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“El futuro pondra las cosas en claro,
y cada quien en su sitio segun sus meéritos.
El presente les pertenece.
El futuro, que es en realidad
para lo que yo trabajo, sera mio”

Nikola Tesla (1856-1943)
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THESIS ABSTRACT

Highbush blueberry\Maccinium corymbosurh.) is well adapted species to
acid soils (pH5.5) where Al-toxicity (Af") can be one of the most important soil
constraints for plant growth and development. Plsinéss is triggered by Al
causing well documented harmful effects on phygialal and biochemical features
in roots. However, damages in the upper parts fsaylee present, decreasing normal
functioning of photosynthetic parameters. On theeohand, calcium (Ca) addition
plays a fundamental role in the amelioration of ‘Aby regulation of Ca and Al
interaction at cellular level, improving processssch as water and nutrient
absorption, photosynthesis and regulation of aidem activity associated to
oxidative stress caused by toxic Al. The Ca/Al anahtio (Ca/Al) is stoichiometric
atomic ratio (molCa/molAl) to determine this intetian and used as indicator of
potential stress from Al and several studies have demonstrated that Ca/fliar
and root tissues is strongly correlated with théACaolution. Calcium sulfate or
gypsum (CaSg) is a calcareous amendment used to ameliorateattmeful effect of
AlI** concomitant to an increase in Ca contents, withaise pH for crops adpted to
acidity as highbush blueberry. Nonetheless, thectsf of this amendment on
physiological and biochemical performance by imgmgvof Ca/Al in this species
grown under Al-toxicity are remaining little knowiherefore, the objective of this
work was to study the effects of Ca/Al ratio on gijogical and biochemical
processes in highbush blueberry cultivars grownaircalcium sulfate amended
Andisol. In two separate experiments, under greeséocconditions, one year-old
plants a more Al-tolerant (Legacy) and Al-sensit{Béuegold) highbush blueberry
cultivars were disposed in a nutrient solution eanhg Al (100 and 20@M) and
increased CaSfQconcentrations (2.5, 5, and 10 mM) for 15 daygpéemxnent 1).
Afetrward, both cultivars were grown in an Andisath high Al-saturation amended
with CaSQat 0, 700, 1400 and 2800 mgksoil, for 60 days (experiment 2). In both
experiment chemical, physiological and biochemidehtures were studied.
Experiment 1 showed in both cultivars an increagea,content and Ca/Al up to

~100% and 180%, respectively by adding Cag@ncomitant with a reduction in

viii



foliar Al in both Legacy and Bluegold (#9.80; K0.001 and r=0.74; 0.001,
respectively). A high Ca/Al had a positive effentghotochemical parameters in both
cultivars (0.05) as well as in the reduction of oxidative strand increase of total
phenols and SOD, particularly in Legacy. Furthemmdighbush blueberry develops
well in acid soils, where Ca/Al is typically low;aSQ, amendment, mainly at 5 and
10 mM, may represent an effective alternative tpliagtion in Chilean acid soils, as
Ca source, reduction of toxic Al and Ca/Al reguwatiespecially in Legacy. In
experiment 2 calcium sulfate improved Ca/Al, plgrawth, as well as photochemical
parameters, carotenoids contents, and relative rnatatent (RWC) in leaves,
especially in tolerant cultivar. However, the ammedt did not show clear effects on
chlorophyll contents (Chl) and leaf water poten{l)). The Ca/Al molar ratio was
related to a decreased lipid peroxidation (LP) othbcultivars, whereas radical
scavenging activity (RSA), anthocyanins (TAN), aadtioxidant enzymes were
directly increased by this ratio. It was concludédt calcium sulfate can be an
effective amendment to ameliorate*Afoxicity in highbush blueberry, mainly in the
Al tolerant cultivar. Moreover, we observed thdfetient Ca/Al molar ratio could be
established to improve the physiological and biogkal performance in this species,
depending on the cultivar. In conclusion Ca/Al watated to an improved plant
performance to stress environmental conditionswsim different ranges of Ca/Al
for each cultivar. This research provides valuaip®rmation about the use of
calcium amendment to improve the nutrient leveld mduce the risk factors related
to highbush blueberry cultivation in soil conditsosuch as Southern Chile.



