
about their effects on leaves. Regarding roots it is showed that affect its growth and
capacity for water and nutrients uptake, especially calcium (Ca), P, and magnesium
(Mg) (Rengel and Robinson, 1989; Barceló and Poschenrieder, 2002; Poschenrieder
et al., 2008). For leaves of pea (Pisum sativum L.), Watanabe and Osaki (2002) found
a negative relationship between Al accumulation and essential minerals such as Ca, P,
and Mg, diminishing their growth and yield. In some plants Al toxicity could lead to a
reduction in photosynthetic pigments and photochemical reactions of photosystem II
(PSII) and carbon dioxide (CO2) assimilation (Peixoto et al., 2002; Wang et al.,
2006). Similarly, Reyes-Díaz et al. (2009) reported a reduction in the photochemical
traits of PSII, when compared contrasting Al-resistance blueberry cultivars subjected
to toxic Al (0-100µM). This reduction was more evident in the sensitive cultivar. In
another study, Reyes-Díaz et al. (2010) found that photochemical parameters in
blueberry were more affected in Al sensitive cultivar concomitant with higher LP
than resistant cultivar. This, could be explained by the oxidative stress triggered by
Al3+, by an increment of reactive oxygen species (ROS) in cellular organelles as
chloroplasts as reported by Kochian et al. (2005) and Khan et al. (2007). Otherwise,
oxidative stress induces LP in biological membranes, which leads to breakdown of
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their structure and function (Yamamoto et al., 2002; Yamamoto et al., 2003; Ma et
al., 2007). In parallel to enhanced ROS levels, both roots and leaves, may increase the
antioxidant activity to ameliorate the deleterious effects of ROS, improving the
tolerance of plants to stresses as Al toxicity (Guo et al., 2006; Shao et al., 2008). The
antioxidant set includes enzymatic and non-enzymatic compounds, with capacity to
remove and scavenge ROS (Shao et al., 2008).
It has been reported that to revert Al stress in crop stands on acid soils, Ca
addition efficiently reduce Al toxicity, improving their nutrients and water availability
(Toma et al., 2005; Takahashi et al., 2006). Calcium is a crucial regulator of growth
and development in plants, with important functions as structural support and
environmental signal perception, being involved in plant tolerance to different
stresses, by regulating the antioxidant metabolism (Jiang and Huang, 2001; Cheng et
al., 2002; Hepler, 2005; Schaberg et al., 2006). Currently, external Ca applications
for Al3+ amelioration in acid soils, are carried out through different agronomical
practices including the application of calcareous amendments (Campbell et al., 2006)
such as carbonates as calcites (CaCO3) and calcium sulfate or gypsum (CaSO4)
(Tisdale et al., 1985; Garrido et al., 2003; Illera et al., 2004).
It has been widely demonstrated the effectiveness of calcium sulfate to reduce
Al toxicity risk on crops (Alva et al., 1991; Carvalho and van Raig, 1997, Mora et al.,
1999a; 2002; Caires et al., 2006; Takahashi et al., 2006). This amendment represents
an important source of Ca and sulfur (S) for plant nutrition (Mathews and Joost,
1989; Bolan et al., 1993), improving contents of Ca, S, P, potassium (K), manganese
(Mn), and zinc (Zn) in vegetal tissues (Caires et al., 2006; Tuna et al., 2007). Besides,
this amendment did not greatly modify soil pH necessary soil condition for a good
growth and development of some crops as highbush blueberries (Gough, 1997;
Lyrene and Munoz, 1997; Mora et al., 1999a). Traditionally, the effects of gypsum on
blueberry crops have been studied from a mineral content point of view and to
conferring firmness to fruits (Korcak, 1988, Blatt and Mc Rae, 1997). Angeletti et al.
(2010) reported that surface gypsum application in highbush blueberry cultivars
showed an increased Ca content, delayed postharvest softening and reduced loss of
weight in fruits. However, little is reported about gypsum effect on physiological and
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biochemical features

in blueberries,

particularly about

the

photosynthetic

performance and antioxidant systems. Moreover, the effects of gypsum on
physiological and biochemical processes in highbush blueberry plants stand on an
acidic Andisol with high Al saturation are still little known. Therefore, the aim of this
study was to known wether gypsum amendment counteract the deleterious effects of
toxic Al on physiological and biochemical processes in blueberry cultivars growing in
an Al-saturated Andisol.

4.2 MATERIAL AND METHODS

4.2.1 Plant material
The assay was carried out in a greenhouse of Instituto de Agroindustria in
Universidad de La Frontera, Temuco, Region of La Araucanía, Chile. Two highbush
blueberry (Legacy and Bluegold) cultivars frequently cultivated in southern Chile
(Guerrero, 2006) were considered in this study. One year-old plants growing in a
solid substrate (1 oat: 1 shell sawdust: 1 pine needles by volume) were provided from
nursery of Berries San Luis, Lautaro, Región de La Araucanía, Chile (38º 29` S, 72º
23`W). These cultivars were chosen for their contrasting degree of tolerance to Al
toxicity, according with chemical, physiological, biochemical, and molecular studies
performed by Reyes-Díaz et al. (2009 and 2010) and Inostroza-Blancheteau et al.
(2011) who reported that Legacy was a more Al-resistant cultivar to Al toxicity than
Bluegold.

4.2.2 Plant culture
Highbush blueberry plants were established during 60 days (d) in
polyethylene pots (3 L) containing an acidified Andisol, from Southern Chile, Gorbea
Series (Typic Hapludands) (CIREN, 2002) was used for this assay. It was provided
by Semillas Baer, Cajón, Temuco, Region of La Araucanía, Chile. Chemical features
of this soil, important for this work stand out their acidity, high percentage of Alsaturation and nutrient content are showed in Table 4.1. Soil samples from the top 20
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cm depth were collected from cultivated areas, and afterwards dried, sieved, and then
moistened at field condition. Calcium sulfate amendment was carefully added to the
soil sample, mixed and then incubated, according to protocol performed by Mora et
al. (1999a). The applied treatments were: i) soil without amendment (control), ii) soil
control plus calcium sulfate at 700 mg kg-1 soil, iii) soil control plus calcium sulfate
at 1400 mg kg-1 soil and iv) soil control plus calcium sulfate at 2800 mg kg-1 soil
(subsequently referred to as G0, G1, G2 and G4 respectively). Each plant received a
fertilization equivalent to 33.7 mg N kg-1 soil, applied as urea, 67 mg P kg-1 soil, as
triple superphosphate, and commercial fertilizer Sulpomag at 371.6 mg kg-1 soil was
used to applied equivalents of 67.5 mg K kg-1 soil, 67.5 mg Mg kg-1 soil, 81.0 mg S
kg-1 soil. The application of boron (B) was 2.7 mg kg-1 soil as Boronat, zinc (Zn) and
copper (Cu), both in doses of 1.3 mg kg-1 soil, as ZnSO4 and CuSO4 were added to
soil, respectively. Each treatment had 10 replicates in a completely randomized
design. The experiment was conducted in the greenhouse where growth conditions
were: 25/20ºC (day/night), 16/8 h light regimen (light/dark, respectively), relative air
humidity of 70%, and photosynthetic photon flux density (PPFD) average of 300
µmol photons m-2 s-1.

4.2.3 Plant growth and chemical determinations
4.2.3.1 Dry matter and plant growth
At harvest (60d), five randomly plant were divided in roots, stems, and leaves,
and dried by placing them in a 70 ºC forced-air oven for 48 h to determine dry matter
(DM). For growth determination the longest shoots and primary roots of five plants of
each treatment were measured and recorded (at initial and final time).

4.2.3.2 Mineral content in tissues
After 60d, contents of Ca, Mg, K, Na, and Al were determined according to
the method described by Sadzawka et al. (2007), using a simultaneous multi-element
atomic absorption spectrophotometer (model UNICAM 969 Atomic absorption
Spectrometer, England). For S and P determination, turbidimetric and colorimetric
methods respectively, described by Sadzawka et al. (2007) were followed. The
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conten oft S was measured at 440 nm, and P content at 466 nm, both measurements
were carried out in an UV-VIS spectrophotometer (UNICO® 2800 UV/VIS, Spain).

4.2.4 Physiological determinations
4.2.4.1 Leaf water potential
Leaf water potential (Ψleaf) was measured using a pressure chamber PMS
(model 1000, Instrument Co., Corvallis, Ore.), following the recommendations of
Hsiao (1990). Measurements were made at midday, between 13:30 and 15:30h, on
shaded leaves enclosed at least one hour (h) in plastic bags laminated with aluminum
foil.

4.2.4.2 Relative water content (RWC)
For RWC, a Smart and Bingham`s protocol (1974) was followed. A
composite sample of leaf discs was taken and fresh weight (FW) was determined,
followed by flotation on water for up to 4h. The turgid weight (TW) was then
recorded, and the leaf tissue was subsequently on-dried (48h) to a constant weight at
about 85ºC (DW). After, RWC was calculated by

[(FW–DW)/(TW–DW)] x 100

4.2.4.3 Chlorophyll fluorescence parameters of PSII
In order to determine the photochemical efficiency of PSII in leaves, the basic
protocol of Reyes-Díaz et al. (2009) adapted to blueberries was followed. Attached
leaves of two blueberry cultivars were dark adapted for 20 min and fluorescence was
measured using a portable pulse-amplitude modulated fluorimeter (FMS 2; Hansatech
Instruments, Norfolk, UK). Fluorescence parameters of PSII such as: photochemical
maximum quantum yield (Fv/Fm), photochemical effective quantum yield (ФPSII),
electron transport rate (ETR), non photochemical quenching (NPQ) (Maxwell and
Johnson, 2000) were determined at 0, 30, and 60d.
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4.2.4.4 Photosynthetic pigments
At 60d, total chlorophylls (Chla and b) and carotenoids, were extracted with
96% ethanol, measured by a spectrophotometer (UNICO® 2800 UV/VIS, Spain) at
663, 646, and 470 nm. Pigment concentrations were calculated according to
Lichtenthaler and Welburn (1983).

Table 4.1 Initial soil chemical properties of Andisol Gorbea Series, used in soil assay
before calcium sulfate treatment (*).
Chemical properties
N (mg kg-1)
Olsen-P (mg kg-1)
K (mg kg-1)
pH (H2O)
Organic matter (%)
K (cmol+ kg-1)
Na (cmol+ kg-1)
Ca (cmol+ kg-1)
Mg (cmol+ kg-1)
Al (cmol+ kg-1)
Al saturation (%)
CEC (cmol+ kg-1)
∑ Bases (cmol+ kg-1)
B (ppm)
Zn (ppm)
Cu (ppm)
Fe (ppm)
Mn (ppm)
S (ppm)
Al ext. (ppm)

Values
32.67
20.33
70.70
4.60
13.67
0.18
0.03
0.20
0.04
1.23
68.40
1.68
0.45
0.29
0.36
0.77
26.24
5.72
31.00
1050.00

*Methodology: P 8.5 (0lsen); available S: Ca extraction (H2P04) 20.01 mol L-1; Ca, Mg, K and Na
exchangeable: extraction with CH3 COONH4 1 mol L-1. At pH 7.0; exchangeable Al: extraction with
KCI 1 mol L-1; CEC: Ca+ Mg+ K+ Na+ Al exchangeable, Al saturation: (Al exchangeable x 100)/
CEC. Analyzed by Plant and Soil Laboratory, Instituto de Agroindustria, Universidad de La Frontera,
Temuco, Chile.
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4.2.5 Biochemical determinations
4.2.5.1. Lipid peroxidation
Lipid peroxidation (LP) in tissues was expressed as malondialdehyde acid
(nmol MDA g-1 FW) content and determined by 2-thiobarbituric acid (TBA) reactivemetabolites, according with protocol of Heath and Parker (1968), modified by Du and
Bramlage (1992). Samples were measured in UV-VIS spectrophotometer (UNICO®
2800 UV/VIS, Spain) at 440, 532, and 600 nm to correct the interference induced by
TBARS-sugar complexes.

4.2.5.2 Radical scavenging activity
The free radical scavenging activity (RSA) of tissues material from the two
cultivars were tested through the 2.2 diphenyl-2 picrylhydrazyl (DPPH–) method (Li
et al., 2007) with minor modifications. The reaction took 8 min and the absorbance
was measured at 515 nm, in a spectrophotometer (UNICO® 2800 UV/VIS, Spain).

4.2.5.3 Total phenols content
Total phenol contents (TPC) was done following Slinkard and Singleton`s
method (1977). The TPC were established with the Folin-Ciocalteu reagent and
absorbance was measured in a spectrophotometer (UNICO® 2800 UV/VIS, Spain) at
765 nm. A regression equation, using chlorogenic acid as standard, was used for
calculate TPC.

4.2.5.4 Total anthocyanins
The quantification of anthocyanins content (TAN) in leaves was determined
according to the protocol modified by Close et al. (2000) with minor modifications.
The homogenized samples were centrifuged at 3,000 rpm and supernatant was
measured at 530 and 657 nm in an UV-VIS spectrophotometer (UNICO® 2800
UV/VIS, Spain).
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4.2.5.5 Total flavonoids
Total flavonoid contents (TFA) were determined in leaves of two highbush
blueberry evaluated following the method described by Zhuang et al. (1992). Total
flavonoids from extracts were measured in a spectrophotometer (UNICO® 2800
UV/VIS, Spain) at 510 nm.

4.2.5.6 Superoxide dismutase and catalase activity
The superoxide dismutase (SOD, EC. 1.15.1.1) activity in leaves and roots
was assayed by monitoring the inhibition of photochemical reduction of nitro blue
tetrazolium (NBT) through the method described by Oberley and Spitz (1986). The
SOD activity was expressed as U mg-1 protein. The activity of catalase (CAT, EC.
1.11.1.6) was assayed according to the method of Aebi (1983). The rate of hydrogen
peroxide (H2O2) decomposition was measured at 240 nm (extinction coefficient of
0.036 mM–1 cm–1). The enzyme activities were expressed on protein basis. Total
protein (TP) was estimated according to Bradford (1976) using bovine serum albumin
(BSA) as a standard.

4.2.6 Experimental design and statistical analyses
The experiment was arranged on a split-plot design with two cultivars x four
treatments (G, G1, G2 and G4) x six replicates x 3 evaluation times (0, 30 and 60d)
for the photochemical parameters. Chemical and biochemical determinations were
carried out at end of experiment (60d). To minimize any positional effects pots with
plants were changed in position every day. For statistical analyses, reported values
correspond to the average of six individual replicates for each cultivar, calcium
sulfate treatments, and time. All data passed the normality and equal variance by
Kolmogorov-Smirnov and Levene test respectively. Data for chlorophyll fluorescence
were subjected to a two-ways Analysis of Variance (ANOVA) (where the factors
were calium sulfate treatments and exposition time) for Chemical and biochemical
analysis to a two-ways ANOVA (where the factors were calcium sulfate treatment
and cultivar). A Tukey test was used to identify those values with significant
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differences. Both analyses were performed with Sigma Stat 2.0 software (SPSS,
Chicago, IL). Differences between the values were considered significant at P ≤0.05.

4.3 RESULTS

4.3.1 Plant growth
Shoots of cultivars in soil amended with calcium sulfate (see in appencices)
exhibited an increase up to ~20% after 60d in comparison to control plants (P≤0.05,
Table 4.2). The maximum shoot increases in the treatment G1 were observed for
Legacy (P≤0.001) and at G4 for Bluegold (P≤0.001) compared to control. Calcium
sulfate amendment had positive effects on root length, where Legacy showed
significant increases in plants grown at G1, G2 and G4, whereas in roots of Bluegold
the three calcium doses showed significantly increases. In the non-amendment soil,
growth of roots decreased in Legacy (61%) and in Bluegold (92%), while calcium
application did overcome this trend (P≤0.05; Table 4.2).
The results obtained from this experiment show that calcium sulfate
significantly increased total and root DM in Bluegold compared to stressed plants,
whereas Legacy in G2 exhibited higher total, root, and shoot DM (P≤0.05; Table 4.3).
In relation to shoot:root ratio no statistically differences in Legacy were observed
among treatments, meanwhile in Bluegold this ratio was significantly decreased by
45, 100 and 52% in comparison to G0 for treatments G1, G2 and G3 respectively
(Table 4.3).

4.3.2 Mineral content in leaves and roots
Foliar S contents did not change in Legacy and Bluegold, an enlarged S
content in roots with G2 treatment was observed in Bluegold compared to the control
(P≤0.05). In both cultivars root P content at G4 (Legacy) and at G1 and G2 were
enhanced in comparison to the control (P≤0.001; Table 4.4). Calcium sulfate
significantly increased foliar Ca content up to 30% and 20% in Legacy and Bluegold
respectively in comparison to the control. Legacy roots under G4 treatment, showed
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higher Ca content (~30%) than in plants stand on control soil (P=0.028). In both
organs, Bluegold showed higher Ca contents (~30%) than Legacy under all
treatments (P≤0.001; Table 4.4). However, Mg content of roots was decreased up to
54% under calcium sulfate application in Legacy (P≤0.001), whereas in roots and
leaves of Bluegold a bigger Mg content under G1 was observed when compared with
non amendment treatment (P≤0.050). The amendment increased K content in leaves
of Legacy at G4 (P≤0.001), and significantly decreased foliar and root Na contents
(up to 50%) in Legacy and Bluegold. On the other hand, in leaves of Legacy and
Bluegold Al was decreased up to 27% and 23% respectively by calcium sulfate
addition (G2 and G4)in respect to the control (P≤0.05; Table 4.4). Nonetheless, this
significant Al reduction was more outstanding in roots that showed up to 89% and
46% in Legacy and Bluegold respectively, at the highest calcium sulfate dose (G4).
Statistically significant differences between cultivars were found in regard to Al
accumulation of plants growing in Andisol with high Al saturation, showing Legacy
higher Al content than Bluegold especially in leaves (56%).

4.3.3 Leaf water relations
The leaf water potential (Ψleaf) in Legacy .were 45 and 33% higher than
Bluegold at G0 and G1 (P≤0.05), whereas in G2 and G4 no statistically differences
were observed (Figure 4.1A). Both cultivars significantly diminished Ψleafl until G2
remaining constant (~ ─0.4 MPa) until higher calcium sulfate treatment (G4)
compared to control (G0). In plants under G2 and G4 were observed more negative
Ψleaf than G0 for Legacy (up to 66% in G2), whreas in Blueogl all treatment with
calcium sulfate reduced up to 20% Ψleaf in comparison to control (Figure 4.1A). On
regard to RWC Bluegold was not affected by calcium sulfate addition (P>0.050).
Nonetheless, Legacy raised its relative water content (RWC) in plants grown in soil
amended with calcium sulfate treatments G1, G2 and G4 (P≤0.05). Statistically
significant differences between cultivars were established in all treatments of calcium
sulfate to soil where Legacy plants were ground RWC (Figure 4.1B).
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4.3.4 Photochemical efficiency of PSII and photosynthetic pigments
In Legacy at 30d and 60d ΦPSII and ETR were significantly increased
(~150%) in all calcium sulfate treatments, in comparison to control. In Bluegold,
ΦPSII and ETR raised up to 125% in comparison to plants subjected to Al saturated
without amendment (Table 4.5). Non photochemical quenching, which represent the
energy dissipation as heat relative to dark-adapted state, showed to the end of
experiment a large reduction in plants of Legacy treated with calcium sulfate doses
(P≤0.05). In Bluegold, the fall of NPQ was slight, keeping higher NPQ in control
plants than in amended plants (P≤0.05, Table 4.5).
Chlorophyll a content in Legacy was significantly increased by G1 (24%) and
G2 (34%) treatments, whereas no changes in Chlb contents were observed in relation
to the control plants. Bluegold showed significant reductions in Chla and Chlb
contents, at the highest calcium sulfate dose (P≤0.05; Table 4.6). Legacy, but no
Bluegold, exhibited an increased Chla+b in amended plants compared to nonamended plants (P≤0.05; Table 4.6), and Chl a/b was reduced in Legacy at calcium
sulfate doses of G2 and G4 (P≤0.05), meanwhile in Bluegold an increment of this
ratio occurred under G4 (P=0.013; Table 4.6). Carotenoids content in Legacy were
raised at 63%, 73%, and 119% by treatments G1, G2, and G4 respectively compared
with the control soil (P≤0.05). Bluegold did not showed significant changes in respect
to

the

control

(P>0.05,Table4.6).
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Table 4.2. Effects of calcium sulfate addition on shoot and roots growth (cm) for two highbush blueberry cultivars grown in an
Al-saturated Andisol. Values represent the average of six replicates ± S.E.
Treatments