THESIS OUTLINES

Aluminum (Al) is one of the most abundant metalstie earth's crust
(comprising about 7%). Fortunately, in agicultueims mostly of Al is primarily in
the form of insoluble aluminosilicates or oxidesilypunder conditions of low pH, Al
is soluble as monomeric form (&) the most toxic for plants, which can inhibit thei
growth and development causing toxicity. This tdkion predominates in soils with
acid pH €5.5), as those of the Andisol Order. The first siomp of AP injury in
plants has been identified in roots affecting tteterw and nutrient uptake efficiency.
However, in upper parts of plants such as stenvekand/or fruits, Al harmful
constraint are still controversial. In this waynsoreports indicate that &l affects
physiological, biochemical and metabolic pathwdyscause triggers an excessive
generation of reactive oxygen species (ROS). TRE38 induces oxidative stress in
cellular organelles and organic molecules, resgyilemen in cell death. It has been
reported that AT stress affects photosynthesis as result of agparthibition of
photosynthetic electron transport rate (ETR) andsule of reaction centers in
photosystem Il (PSIl). By other hand, plants havelved defensive mechanisms
against oxidative damage, by antioxidant systentis &ozymatic and non enzymatic,
which act by scavenging of ROS. This performanceegulated by a network of
signal transduction molecules including receptoid messengers, among others. One
of the key components is calcium (Ca), which iseasal for several physiological
and biochemical processes, playing an importanicttral and functional role,
related to the cell wall, biological membranes,opyjsm, vacuoles, and other cell
organelles. Although Ca is less abundant than athé&ients in the plant cell is, is
essential for development and plant production.

Chapter two focuses on reviewing the interactiotwben AF* and C4" and
its effects on the physiological and biochemicagasses in crops growing on acid
soils, and then to determine the alternatives &fataous amendments used in acid
soils providing the background support for followeapters. This report indicates
that interaction between €aand AF* is probably the most important factor that
affects C&" and other nutrients uptake and transport in plansvn in acids soil.

This relation can be described as Ca/Al molar r@dia/Al) and it has been discussed



how this interaction takes place, because botimaibitors of another one depending
on the conditions under which it developed. Literatreports that the degree of Al
stress in plants is correlated with the Ca/Al rathan the Al concentration in the soil
solution. Thereby, an inadequated Ca/Al disruptsrtthe of Ca in cell function.

On the other hand, it has been recognized thabXtity is ameliorated by
basic cations in particularly Ca. The role of Cdiag (e.g. calcareous amendments)
on reduction of Al" concentration in acid soils has been studied, différences
regarding the application manure, effectiveness, e plant species or genotype
have been matter of controversy. Currently, theafsealcareous amendments have
been studied by several authors, who reportedtsedamostrating the effectiveness
of amendments to reduce Al toxicity to a greatetesser extent depending on the
source of Ca used, soil condition and the treatep.c

In South Central Chile highbush bluebera¢cinium corymbosum.) is an
important cultivated plant. It is well known thdtig high priced small fruit crop is
increasingly cultivated due to its flavor and niidnal properties. This crop is well
adapted to acid soils as Andisol but is sensibl@igh level of Al toxicity which
decreases its productivity. Nevertheless, the efie€a addition to reduce &l has
been little studied for this fruit crop in our Asdi conditions. Therefore, this thesis
aimedto study the relation between Ca and Al that allobetter nutrient balance and
Al detoxification reflected by photosynthetic andhtiexidant performances in
highbush blueberry cultivars amended with calciunifase (CaS@) or gypsum
grown in an Andisol of Southern Chile.

Therefore, before to study highbush blueberry glasubjected to high Al
saturation in an Andisol, it was necessary to emaluCaSQ@ treatments under
controlled conditions. Chapter three to ascertaen@aSQ@ addition on Ca/Al and its
effect on chemical, physiological and biochemiastéires in cultivars of highbush
blueberry with contrasting tolerance to Al Lega@}-folerant) and Bluegold (Al-
sensitive) grown in Al-toxified Hoagland's nutriesblution containing increased
CaSQ concentrations (2.5, 5 and 10mM) and®*A{100 and 200M), in an
experiment of 15 days. According with chemical dmieations both cultivars
exhibited increased Ca content and Ca/Al (up td)8By adding CaSpin parallel

Xi



to a reduction of Al (leaves and roots). The inseean Ca/Al molar ratio had a
significant effect on physiological parameters sashphotochemical efficiency of
PSII [effective quantum yieldPSIl) and ETR]. For biochemical determinations, an
adequated foliar Ca/Al exhibited a reduction ofdative stress, and an increase of
antioxidant activity of phenols. In summary, CaSteatments at 5 and 10mM
showed positive effect on Ca/Al and evaluated patars.