Legacy

Bluegold

Shoot

Root

Shoot

Root

Time (days)
0

60

0

60

0

60

60

G0

41.5±2.3Aa 42.5±0.3Ca 12.0±0.5Ba

G1

46.0±2.7Ab 66.5±3.5Aa 14.0±0.2ABb 16.0±0.9Aa 51.0±2.0Ab 68.0±0.9ABa 15.0±0.1Ab 21.5±0.5Aa

G2

41.0±1.9Ab 50.0±0.3Ba 13.0±0.6Ba

14.5±0.3Aa 46.0±0.6Bb 66.0±2.6Ba

15.0±0.3Ab 21.0±0.2Aa

G4

43.0±0.7Ab 56.0±2.0Ba 15.5±0.8Ab

17.0±0.6Aa 53.0±0.1Ab 71.2±1.4Aa

15.0±0.2Ab 21.0±0.1Aa

*

12.5±0.3Ba 50.0±1.2Aa 53.0±0.7Ca

0

16.0±0.1Aa 16.5±0.7Ba

Different lower case letters indicate statistically significant differences (P≤0.05) between time 0 and 60d for the same calcium sulfate treatment. Different
upper case letters show differences (P≤0.05) between calcium sulfate treatments for the same time (d).
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Table 4.3. Effects of calcium sulfate addition on dry mass and shoot:root ratios for two highbush blueberry cultivars grown in
Al-saturated Andisol. Values represent the average of six replicates ± S.E.

Cultivar

Treatments

Total DM

Root DM

Shoot DM

Shoot:root ratio

g plant-1
Legacy

Bluegold

G0

3.88Ab

2.54Ab

1.35Ab

0.53Aa

G1

4.35Aab

2.62Aab

1.73Aa

0.66Ba

G2

5.01Aa

3.20Aa

1.81Aa

0.57Ba

G4

4.47Aab

2.82Aab

1.66Aab

0.58Ba

G0

2.93Bc

1.77Bc

1.16Bb

0.65Aa

G1

3.92Ab

2.73Ab

1.20Ba

0.43Bb

G2

4.70Aa

3.54Aa

1.24Ba

0.35Bb

G4

4.04Aab

2.83Ab

1.21Ba

0.43Bb

*Different lower case letters indicate statistically significant differences (P≤0.05) between calcium treatments for the same cultivar. Different upper case
letters show differences (P≤0.05) between cultivars for the same calcium sulfate treatment.
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Table 4.4. Effects of calcium sulfate addition (mg kg-1 soil) on mineral content for two blueberry cultivars grown in Al-saturated
Andisol. Values represent the average of six replicates ± S.E.
Legacy

Bluegold
Calcium sulfate treatments

Mineral content
(g kg-1 DW)
Leaves

S
P
Ca
Mg
K
Na
Al
Ca/Al

G0
0.94±0.08Ba
0.79±0.01Ba
4.21±0.12Bc
3.05±0.39Aa
9.66±0.05Ab
0.49±0.01Aa
0.71±0.04Aa
4.33±0.01Bc

G1
0.97±0.04Ba
0.82±0.04Ba
5.08±0.21Bb
3.64±0.19Ba
9.68±0.48Ab
0.49±0.01Aa
0.66±0.01Aa
5.19±0.14Bb

G2
0.92±0.02Ba
0.67±0.01Bb
4.44±0.05Bbc
3.34±0.23Ba
8.68±0.11Ab
0.26±0.02Ac
0.54±0.02Ab
5.54±0.15Bb

G4
1.00±0.04Aa
0.77±0.02Ba
5.96±0.13Ba
3.10±0.45Ba
11.40±0.19Aa
0.33±0.02Ab
0.52±0.02Ab
7.69±0.02Ba

G0
1.09±0.02Aa
0.92±0.01Aa
6.78±0.19Ac
3.09±0.02Ac
8.70±0.02Ba
0.29±0.01Ba
0.44±0.01Ba
10.65±0.15Ad

G1
1.29±0.02Aa
0.89±0.02Aa
7.46±0.43Ab
4.48±0.05Aa
8.90±0.29Aa
0.28±0.03Ba
0.36±0.04Bab
15.59±0.16Ab

S
0.85±0.07Aa
0.97±0.07Aa
0.91±0.02Ba
0.88±0.02Aa
0.63±0.03Bb
0.63±0.02Bb
Ab
Bb
Bc
Aa
Ab
P
0.96±0.02
0.99±0.01
0.87±0.04
1.12±0.04
0.97±0.01
1.12±0.04Aa
Bb
Bab
Bb
Ba
Aa
1.51±0.05
1.31±0.17
1.87±0.13
2.10±0.10
2.37±0.04Aa
Ca
1.26±0.07
Aa
Ab
Ac
Ab
Bb
Mg
1.13±0.02
0.81±0.02
0.51±0.03
0.84±0.05
0.49±0.04
0.61±0.02Ba
Aa
Aa
Aa
Aa
Aa
K
3.97±0.01
3.85±0.02
4.12±0.12
3.88±0.07
4.07±0.01
3.78±0.17Aa
Ba
Bc
Bb
Bd
Aa
Na
0.25±0.01
0.16±0.01
0.19±0.01
0.11±0.01
0.34±0.02
0.35±0.01Aa
Aa
Ab
Bc
Ac
Bb
Al
1.61±0.22
0.85±0.01
0.13±0.01
0.18±0.01
0.71±0.01
0.97±0.07Aa
Bd
Bc
Ab
Aa
Ab
Ca/Al
0.50±0.02
1.20±0.20
7.20±0.32
8.22±0.18
1.89±0.01
1.74±0.10Ab
*Different lower case letters indicate statistically significant differences (P≤0.05) between calcium treatments for the same
letters show differences (P≤0.05) between cultivars for the same calcium sulfate treatments.
**Analyzed by Plant and Soil Laboratory, Instituto de Agroindustria, Universidad de La Frontera, Temuco, Chile.

Roots

G2
1.10±0,03Aa
0.91±0.03Aa
6.94±0.16Abc
4.01±0.50Ab
8.81±0.27Aa
0.25±0.01Ab
0.35±0.02Bb
12.82±0.01Ac

G4
1.12±0.03Aa
0.90±0.01Aa
8.55±0.12Aa
3.80±0.85Ab
8.48±0.24Ba
0.20±0.01Bc
0.34±0.01Bb
16.36±0.18Aa

1.17±0.70Aa
0.88±0.08Ab
Aa
1.22±0.04
1.00±0.03Bb
Aa
2.23±0.01
2.18±0.09Aa
Ab
0.57±0.01
0.56±0.04Bb
Bb
3.48±0.11
3.87±0.22Aab
Ab
0.24±0.01
0.17±0.01Ac
Ab
0.78±0.05
0.38±0.01Ac
Bb
1.80±0.02
3.75±0.03Ba
cultivar. Different upper case
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A

Aa

Legacy
Bluegold

-0.1

Ab

Aa

B

100

98
Ac

-0.2

Ba

Aa
Aa

Ab

-0.3

Ba
Ba

94
40

Abc
-0.4

96

Ac
Ba
Bb

-0.5

Ab

Ab
20

-0.6

Leaf relative water content (%)

Leaf water potential (MPa)

0.0

0
G0

G1

G2

Calcium sulfate treatment

G4

G0

G1

G2

G4

Calcium sulfate treatment

Figure 4.1. (A) Changes in leaf water potential (Ψleaf) and (B) relative water potential (RWC) in leaves of two
highbush blueberry cultivars grown in an Al saturated Andisol amended with calcium sulfate. Values represent the
average of six replicates ± SE. Different lower case letters indicate statistically significant differences (P≤0.05)
between calcium sulfate treatments for the same cultivar. Different upper case letters show differences (P≤0.05)
between cultivars for the same treatment.
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Table 4.5. Photochemical and non-photchemical parameters of PSII in two highbush blueberry cultivars grown in an Al
saturated Andisol amended with calcium sulfate for different times (0, 30 and 60 d). Values represent the mean of four replicates
Legacy
Time Treatments
(d)

Bluegold

ФPSII

ETR

NPQ

ФPSII

ETR

NPQ

0

G0
G1
G2
G4

0.210±0.009Aa
0.212±0.010Ca
0.215±0.007Ca
0.216±0.012Ba

24.460±0.579Ba
24.456±0.547Ca
24.480±0.480Ca
24.564±0.603Ca

1.10±0.040Ca
1.074±0.056Ba
1.132±0.049Ba
1.152±0.079Ba

0.264±0.003Ba
0.268±0.034Ca
0.256±0.022Ca
0.261±0.018Ba

33.312±0.297Ba
32.428±0.347Ca
34.389±0.503Ca
34.867±0.295Ca

2.103±0.005Aa
2.201±0.070Aa
2.206±0.035Aa
2.168±0.005Aa

30

G0
G1
G2
G4

0.421±0.001Ac
0.436±0.002Ab
0.457±0.005Aa
0.463±0.006Aa

54.091±0.126Ad
51.726±0.744Ac
55.032±0.576Ab
58.352±0.795Aa

2.075±0.002Aa
1.851±0.007Ab
1.604±0.009Ac
1.853±0.027Ab

0.346±0.004Ab
0.341±0.002Ba
0.330±0.002Ba
0.279±0.001Bc

43.625±0.612Ac
42.830±0.211Bb
45.817±0.213Ba
44.017±0.152Ba

1.929±0.003Ba
1.843±0.002Bb
1.658±0.003Bb
1.881±0.006Bb

60

G0
G1
G2
G4

0.220±0.002Ac 27.750±0.168Ac
0.328±0.002Ba 41.369±0.271Ba
0.262±0.005Bb 29.256±0.484Bb
0.230±0.002Bc 28.967±0.738Bbc

0.971±0.020Ba
0.868±0.005Cb
0.581±0.007Cc
0.408±0.006Cd

0.431±0.003Ab
0.436±0.001Aa
0.433±0.004Aa
0.450±0.003Aa

54.207±0.346Ac
54.931±0.239Ab
54.547±0.217Ab
56.665±0.269Aa

1.625±0.001Ba
1.631±0.002Cc
1.686±0.005Bb
1.630±0.002Cc

±S.E.
*Different lower case letters indicate statistically significant differences (P≤0.05) among treatments for the same treatment. Different upper case letters
show differences (P≤0.05) between cultivar for the same time (d).
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4.3.5 Lipid peroxidation, radical scavenging activity, and antioxidant
compounds
4.3.5.1 Lipid peroxidation
In plants stand on in Al-saturated soil (control), leaves of Legacy showed a
higher LP than Bluegold (P≤0.001, Figure 4.4A). In contrast in both cultivars LP
declined strongly (~80%) with G2 treatment respect to the control plants (P≤0.001).
Contrarily, LP of control roots of Bluegold where a 30% higher LP than in Legacy
roots was found. The major dose of calcium sulfate did not reduced significantly the
LP of Legacy roots, whereas Bluegold exhibited a significantly reduction in LP
(Figure 4.4A).

4.3.5.2 Radical scavenging activity
An increased RSA in leaves of the two cultivars under calcium sulfate
amendment, in comparison those without amendment was exhibited (Figure 4.4B). In
Legacy an augment up to ~80% RSA under G2 treatment in respect to control plants
was evidenced (P≤0.001), while in the other treatments no statistically differences
between them (G1 and G4) were observed (P=0.857). Notwithstanding this, these
both treatments were statistically significant different in respect to non-amendment
plants. Generally Bluegold leaves had higher RSA than Legacy (P≤0.05; Figure
4.4B). On the other hand, RSA of roots of Bluegold increased at G2 and G4
compared to non amended control plants (P≤0.05), being enhancements of 37 and
19% respectively. Roots of Legacy with G2 treatment had higher RSA values (~58%)
when compared with roots growing in the Al- saturated soil. The calcium sulfated
addition showed a better effect in Legacy RSA root than in Bluegold at both G1 and
G2 (P≤0.001, Figure 4.4B).
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Table 4.6. Photosynthetic pigment concentrations (mg kg-1 FW) in two highbush blueberry cultivars grown in an Al-saturated Andisol
amended with calcium sulfate for 60d. Values represent the mean of six replicates ±S.E. Different lower case letters indicate
statistically significant differences (P≤0.05) among treatments for the same cultivar. Different upper case letters show differences
(P≤0.05) between cultivar for the same treatment.
Cultivar

Treatments

Chla

Chlb

Chla+b

Chla/b

Carotenoids

Legacy

G0
G1
G2
G4

0.574±0.051Bb
0.541±0.056Aa
0.556±0.052Aa
0.459±0.010Aab

0.248±0.020Aa
0.209±0.011Ab
0.273±0.017Aa
0.260±0.004Aa

0.623±0.030Bb
0.677±0.002Ba
0.730±0.027Aa
0.689±0.018Ab

2.082±0.079Ba
2.250±0.161Aa
1.782±0.060Bb
1.650±0.033Bb

0.081±0.007Bc
0.133±0.011Ab
0.141±0.004Ab
0.178±0.011Aa

Bluegold

G0
G1
G2
G4

0.375±0.035Aa
0.467±0.009Aa
0.504±0.037Aa
0.429±0.015Ab

0.225±0.028Aa
0.235±0.008Aa
0.243±0.014Aa
0.166±0.002Bb

0.730±0.040Aa
0.762±0.072Aa
0.741±0.019Aa
0.625±0.012Ab

2.483±0.143Ab
2.428±0.086Ab
2.563±0.089Ab
2.759±0.022Aa

0.104±0.010Aab
0.110±0.004Ba
0.109±0.005Ba
0.097±0.000Bb

*Different lower case letters indicate statistically significant differences (P≤0.05) between calcium treatments for the same cultivar. Different upper case letters
show differences (P≤0.05) between cultivars for the same calcium sulfate treatment.
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4.3.5.3 Total phenols, anthocyanins, and flavonoid contents
In both cultivars, an increased TPC in leaves were observed, concomitant with
higher calcium sulfate doses (G2 and G4) compared to the control plants (P≤0.05,
Figure 4.5A,B). The enhanced TPC represented up to ~123% in Bluegold plants
treated with G2 and G4 (P≤0.001). The levels of TAN in leaves of cultivars grown in
control soil were increased up to ~70% in Legacy (P≤0.001) and ~40% in Bluegold
(P≤0.001), by the higher calcium sulfate addition (G4) (Figure 4.5B). Concerning the
cultivars, TPC values of plants growing in soils free of amendment were higher in
Bluegold than in Legacy (P≤0.001). After 60d under acid and Al toxicity conditions
(control) Bluegold showed higher TAN than Legacy (P=0.037), although calcium
sulfate applied at 4000 allowed an increased TAN in Legacy, reaching ~37% above
Bluegold (P≤0.001). The TFA in Legacy was diminished up to 30%, under calcium
sulfate amendment with respect to control plants, independently of calcium sulfate
doses added (P≤0.001). Differently, in Bluegold TFA were enhanced (~30%) at G1
(P=0.014; Figure 4.5C).
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Figure 4.2. Lipid peroxidation (A) and radical scavenging activity (B), in leaves and roots of two highbush blueberry cultivars grown
in an Al saturated Andisol amended with calcium sulfate for 60d. Values represent the mean of six replicates ±S.E. Different lower
case letters indicate statistically significant differences (P≤0.05) between treatments for the same treatment. Different upper case
letters show differences (P≤0.05) between cultivar for the same treatment.
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Figure 4.3. Total phenol (A), anthocyanin (B), and flavonoids (C) content in leaves
of two highbush blueberry cultivars grown in an Al saturated Andisol amended with
calcium sulfate for 60d. Values represent the mean of six replicates ±S.E. Different
lower case letters indicate statistically significant differences (P≤0.05) between
treatments for the same treatment. Different upper case letters show differences
(P≤0.05) between cultivar for the same treatment.
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4.3.5.4 Antioxidant enzyme activity
Whereas in Legacy, foliar SOD activity increased (41%) by G4 treatment
(P≤0.05), Bluegold also did it at G1 compared to control plants (P≤0.050, Figure
4.6). In addition, leaves SOD activity of Bluegold was higher than Legacy (169%) in
all the evaluated treatments (P≤0.001). While in roots, Legacy showed and arise of its
SOD activity under G1 (63%) and G2 (200%) treatments, compared to control plants
(P≤0.006), instead Bluegold only experimented changes in respect to the control
plants at G1 (P=0.027). Legacy showed a 64% higher SOD activity in roots than
Bluegold in calcium sulfate doses G2 (P≤0.001). An enhanced CAT activity in leaves
of Legacy (~543%) was found in treatment G4, in comparison to control plants
(P≤0.001; Figure 4.6). For Bluegold, all calcium sulfate treatments increased
significantly CAT according with the increase of calcium sulfate doses used. In roots,
CAT activity after increased in both cultivars in respect to the plants non-subjected to
soil calcium sulfate treatments (control) (P≤0.050, figure 4.6).
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4.4 DISCUSSION