Afterwards, in chapter four were evaluated abowglisetl cultivars under a
soil conditions. A second experiment in an Al-sated (~70%) Andisol from
Southern Chile was carried out in plants of Legaig Bluegold grown for 60 days.
Soils received amendment with Ca&Dequivalent doses of 0 (control), 1000, 2000,
4000 kg h&. Determinations on chemical (nutrient contentlysilogical (growth,
hydric relations, and photochemical performancejd abiochemical (lipid
peroxidation, antioxidant capacity, and antioxidasampounds) features were
performed. At the end of experiment improved nuatsecontent, Ca/Al and growth
were found, as well as photochemical parameterster@id contents, and relative
water content (RWC) in leaves, especially in caltiegacy. However, CaQ@id
not show clear effects on chlorophyll contents jGind leaf water potentiat¥(cay).

On the other hand, Cag(ddition decreased lipid peroxidation (LP) andaltot
flavonoids content (TFA) in both cultivars, wheregsdical scavenging activity
(RSA), total phenols content (TPC), total anthodaysncontent (TAN), and
antioxidant enzymes superoxide dismutase (SOD) eathlase (CAT) were
significantly increased. It is concluded that Ca$én be an effective amendment to
ameliorate Al" toxicity and improve physiological and biochemigarformance in
highbush blueberry. Nonetheless, we suggest, tigaeh doses of this amendment
could be required to prevent harmful effect of*Ah Al-sensitive cultivars grown in
Andisols.

In summary, we propose that an adequated Ca/AlsBuds of highbush
blueberry according to genotypic features will all@ better aclimation to this

species against environmental stresses as Al tgxici

Xii



Chapter 1. General Introduction



1.1 GENERAL INTRODUCTION

In acid soils (pH< 5.5), several studies have reported that alumi(ijncan
be an important constraint for plant physiologiGd biochemical processes,
especially in young plants (Kochiagt, al, 2005; Ryan and Delhaize, 2010). Injuries
produced by the toxic species {Alare firstly evident in roots (Broquest al, 2005;
Sivaguruet al, 2006; Ryan and Delhaize, 201@)here it accumulates altering cell
division and elongation sites (Kochiaet, al, 2005; Horstet al, 2010). It causes a
decrease in nutrient and water uptake capacitpatsrand may subsequently affect
shoots functionality performance (Mossor Pietrasd@y 2001; Rouet al, 2001;
Langeret al, 2009). In spite, there are a lot of reports atimumful effects of Al*
on root plants (Delhaize and Ryan, 1995; Klug amaisH 2010; Kluget al, 2011),
while information related to its effect in shootsleaves is scarce. In this way, Al-
phytotoxicity can induce reduction of shoot growlaf necrosis, and delayed leaf
maturity (Routet al, 2001; Zhanget al, 2007), resulting in a decreased of
photosynthetic efficiency, pigment contents, anoiitie carbon (Cg assimilation
(Peixotoet al, 2002; Zhangt al, 2007).

On the other hand, literature report that*Afriggers an overproduction of
ROS, by impairment of membrane functions, which rhayrelated to Al-enhanced
oxidative stress in cellular organelles (Yamamettal, 2002; Jonest al, 2006; Ma
et al, 2007). In addition, plants have evolved someoaidant enzymatic and non-
enzymatic mechanisms against oxidative damageernwving and scavenging of
ROS (Arbonaet al, 2003; Huanget al, 2005; Sharmat al, 2007). Enzymatic
antioxidant set includes several enzymes such psraxide dismutase (SOD, EC.
1.15.1.1), and catalase (CAT, EC. 1.11.1.6) (Blo&lat al, 2003; Maet al, 2007).
Furthermore, phenolic compounds such as flavonesflavones, flavonones,
anthocyanins, and catechins, have been reportguato effective non-enzymatic
antioxidant functions (Velioglet al, 1998; Mittleret al, 2004; Priort. al, 2005).