The effects calcium sulfate addition to reduce Al content and nutrient
improvement have been widely reported by several authors in different crops grown
in acid soils with high Al3+ concentration (Alva et al., 1991; Carvalho and van Raig,
1997; Mora et al., 2002; Caires et al., 2006). This amendment shoot and roots growth
can be improve in crop plants subjected to abiotic environmental stresses (Korcak,
1988; Tuna et al., 2007). In an experiment with tomato plants (Lycopersicon
esculentum Mill.) under saline stress (NaCl), Tuna et al., (2007) added calcium
sulfate at 5 and 10 mM significantly improved growth plant and physiological
variables affected by salt stress. In an Abiotic stress as toxic Al our results suggest an
effect of this amendment on increase elongation of plants in both cultivars (Table
4.2), although in Al tolerant Legacy lower calcium sulfate doses than Bluegold were
required for this purpose. The root:shoot ratio in Legacy was not changed with
treatments, whereas in Bluegold this ratio was decreased, indicating that root growth
was stimulated by amendment additione. The improvement in plant growth can be a
response toia better nutrient balance in plants, because this calcareous amendment
caused significant reductions of Al content in evaluated tissues (Andersson, 1993),
especially in Al-tolerant Legacy (Table 4.2). Similar effects were observed by ReyesDíaz et al. (2011) in Al-tolerant blueberry cultivars Brigitta and Legacy subjected to
nutrient solution with Al toxicity (100µM) and recovered with calcium sulfate
(5mM). Mathews and Joost (1989) and Carvalho and van Raig (1997) reported that
the formation of lesser toxic and insoluble aluminum sulfate (AlSO4+) in soil after
calcium sulfate application contributed to ameliorate harmful effect of Al3+, by
complexation with SO42- groups in the outer sphere Al that could be excluded by
roots (Alva et al., 1991). In addition, Mora et al. (1999a) and Cichota et al. (2007)
proposed also that displacement of Al3+ from cation exchange sites by Ca2+ is
frequently in variable charge soil such as Andisol used in our experiment (Table 4.1).
On the other hand, improved foliar and root nutrient concentration, mainly Ca
and in lesser extent K, and P, showed that effective role of calcium sulfate on Al
ameliorating contributed to improved tissues nutrient level, although Mathews and
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Joost (1989) reported that excessive calcium sulfate applications can create K and Mg
deficiencies. Sanderson and Eaton (2004) in lowbush blueberry (Vaccinium
angustifolim Ait.) reported significant increases in leaf nutrient contents as P, Ca, K,
and S after gypsum addition for two cropping cycle. Calcium sulfate addition
increased root S content only in Al sensitive Bluegold (G2), according to reviewed by
Rennenberg (1984) who reported that S uptake is triggered by an increase of
polyvalent cations as Ca2+ or Mg2+, although in this cultivar no increases of these
cation in roots were observed. Sanderson et al. (1995) reported critical levels of S for
blueberries from 0.08 to 0.14%). However, no relationship between Ca and S were
found. For Legacy, an increase of foliar Ca due to calcium sulfate addition resulted
in an improved S (r=0.63), K (r=0.671), and P (r=0.615) contents, and no correlation
between a raised Ca and Al were found (Table 4.4). Additionally, calcium sulafte
application helped to reduce (~50%) foliar and root Na content in Legacy and
Bluegold. Increased Na concentrations in roots are associated to inhibitions in uptake
and transport of Ca and K, thus leading to nutritional imbalances in saline
environments stresses (Tuna et al., 2007). Our experiment showed that Na was
negatively correlated with Ca content in Legacy roots (r=─0.85, P≤0.001), but no
correlation with K content were found. However; Al content were positively
correlated with Na content in Legacy leaves (r=0.74; P=0.004) and both leaves and
roots of Bluegold (r=0.63; P=0.024 and r=0.67; P=0.015). Negative relationships
between Ca and Mg have been reported for pastures by Ritchey et al. (1995) and
Ritchey and Snuffer (2002), whereas in blueberries treated with gypsum, Mg content
were not affected either leaves and roots (Korcak, 1988). Similar results in our
blueberry plants were obtained, for Legacy where no correlation between them were
observed, whereas Bluegold showed a significant interaction between Ca and Mg in
roots (r=0.706; P=0.009).
The interaction between Ca and Al has been widely associated at
physiological and biochemical disorders in cropped plants (Delhaize and Ryan, 1995;
Kochian, 1995; Schaberg et al., 2006; Meriño-Gergichevich et al., 2010). After 60d,
Ca/Al molar ratio (Ca/Al) in both cultivars was significantly raised, depending on
calcium sulfate doses. In generally the highest Ca/Al were achieved at G4. In leaves
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this ratio was higher in Bluegold, whereas in roots Legacy showed higher Ca/Al
(P≤0.050, Table 4.4). It has reported that this ratio is increased after gypsum addition
to soil (Ritchey and Snuffer, 2002; Weber-Blaschske and Rehfuess, 2002). However
they do not mention to the differences between different cultivars from species.
Calcium sulfate significantly increased Ca/Al molar ratio, although this ratio in leaves
were higher in Al sensitive Bluegold than Al tolerant Legacy (Table 4.4). For leaves
in woody species Cronan and Grigal (1995) reported that a Ca/Al ratio less than 12.5
would indicate 50% risk of Al toxicity and Ca/Al ratio lower than 6.5 a 75% risk.
According to our experiment, lower foliar Ca/Al showed by Al tolerant cultivar
according to these authors, would indicate a better efficiency of uptake and transport
of Ca than Al sensitive Bluegold. In roots of Legacy and Bluegold molar ratio varied
from 0.5 to 8.2 and 1.8 to 3.7 respectively, similar to those ratios obtained for oak
(Quercus robur), pine (Pinus radiata) and eucalyptus (Eucalyptus nitens) plants
grown in acidic soil (Álvarez et al., 2005).
Aluminum has been shown to cause interference in water relations of plants
(Kochian, 1995; Mossor Pietraszewska, 2001; Rout et al., 2001) by alteration of cell
wall porosity in root cells. In wheat, grown in soil columns at acid pH (4.70) and Al
saturation (65%), Ψleaf and RWC were increased with gypsum addition (Zaifnejad et
al., 1996). In our highbush blueberry plants, calcium sulfate treatments leaded Ψleaf to
more negative values, compared to the control plants, probably due to increased
cation concentration both roots and leaves (Figure 4.1). According to Taiz and Zieger
(1998) a better accumulation of solutes (mediated by an improved Ca/Al) by cells, is
a process without an accompanying decrease in turgor, resulting in an osmotic
adjustment. This osmotic adjustment is related to an inhibited Al accumulation in the
root tips (Yang et al., 2010). Leaf water potential was compared with results reported
for blueberries by Hickleton et al. (2000), Glass et al. (2005) and Bryla and Strik
(2007), who reported for blueberries stand up in soil Ψleaf until ─1.5 MPa for drought
season during summer in North hemisphere. Legacy (Al tolerant) had a lesser
negative Ψleaf than Bluegold in control plants, although in Legacy Ψleaf was negatively
correlated with foliar contents of Al and Na (r=─0.79; P=0.002 and r=─0.66;
P=0.018, respectively) and root Al content (r=─0.73; P=0.006). In tolerant cultivar,
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RWC was significantly increased by gypsum in respect to the control plants, showing
a better hydric performance than Bluegold. Jiang and Huang (2001) describe that
external Ca application improved RWC in tall fescue (Festuca arundinacea L.) and
Kentucky bluegrass (Poa pratensis L.) under heat stress for 30 days, although these
application were not related to osmotic potential and osmotic balance. Also, Ca
application reduced the loss of chlorophyll content under stress, by inhibition of
photoxidation and/or better membrane integrity.
Reyes-Díaz et al. (2010) studied photochemical parameters responses in
blueberry cultivars (Legacy and Bluegold) subjected to Al toxicity (25, 50, 100, and
200µM) for 21 days. Results showed that Bluegold was the most affected by toxic Al,
especially at beginning of experiment, explained by a lower RSA in this Al sensitive
cultivar. The fluorescence parameter ΦPSII and ETR, were increased in both
cultivars, showing Legacy high values at 30 days, whereas Bluegold at 60 days, in
amended plants. These results agree with reported by Reyes-Díaz et al. (2011), where
these parameters responded to CaSO4 treatments mainly in tolerant cultivars. These
increased photochemical parameters were concomitant with a reduction of NPQ,
mainly in tolerant cultivar at the end of experiment, due to NPQ gives information
about heat dissipation when an excess of light energy in the PSII (Maxwell and
Johnson, 2000). Literatures have reported negative interactions between NPQ and
photosynthetic pigment content (Bilger and Björkman, 1990; Demmig-Adams and
Adams, 1996). Nonetheless, Chen et al. (2005) suggested that NPQ was not a key
factor on dissipation of excessive thermal energy in Al treated leaves of tangerine
(Citrus reshni Hort. Ex Tanaka), likely due to Haliwell-Asada route and
photorespiration involving in dissipating of excessive thermal energy. Fluoresecence
parameters were favored by foliar Ca/Al 6 in Legacy and 14 in Bluegold.
Pereira et al (2006) found that Al caused a decrease in Chlorophyll synthesis
by inhibition of enzymes responsible for monopyrrole porphobilonogen production,
which is constituent of Chl and cytochromes. However, in our two cultivars, no
statistically significant correlation between foliar Al or Ca and Chl a or b, Chl a+b,
and Chl a/b were found. Peixoto et al. (2002) found adverse effects of Al on leaf
photosynthetic pigments both in tolerant and sensitive sorghum cultivars [Sorghum
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bicolor (L.) Moench]. Reyes-Díaz et al. (2009) in blueberry, reported a decreased
pigment concentration correlated with Al content, mainly in sensitive cultivars.
Calcium sulfate increased Chl a, not by addition of external Ca, but for one
improvement mineral balance in leaves, mainly in tolerant cultivar. The Na content
was negatively correlated in both cultivars with Chl b concentration (r=from ─0.64 to
─0.680; P≤0.05), whereas its reduction by cvalcium sulfate addition would be a key
factor. Legacy showed negative correlations between carotenoids content and Al
(r=─0.81, P=0.001), Na (r=─0.56; P≤0.05), in contrast an improved Ca/Al molar
ratio by calcium sulfate addition had positive effect on accessory pigment (r=0.86,
P≤0.001) and S content (r=0.578, P=0.044). A better carotenoids are significantly
correlated with decreased NPQ (r=0.850). In barley (Hordeum vulgare L.) seedlings
subjected to Al (0, 0.08, 0.4, 2, and 10 µM) for 30d, carotenoids concentration was
increased in relationship to Al treatment applied, whereas chlorophylls a and b were
significantly reduced in respect to control seedling (Abdalla, 2008).
The scientific evidences show that Al can decrease electron transfers between
both photosystems (PSII and PSI), increasing production of ROS (Lidon et al., 1999;
Scandalios, 2002), thus inducing lipid peroxidation in chloroplasts (Lidon et al.,
1999; Rout et al 2001). In highbush blueberry, Al content and LP was correlated
positively in Legacy leaves (r=0.84; P≤0.001). The reduction of LP was associated to
an improved Ca/Al in leaves (r=─0.67; P=0.018) and roots (r=─0.62; P=0.031) of
Legacy, however in Al sensitive cultivar no relationships were found. Reyes-Díaz et
al. (2011) reported similar effects of gypsum on reduction of LP in tolerant cultivar
Legacy subjected to Al toxicity in hydroponic culture. The optimal foliar Ca/Al to
reduced LP was situated between 6 and 7 for Legacy and over 10 for Bluegold
(r=0.95).
The increase of antioxidant activity in plants amended with calcium sulfate
was positively affected in leaves and roots of Legacy and Bluegold, in comparison to
the control plants, although Bluegold showed a higher RSA than Al tolerant cultivar
(P≤0.050, Figure 4.2B). Calcium may be involved in plant tolerance to different
stresses by antioxidant metabolism regulation (Jiang and Huang, 2001), this finding
is in agreement with our results that showed an improved Ca2+ content have a
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significant influence on RSA. On the other hand, Al contents in Legacy were
negatively correlated with RSA in leaves (r=─0.68; P=0.014) and roots (r=─0.72;
P=0.008), indicating that a reduction of this metal in tolerant cultivar tissues should
increased RSA. A number of studies have reported that in parallel to increased ROS
levels, Al stress also could be an induces an increase in the antioxidant activity to
overcome deteriorating effects of these toxic species, increasing the tolerance to Al
stress (Guo et al., 2006; Khan et al., 2007).
Antioxidant activity is associated to several secondary metabolites to
overcome stresses caused by environmental factors such as Al3+. In this way,
highbush blueberries are considered a rich source of antioxidant compounds such as
phenols, anthocyanins and flavonoids, with nutritional properties for human health
(Prior et al., 1998; Kalt et al., 2001; Mittler et al., 2004; Dragović-Uzelac et al.,
2010). However, our results showed that Al content in sensitive cultivar negatively
affected TPC (r=─0.64; P=0.024), whereas in Legacy TAN were reduced under
greater Al content (r=─0.74; P=0.005), and TFA was positively correlated with Al
content (r=0.64; P=0.023). Foliar Ca content had positive influence on TAN in
Bluegold (r=0.61; P=0.032). Little information has been reported about the real
effects from calcium sulfate in activity of these molecules. Thus we suggest that
gypsum increased TPC and TAN, because to ameliorative role of this calcareous
amendment on Al concentration in soil solution (Meriño-Gergichevich et al., 2010,
Reyes-Díaz et al., 2011). In relation to the same line, antioxidant enzymes set
contributed to defensive system as first barrier against harmful effects of Al3+ in plant
metabolism. In our experiment, SOD and CAT showed lower activity in Al stressed
plants in both organs of two cultivars, and then increased by calcium sulfate addition
(Figure 4.4). Bluegold in leaves had a higher SOD activity than Legacy, because in
Bluegold a greater Ca contents were found after application (r=0.69; P=0.012).
Calcium is a regulator of several enzymes, playing a role as intra- and extracellular
messenger (Sanders et al., 2002; Silva et al., 2005). Gong et al. (1997) on maize (Zea
mays L.), and Jiang and Huang (2001) in tall fescue and Kentucky bluegrass, have
reported that external Ca addition increased ascorbate peroxidase (APX, EC
1.11.1.11), CAT, glutahione reductase (GR, EC 1.6.4.2), and SOD. For blueberry
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cultivars, Reyes-Díaz et al. (2011) reported that calcium addition toxic Al caused an
increment of SOD activity nutrient solution in respect to stressed plants (100 µM). In
agreement with our findings, Al content had a detrimental effect on SOD and CAT
activity, showing Legacy in leaves and roots significant negatively correlations
between Al and SOD (r=─0.61 and r=─0.59 respectively), and CAT in roots
(r=─0.94). For Bluegold, radical SOD and Al were (r=0.61; P=0.032). So, calcium
sulfate addition reduced Al content and restored balance between ROS and
antioxidant enzymes, with special focus in Al tolerant cultivars (Legacy), where LP
and SOD was correlated in leaves band roots (r=0.60; P=0.036 and r=0.83; P≤0.001
respectively). It could be assumed that in Legacy these antioxidant enzymes not
represent the most important mechanism, but to alleviate environmental impacts like
Al stress. The molar ratio between Ca and Al ranges 6 in Legacy and 14 for Bluegold.
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4.5 CONCLUSION
According to the results presented in this study, calcium sulfate addition was a
good alternative to enhance the inhibited growth of shoot and roots in blueberry
plants by aluminum. These positive effects on plants growth certainly were produced
by a better nutritional content and reduced aluminum content in tissues, caused by
amendment. An improved Ca/Al molar ratio was observed in both cultivars, although
is necessary more studies to evaluate the role of this ratio in blueberry plant
performance. Contradictory results about hydric relation were observed with gypsum
application, whereas leaf water potential showed more negative values, probably
induced by higher nutrient in xylematic flux, relative water content was increased,
especially in tolerant cultivar. Increased fluorescence parameters (ΦPSII and ETR) in
Legacy, was related to a reduced non photochemical quenching after gypsum
addition. Thus, more light energy was drive to photochemical reactions. Also,
amended plants showed a higher antioxidant capacity mainly in tolerant cultivar. Al
toxicity did not increased antioxidant compounds in leaves and roots of blueberry and
was negatively correlated, except flavonoids in Legacy. Finally, from agronomical
manure point of view, blueberries Al tolerant cultivar would require lower
amendment doses than those sensitive ones, however gypsum also ameliorate harmful
effect of Al on Bluegold at higher doses.
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Chapter 5. General discussion