Antioxidant system is regulated by a network ohsigransduction molecules
including receptor and messengers. One of thesedmyonents in this network is

calcium (Ca) that acts as an intracellular mesgseingassociation with a wide-range



of extracellular signals to specific responsesmeirenmental stimuli (Chengt al,
2002; Lecourieuxet al, 2006; Wang and Li, 2006). In plants, Ca is @ldor
growth, development, structural support (Hepler020Schaberget al, 2006),
photosynthesis, as well as water splitting in plysis, acting as an activator of
manganese (Mn) cluster in PSIl (Migyastsal, 2007; Yocum, 2008). To a certain
extent, Ca deficiency may be a problem on acidssadépercuting in the whole plant
or in a particular organ of plants, showing symposuch as growth reduction,
browning, and tissues necrosis (Sektgl, 2000; Hepler, 2005).

Interaction between Gaand AFP* is probably the most important factor
affecting Ca uptake and transport in plants growragid soils (Ryaret al, 1994,
Pintro et al, 1998; Schabergt al, 2006), due to competitive inhibition between
these two cations for active exchangeable sitesodfand plant roots (Ryan and
Kochian, 1993; Kinraide, 1998). A large proportmirtotal Ca resides in the cell wall
(apoplast) bound to pectins, conferring both rigiédind elasticity to it (Selingt al,
2000). However, according to displacement hypothest* remove Ca from critical
sites of apoplast, inhibiting Ca transport to syasph, and disrupting Ca homeostasis
in cell cytoplasm (Ryaet al, 1993; Kinraideet al, 1994; Ryaret al, 1997). In this
way, it has been reported that degree of Al-strescid soils is strongly correlated
with Ca/Al rather than the Al concentration in sail nutrient solution, being
suggested as an indicator of Al-toxicity (Cronard &rigal, 1995; Brunneet al,
2002). Thereby, to overcome effects of AiCa addition has been widely studied on
many crops grown in acid soils as Andisols, denratiag its effectiveness to
ameliorate Al* (Moraet al,, 1999; Tomat al, 2005; Takahastt al, 2006).

An agronomical practice carried out on acid sdids,ameliorating Al*stress,
and improve Ca, and other nutrients in plants, he tddition of calcareous
amendment such as Cag@itchey and Snuffer, 2002; Tonea al, 2005; Takahashi
et al, 2006). Calcium sulfate can reduce‘Alithout altering soil pH necessary for
development of some crops. Chemical and physicapesties of Andisols, have
enabled blueberry development, which is well adaptesoil pH ranges from 4.5 to
5.2 and high organic matter (OM) content >5% (Seswteet al, 1995; Trehane,

2004). However, it has been reported that excessizchangeable Al concentration



in these soils would cause toxicity in blueberridsgreasing root and shoot growth,
nutrient uptake, and photosynthesis processes,lyrai\l-sensitive cultivars (Blatt
and McRae, 1997; Reyes-Dietzal, 2009, 2010, 2011).

With over 10,000 hectares (ha) and 55,000 tonsr@duction, highbush
blueberry Yaccinium corymbosurh.) has become an economically important fruit
crop in Chile (Espinozat al, 2009; ODEPA, 2011), because it is a rich souffce o
antioxidant compounds such as phenols, anthocyamimd flavonoids, with
nutritional properties for human health (Pretral, 1998; Dragovi-Uzelacet al,
2010, Ribera et al., 2010).

For some woody species grown in nutrient or soilitetn was possible to
establish the better molar relation among Ca/AbsafAlvarezet al, 2005; St Clair
et al, 2005). Therefore, it would be also possible tosider the effects of this ratio
in a woody fruit species as blueberry grown in amdi&ol amended with calcium
sulfate. Thus, the aim of this research work wastidy Ca/Al molar ratio ranges that
allow a better nutrient balance and Al detoxifioatreflected by photosynthetic and
antioxidant performances in calcium sulfate ameraadberry cultivars grown in an
Andisol of Southern Chile.



1.2 HYPOTHESIS

The improvement of Ca/Al ratio in highbush bluelgegrown in an Andisol
amended by calcium sulfate will increase the edhcy of physiological and
biochemical features associated with oxidativesstre

1.3 GENERAL OBJECTIVE

To study the effects of Ca/Al ratio on physiologiaad biochemical processes

in highbush blueberry cultivars grown in a calcisutfate amended Andisol.

1.4 SPECIFIC OBJECTIVES

1) To evaluate the effect of Ca/Al ratio on oxidatstress levels in leaves and roots

of highbush blueberry under Al-toxicity.