5.1 GENERAL DISCUSSION

Nowadays, the great development of blueberry orchards in Chile have been
promoted due to high priced of their small fruits. Espinoza et al. (2009) has reported
over 10,000 ha cropped, with an average production of 55,000 t (ODEPA, 2011).
Because to its benefical nutritional properties for human health by the high level of
antioxidants, such as anthocyanin, flavonoid, and polyphenols compared to the other
vegetable species (Howard et al., 2003 Brambilla et al., 2008), which have important
metabolic functions such as free radical scavengers, hydrogen-donating compounds,
singlet oxygen quenchers and/or metal ion chelators (Sinelli et al., 2008). In this way,
Yamamoto et al. (2002) and Ma et al. (2007) reported that antioxidant activity is
associated to overcome stresses caused by environmental factors, which can trigger
an overproduction of ROS in cellular organelles. However, their antioxidant features
will depend on several environmental factors such as cultivar, growing season,
growing location and the soil features (Kalt et al., 2001; Howard et al., 2003;
Dragović-Uzelac et al., 2010; Ribera et al., 2010).
In Southern Chile, between Regions of Bío-Bío and Los Lagos (34º and 44º
S), acid Andisols comprises about 2,360,000 ha (INE, 1998; Besoain, 1999), and their
chemical and physical characteristics have enabled highbush blueberry development
(Sanderson et al., 1995; Trehane, 2004). Thus, Besoain et al. (1999) and Mora et al.
(2004) have reported that typically Andisols contain exchangeable Al3+ concentration
of >1.0 cmol+/kg, which would causes toxicity in highbush blueberry, decreasing
growth of root and shoots, nutrient uptake, and photosynthesis process mainly in
sensitive cultivars (Blatt and McRae, 1997; Reyes-Díaz et al., 2009; 2010; 2011). To
avoid Al3+ injuries, an agronomical practice carried out to reduce Al3+ release is Ca
application. The Ca amelioration result in direct physiologcal effects, and reductions
in the activity of Al3+ via increases of ionic strength (Lewis, 1990). Stout and Priddy
(1996) reported yield increases in alfalfa (~20%) concomitant with an increase of
~45% in root Ca/Al, when plants were treated with CaSO4 amendment compared to
the non-treated ones. It is remarkable that this amendment can reduce Al toxicity in
acid soils without altering the soil pH necessary for the good growth and development
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of some crops well adapted to acidity, such as commercial berries (Gough, 1997;
Mora et al., 2002; Takahashi et al., 2006a, b). For Ulrich et al. (1978) and Cronan
and Grigal (1995) Ca/Al in soil solution could be use as an indicator of potential
stress by Al3+. Moreover, is reasonable to think that a decrease Ca/Al in tissues can be
associated to decrease Ca and increased Al, influencing morphology and
physiological functions in plants. Vanguelova et al. (2007) reported relationships
between Al3+ and imbalanced nutrient content in plant tissues, especially Ca2+ and
Mg2+. However, the information about the effects of this interaction in physiological
and biochemical features is scarcy.
The relation between Ca and Al presented in Chapter two point out to
understand the relationship between them and their effects on physiological and
biochemical features in cultivated plants grown in acid soils. It has been some 70
years Al is considered as major limitation to plant growth and crop production,
causing injuries in roots of plants (Von Uexküll and Mutert, 1995; Lewis, 1990).
Although, the Al-toxicity effects are clearly identified, symplastic and apoplastic
targets for Al allocation are discussed (Marienfeld et al., 2000; Eticha et al., 2005).
The proposed three mechanisms by Delhaize and Ryan (1995), to explain Al binding
in roots and the interaction with Ca, suggest at symplasm level an inhibition of
Ca2+transport and disruption of Ca2+ homeostasis in cytoplasm by Al3+, and third
mechanism via apoplasm would be related to Ca2+ displacement by Al3+ from pectin
bounds in cell wall.
Although, the first symptoms of Al3+ damages in plant roots have been well
established, on upper parts such as stems, leaves and/or fruits it is still matter of
discussion. Recently, negative effects of Al3+ on photosynthesis and photochemical
parameters have been studied where this cation appears to preferentially impair
thylakoids and photosynthetic electron transport chain (Chen et al., 2010; Reyes-Díaz
et al., 2011). According to Chen et al. (2005), a reduction of CO2 assimilation rate in
Al stressed tangerine (Citrus reshni Hort. ex Tanaka) seedlings was mediated by an
decreased ETR, arise closure of PSII reaction centers and photorespiration, possibly
by an over production of ROS in chloroplast, inducing a lipid peroxidation (Lidon et
al., 1999).
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On the other hand, some reports regarding to interaction between Ca2+ and
reduction in the toxic Al3+ activity in tissues, have demonstrated that Ca2+ addition
would decreases enzymatic antioxidant activity of SOD and CAT enzymes (Ogawa et
al., 2000; Jiang and Zhang, 2003). Nevertheless, other authors suggested that the
antioxidant activity could be favored by Ca2+ addition. Because, is considered as a
secondary messenger in the oxidative stress responses of plants by regulation of
enzymatic scavengers (Price et al., 1994; Knight et al., 1996). Therefore, Ca2+ may be
involved in plant tolerance to different stress by regulation of antioxidant metabolism
(Jiang and Huang, 2001; Cheng et al., 2002). Signaling events associated to ROS
sensing comprised Ca2+ and Ca2+/binding proteins such as calmodulin and the
activation of G/proteins (Mittler et al., 2004; Foyer and Noctor, 2005). Jiang and
Zhang (2003) studied the role of Ca2+ in signal transduction raised between this
divalent cation and ROS originated from plasmamembrane NADPH oxidase in
abscisic acid (ABA) induced/antioxidant defence, and they concluded that cross/talk
Ca2+ and ROS originated from cell membrane/bound/NADPH is involved in the ABA
signal transduction leading to the induction of antioxidant enzyme as SOD, CAT,
ascorbate peroxidase (APX) and gluthatione reductase (GR) activities. The
knowledge of the non-enzymatic antioxidant defense against Al stress is less
recognized than the enzymatic ones. Further studies are needed to better understand
the mechanisms involved in the Ca-Al relation that affect physiological and
biochemical processes such as photosynthesis, cellular respiration, antioxidant
activities, signal transduction and cellular homeostasis in plants growing in acid soils
like Andisol.
In order to determine the calcium salts (calcium sulfate) effects on Ca/Al
relation in highbush blueberry, Chapter three ascertain physiological and biochemical
aspects. Where two blueberry cultivars Legacy and Bluegold were grown for 15 days
in a nutrient solution containing increased CaSO4 concentrations (2.5, 5, and 10 mM)
and Al (100 and 200 µM). In both cultivars, Ca content and Ca/Al were increased up
to ~100% and 180%, respectively, by adding CaSO4 concomitant with a reduction in
foliar Al in both Legacy and Bluegold (r=─0.80; P≤0.001 and r=─0.74; P≤0.001,
respectively). An improved Ca/Al had a positive effect on photochemical parameters
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in both cultivars (P≤0.05), as well as in the reduction of oxidative stress expressed as
LP. Also TPC and SOD, particularly in Legacy were significantly increased. In sugar
maple, St. Clair et al. (2005) foliar Ca/Al was positively correlated with some
photosynthetic prameters such as CO2 exchange rate and Chl a+b content, but
antioxidants enzyme activity were negatively affected by this increased molar ratio.
In highbush blueberry, CaSO4 was an effective amendment to improve the Ca
content concomitant with reduced Al contents, showing an important contribution to
Ca balance in Bluegold (considered as Al-sensitive). The enhanced photochemical
parameters (ФPSII and ETR) in both cultivars, probably due to a decrease in LP
caused by Al toxicity, although no strong interaction between radical scavenging
activity, the Ca/Al and LP were found. With respect to antioxidant compounds, only
in Legacy (as Al-tolerant) a direct relationship between TPC, SOD and Ca/Al was
observed (P≤0.05). However, more studies about the effects of adding CaSO4 to Alsaturated soil on these features were necessaries.
In Chapter four, the aim of study was to known wether calcium sulfate
amendment counteract the deleterious effects of toxic Al on physiological and
biochemical processes in same evaluated highbush blueberry cultivars grown in an
Al-saturated Andisol from Gorbea Series ( Table 4.1). According to results, CaSO4
addition represented a good alternative to enhance the inhibited growth of shoot and
roots by Al. These effects on plant growth certainly were produced by a better
nutritional content and reduced Al in tissues mediated by an improved Ca/Al in both
cultivars. Contradictory results about hydric relations in plants under CaSO4
application compared to those subjected in Al-saturated soil were observed, whereas
Ψleaf showed more negative values, probably induced by higher nutrient content in
xylematic flux and osmotic adjustment, the relative water content (RWC) was
increased, especially in Legacy. In wheat plants grown in soil columns at acid pH
(4.70) and Al saturation (65%), Ψleaf and RWC were increased with gypsum addition
(Zaifnejad et al., 1996). Comparable to our study, Hickleton et al. (2000), Glass et al.
(2005) and Bryla and Strik (2007), reported Ψleaf until -1.5 MPa for stressed highbush
blueberry plants under drought season in the Northern hemisphere. Legacy had a
lesser negative Ψleaf than Bluegold in control plants, although Ψleaf was negatively
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correlated with foliar and root contents of Al (r=–0.79; P=0.002) and (r=–0.73;
P=0.006) respectively. Thereby, Jiang and Huang (2001) described that external Ca
application improved RWC in tall fescue (Festuca arundinacea L.) and Kentucky
bluegrass (Poa pratensis L.) under heat stress for 30 days, although these application
were not related to osmotic potential and osmotic balance. In addition, the authors
reported that Ca addition reduced the loss of chlorophyll content under stress, by
inhibition of photoxidation and/or better membrane integrity.
In our experiment, increased fluorescence parameters (ΦPSII and ETR) in
Legacy, were related to a reduced non-photochemical quenching (NPQ) after CaSO4
addition,

which

suggest
-2

that

the

absorbed

energy

from

actinic

light

-1

(300 µmol CO2 m s ) was driven to the CO2 assimilation process. These results are
in agreement with reported by Reyes-Díaz et al. (2011), where ΦPSII and ETR
positively responded to CaSO4 treatments mainly in tolerant cultivar. The interactions
between NPQ and photosynthetic pigment content have been widely reported (Bilger
and Björkman, 1990; Demmig-Adams and Adams, 1996). Nonetheless, Chen et al.
(2005) suggested that NPQ was not a key factor on dissipation of excessive thermal
energy in Al treated leaves of tangerine (Citrus reshni Hort. Ex Tanaka), probably
due to Haliwell-Asada route and photorespiration involved in dissipating excessive
thermal energy. Scientific evidences showed that Al3+ can decrease electron transfers
between both photosystems (PSII and PSI), increasing production of ROS (Lidon et
al., 1999; Scandalios, 2002), thus inducing LP in chloroplasts (Lidon et al., 1999;
Rout et al 2001). In our study the correlation in Legacy leaves between LP and Al
content (r=0.84; P≤0.001) was decreased by an improved Ca content in leaves of (r=–
0.66; P=0.018) and roots (r=–0.62; P=0.031) of Legacy.
In Legacy leaves, the negative correlation between Al content and RSA (r=–
0.68; P=0.014) and roots (r=–0.72; P=0.008) not showed relation with number of
studies that have reported that in parallel to increased ROS, Al stress also induces an
increase in the antioxidant activity to overcome deteriorating effects of toxic species,
increasing the plant tolerance to Al stress (Guo et al., 2006; Khan et al., 2007).
Similarly, antioxidant activity is associated with several secondary metabolites to
overcome stresses caused by environmental factors such as Al3+. Interestingly, Al
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toxicity did not increased antioxidant compounds in leaves and roots of studied
highbush blueberry and was negatively correlated, except TFA in Legacy. Finally,
from agronomical point of view, blueberries Al tolerant cultivar would require lower
CaSO4 amendment doses than those sensitive ones. However, CaSO4 also ameliorate
harmful effect of Al on Bluegold at higher doses than Legacy. Our results showed
that Al content in the sensitive cultivar Bluegold negatively affected TPC (r=–0.64;
P=0.024), whereas in Legacy TAN was reduced under greater Al content (r=–0.74;
P=0.005), and TFA was positively correlated with Al content (r=0.64; P=0.023), and
foliar Ca content had positive influence on TAN in Bluegold (r=0.61; P=0.032).
Little information has been reported about the real effects of CaSO4 on the activity of
these compounds, thus we suggest that this amendment increased TPC and TAN in
order to ameliorate Al concentration in soil solution. Antioxidant enzymes set
contributed to defensive system as the first barrier against harmful effects of Al3+ in
plant metabolism. In our experiment, SOD and CAT showed lower activity in Al
stressed plants in both organs of two cultivars, and then increased by CaSO4 addition
(Figure 4.6). Bluegold exhibited a higher SOD activity than Legacy, because in
Bluegold greater Ca contents were found after CaSO4 application (r=0.69; P=0.012),
being a crucial intra- and extracellular regulator of several enzymes. Gong et al.
(1997) on maize (Zea mays), and Jiang and Huang (2001) on tall fescue and
Kentucky bluegrass have reported that external Ca addition increased ascorbate
peroxidase (APX, EC 1.11.1.11), CAT, glutahione reductase (GR, EC 1.6.4.2), and
SOD activities. For highbush blueberry cultivars, CaSO4 addition to ameliorate the
toxic Al on nutrient solution (100 µM) caused an increment of SOD activity in
respect to control and stressed plants, mainly in Al sensitive cultivar Bluegold
(Reyes-Díaz et al., 2011). According to our findings, Al content had a detrimental
effect on SOD and CAT activity, showing in Legacy leaves and roots significant
negative correlations between Al and SOD (r=–0.61 and r=–0.60 respectively), and
CAT in roots (r=–0.94), whereas in Bluegold radical SOD and Al content was also
negatively correlated (r=–0.61; P=0.032). Thus, CaSO4 addition reduced Al content
and restored balance between ROS and antioxidant enzyme, with special focus on Al
tolerant cultivars (Legacy), where the reduction of LP and increased SOD were
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correlated in leaves and roots (r=0.60; P=0.036 and r=0.83; P≤0.001 respectively). It
could be assumed that these enzymes represent an important mechanism in Legacy to
alleviate environmental impacts such as Al stress.

5.1.1 Aluminum concentration in acids environment and the antagonism of
calcium
In consideration to all reviewed information and performed experiment about
the role of Ca/Al in a fruit species like highbush blueberry was possible to design a
model related to interaction among physiological and biochemical features a this
ratio.
In the acidification of soils, due to natural or anthropogenic causes, Al is
released into the soil solution and becomes the single most important factor limiting
crop production in these soils. Calcium as base cation can ameliorate the toxicity
provocated by high Al concentration in soil. However, the place where is developed
and mechanism of this interaction is currently discussed. In chapter two it was studied
different three possibilities for the Ca and Al interaction in cell such as via apoplast,
symplast and cytosolic. Aluminum accumulation in cell wall, where it strongly binds
to the negatively charged binding sites provide by pectins. Also, this cation shows
high affinity for oxygen donor ligands (e.g. carboxylate or phosphate groups) from
plasmamembrane, where its main target are membrane phospholipids causing
breakdown and peroxidation. However, the interaction at cytosolic level is considered
by authors as principal cellular compartment where is carried out the interaction of Al
and Ca.

5.1.2 Cytosolic Ca and stimuli perception
Cytosolic Ca ([Ca2+]

cyt)

is regulated by the coordination of passive fluxes

(Ca2+ channels) and active transport (Ca2+-ATPases Ca2+-antiporters) across the
plasma membrane and/or endomembranes, and the buffering capacity of the cytosol.
Transient changes in [Ca2+]

cyt

have been reported in response to various signals,

including abiotic stress. It well known that Ca participates in signal transduction as
second messenger. This downstream signaling events associated with ROS sensing
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involve Ca2+ and Ca2+-binding proteins, such as calmodulin (CaM), the activation of
G-proteins, and the activation of phospholipid signaling, which results in the
accumulation of phosphatidic acid. It is possible that the localization of ROS signals
in specific cellular sites is similar to that of Ca2+ signals in response to external
stimuli. The development of intercellular ROS sensors analogous to the protein
sensors for Ca2+ would help considerably in studying the spatial and temporal nature
of ROS signaling in plants.
The information encoded in transient [Ca2+] cyt changes is decoded by a group
of Ca2+-binding proteins giving a cascade of downstream effects, including altered
protein phosphorylation and gene expression patterns. In plants the many Ca2+binding proteins fall into two classifications: 1) Stimuli sensors such as n (CaM),
CaM-related proteins and calcineurin B-like proteins (CBL) function through
bimolecular interactions. They undergo a conformational change induced by Ca2+
before interacting with and changing the activity or structure of the target proteins. 2)
Sensor responders such as the Ca2+-dependent protein kinases (CDPK) function at
first through intramolecular interactions and undergo a Ca2+-induced conformational
change that alters the activity of proteins or their structure.

5.1.3 Aluminum triggers changes in cytosolic Ca
Aluminum causes increases in [Ca2+]

cyt

potentially disrupting numerous

biochemical and physiological processes, including those relative to growth of roots,
shoots, water absorption and nutrient uptake, oxidative stress, enzymes activity,
among

others.

Aluminum

cause

depolarization

and

hyperpolarization

of

plasmamembranes, Ca2+ is released from the exchange sites thus increasing the free
Ca2+ concentration in the apoplast, increasing influx of Ca2+from apoplast to cytosol,
also inhibites the regulation of Ca2+ flux from cellular organelles (vacuoles,
endoplasmic reticulum or plastids) to cytosol, which leads to an excessive increase in
the cytosolic Ca2+ activity and triggering callose synthesis, disruption in perception of
signal, transduction and defensive responses to environmental stimuli. callose
synthesis.
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5.1.4 Regulation of structural and cytosolic Ca by restored Ca/Al molar ratio
The stoichiometric atomic ratio (molCa/molAl) facilitates the comparison
with the Ca/Al in soil solution and above-ground plant ratios. Concentrations of Al
and Ca in the fine root are determined by soil solution concentrations of Al and Ca,
soil acidity, soil exchangeable Al and Ca concentrations, root uptake capabilities, and
translocation to above-ground plant parts. Additional factors that may be species or
genotypically specific include plant tolerances to Al, internal detoxification
mechanisms, and exclusion of Al from the symplast. Thus, it is reasonable that a
decrease in root Ca/Al ratio, due to decreased Ca and increased Al, will rapidly
affected root physiological functions and root morphology as a consequence of
unbalanced nutrient uptake and plant nutrient status.
The first stage in the regulation of Ca level in cell will be at cell surface (both
apoplasm and symplasm) by displacement of toxic Al3+, afterward in the second stage
continues with the restoration of Ca on cell surfaces, regulating negativity of cell wall
and plasmamembranes. This mechanism will restore Ca concentration in cytosol,
providing the potential for the ready import of Ca2+ into the cytosol where it acts as a
second messenger (100 -200 nM).
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Chapter 6. General conclusions

6.1 GENERAL CONCLUSIONS

The addition of calium sulfate was an effective treatment to increase Ca/Al
molar ratio in Al-toxicity. This molar ratio in nutrient or soil solution, under
controlled conditions, was directly related to increase Ca/Al in tissues of fruit crop as
highbush blueberry, concomitant with a reduction Al and enhanced Ca contents in
leaves and roots, especially in leaves. However, two evaluated cultivars exhibited
different foliar Ca/Al values, whereas Al-tolerant Legacy ranged from 4 to 7, in
Bluegold was situated between 10 and 16, indicating different genotypic responses
and mechanism involved to Al toxicity.
The morphological parameters were recovery in two cultivars, particularly
Bluegold, with increased Ca/Al molar ratio in plants, due to a reduction of Al3+
concentration. Moreover, higher performances of physiological features as
photochemical efficiency (ΦPSII and ETR) and net photosynthesis were observed in
both cultivars, when foliar ratios were improved. The major photosynthetic yield
could be related to a reduced oxidative stress triggered by Al3+ in endomembranes
and proteins of chloroplasts. In relation to hydric relation, leaf water potential showed
more negative values with increased Ca/Al molar ratio suggesting a higher osmotic
adjustment but no loss in cell turgor.
Increased radical scavenging activity was directly related to reduction in lipid
peroxidation by regulation in foliar Ca/Al molar ratio in both cultivars. The nonenzymatic antioxidant total phenol and anthocyanin contents were enhanced
according to increased Ca/Al molar ratio in leaves. According to enzymatic
antioxidant, foliar Ca/Al raised superoxide dismutase in leaves of Al-sensitive
Bluegold, and catalase activity in both cultivars with results. These antioxidant
features showed the highest performance in leaves when Ca/Al were 6 in Legacy and
14 in Bluegold.
The determination of adequates Ca/Al molar ratio ranges to improve
physiological and biochemical performance, according with genotypic characteristic
can be an important usefulness contribution to regulation of Ca addition to soils with
high concentration of Al3+. In addition, benefits to farmer, different cultivars would
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require different calcium sulfate doses to improve growth and nutritional status, being
Ca/Al molar ratio a potential parameter to evaluate the fruit plant condition in
orchard.

6.2 THESIS OUTLOOKS

In the current scenario for optimizing agricultural production in the growing
global demand for food, several studies have been conducted under molecular,
biochemical and physiological criteria to find the best alternatives for crops that will
not always be established in areas with optimal environmental conditions. Added to
this, it is important to address local issues related to the use of available natural
resources and to better understand the interactions between them. Further studies are
needed to better understand the mechanisms involved in the Ca-Al interactions that
affect both physiological and biochemical processes as photosynthesis, respiration,
antioxidant activities, signal transduction and cellular homeostasis in plants growing
in acid soils like Andisols.
Our research provides valuable information about the use of calcium
amendment to improve the nutrient levels and reduce the risk factors related to
highbush blueberry cultivation in soil conditions from Southern Chile. The
application of calcium sulfate improved minerals, especially Ca in the soil solution
and in the plant by reducing the negative impact caused by high concentrations of
Al3+. Plants treated with calcium sulfate showed an increased in their physiological
and biochemical characteristics. Among the latter, mention the increase in the content
of some compounds with antioxidant power that can be transferred to the edible fruits
and highly desired in the marketplace. Turning to these fruits in functional food and
nutraceutical with excellent properties for health and diet of people.
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APPENDICES
Table 1. The calculated chemical speciation of nutrient solution. The chemical
speciation in each solution was calculated using the computer speciation program
GEOCHEM-PC version 2.0 (Parker et al. 1995).
.
CaSO4 (mM)
10
0

2.5

5

Al3+ (µM)
0
Ca (%)
Free
With SO4

100

200

100

200

100

200

100

200

93.35 92.75 94.32 85.58 85.79 80.58 80.77 74.32 74.47
6.48 5.79 5.61 14.32 14.13 19.33 19.15 25.61 25.46

SO4 (%)
Free
85.02 80.04 78.12 75.70 74.50 72.71 71.86 68.51 67.96
With Ca2+ 12.90 11.68 11.18 18.40 18.15 22.54 22.33 27.92 27.76
With Al3+
2.18 4.83 1.35 2.86 1.01 2.10 0.70 1.42
Al3+ (%)
Free
With SO4
With OH

-

33.04 38.68 24.98 27.08 21.79 22.99 18.70 19.24
20.93 23.38 42.64 45.42 52.57 54.75 62.87 62.07
6.74 7.88 4.49 4.87 3.58 3.76 2.70 2.77
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Figure 1. Relationship between nutrient solution and plant tissues Ca/Al molar ratio
of two blueberry cultivars under Al toxicity amended with CaSO4. Values represent
mean of four replicates. Regression lines are presented to assist with the visual
interpretation
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Table 2. Effect of gypsum (kg ha-1) application on mineral element of acid soil used in experiment after 60d. Values represent the average of three replicates ±
S.E. Different lower case letters indicate statistically significant differences (P ≤ 0.05) between gypsum treatments for the same cultivar.

Legacy soil

Bluegold soil
CaSO4 treatment (kg ha-1)

Parameter measured*
Olsen-P (ppm)
K (ppm)
pH-H2O
MO
K (cmol+/kg)
Na (cmol+/kg)
Ca (cmol+/kg)
Mg (cmol+/kg)
Al (cmol+/kg)
S bases (cmol+/kg)
CEC(cmol+/kg)
Al saturation (%)
S (ppm)
Al ext. (ppm)

0
26.6b
164.2b
4.57c
13.0a
0.42b
0.08a
0.27d
0.46b
0.95a
1.28d
2.23d
42.6a
40.6d
1091a

1000
27.6ab
174.6ab
4.77b
13.5a
0.44ab
0.08a
0.70c
0.54ab
0.88a
1.78c
2.66c
33.1b
60.6c
1088a

2000
28.6a
183.7a
4.87a
13.2a
0.47a
0.10a
1.40b
0.57a
0.78b
2.55b
3.34b
23.5c
82.6b
1040ab

4000
26.3b
183.7a
4.89a
13.0a
0.47a
0.12a
2.57a
0.58a
0.70b
3.75a
4.45a
15.7d
106.6a
990b

0
25.0b
239.8a
4.53b
10.0a
0.61a
0.10a
0.35d
0.58a
0.93a
1.66c
2.59b
35.9a
55.3c
1014a

1000
14.3c
199.4b
4.78a
10.0a
0.51b
0.07ab
0.73c
0.61a
0.74b
1.92c
2.06c
6.7c
53.0c
1002a

2000
24.3b
209.8b
4.76a
10.0a
0.53b
0.05b
1.43b
0.62a
0.64bc
2.64b
3.29b
19.6b
105.0b
869b

4000
27.3a
209.8b
4.75a
10.0a
0.53b
0.05b
2.22a
0.54a
0.58c
3.34a
4.20a
20.3b
137.0a
636c
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