2) To compare enzymatic and non-enzymatic antiowidzsapacity of highbush

blueberry under Al-toxicity at increased Ca/Al oati

3) To determine physiological performances in twghhush blueberry cultivars
subjected to Al-toxicity and at increasing Ca/Aioa
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ABSTRACT

High aluminum (Al) concentrations as*Arepresent an important growth and
yield limiting factor for crops in acid soils (pK 5.5). The most recognized effect of
Al-toxicity in plants is observed in roots. Howeyatamages in the upper parts
(including stem, leaves and fruits) may also bes@mé In addition, Al-toxicity
triggers an increase in reactive oxygen speciesSR€@ausing oxidative stress that
can damage the roots and chloroplasts, decreaswmignah functioning of
photosynthetic parameters. Al-toxicity may also ré@ase or inhibit antioxidant
activities, which are responsible to scavenge RE&Sesult of the negative effects of
toxic Al, root metabolic processes, such as watel autrient absorption, are
disturbed with a concomitant decrease in calciura) (Gptake. Calcium plays a
fundamental role in the amelioration of pH and &itity through Al-Ca interactions
improving physiological and biochemical processegliants. Calcium is a useful
amendment for correcting these negative effectsrops growing in acid soils. This
is an agronomic practice with alternatives, sucHirasstone or gypsum. There is
little information about the interaction between emdments and Al-toxicity in

physiological and biochemical processes in cropsisT the main objective of this



review is to understand the interactions betweeti &hd Ca amendments and their
effects on the physiology and biochemical respoimsesops growing in acid soils.

Keywords Acid soils, aluminum, amendments, calcium, gypsum

2.1 INTRODUCTION

Andisols are acid soils developed from volcaniceashmaterials (Nanzyet
al., 1993; lamarino and Terribile, 2008), comprisingth < 5.5 range (Samac and
Tesfaye, 2003), a high organic matter (OM) con{btura et al, 2002; Takaset al,
2006a), low phosphorus (P) availability, as welllas Ca and magnesium (Mg)
contents (Kleber and Jahn, 2007; Metal, 2007), and high levels of extractable Al
and manganese (Mn) (Toma and Saigusa, 1997).Ugiktyaconditions, Al-toxicity
is the main stress factor for cropped plants (Peschderet al, 2008; Ryan and
Delhaize, 2010), which could limit their productidmy alterations in physiological
and biochemical processes (Jones and Kochian, 19@ra et al, 1999). The
decrease in root growth is the most initial anddemt symptoms of Al-toxicity,
which inducing a reduced capacity for water andient uptake (Rengel and Zhang,
2003), although functions in upper organs also b@affected (Reiclet al, 1994;
Peixotoet al, 2002). Toxic Al triggers an overproduction of gey reactive species
(ROS) (Blokhina et al, 2003; Ma, 2005), which alters the functionality o
biomembranes, favoring oxidative damage in plaBts¢oloet al, 2003; Gucet al,
2006). The scavenging of ROS in plants can be atgulby enzymatic and non-
enzymatic antioxidant systems (Steial, 2008).

To overcome the limitations of Al-toxicity, Ca antknents are common
agronomic practices used to reduce Al-toxicityrastore Ca and Mg availability for
plants, and adjust soil acidity (Toma and Saigu8871 Moraet al. 2002), by
different economically viable options, such as kmgypsum, and phosphogypsum
(PG) (Campbellet al, 2006; Takahashet al, 2006a,b). There are several studies

reporting the Ca ameliorative effect on Al-toxicity crops growing in acid soils, as



soybean Glycine mak (Caireset al, 2006; Bachiega&t al, 2007), wheatTriticum
aestivum (Caires et al, 2002), coffee Coffea arabica (Hue, 2005), tomato
(Lycopersicon esculentyr(iTunaet al, 2007), among others. Although the effects of
different Ca amendments on physical and chemiagbepties of acid soils are well
documented, limited information is available abthe effectiveness of calcareous
amendments on plant physiological and biochemicatgsses, such as water and
nutrient uptake, photosynthesis, and antioxidastesys. Therefore, the aim of this
review is to summarize the effects of Al-toxicity plants, the interactions between
toxic Al and different Ca amendments and their @ffeon the physiological and

biochemical responses in cultivated plants growmnacid soils.

2.2 GENERAL CHARACTERISTICS OF ANDISOLS

2.2.1 Andisols and their properties

Andisols are typical soils developed from volcamiaterials (Takahaslet al,
2007), covering from 110 to 124 million hectarea)(hat worldwide (Sparks, 2004).
These soils generally possess excellent physicgdepties such as low bulk density
(<0.90 Mg m), high permeability, and high water-holding capacin addition, are
unique in terms of their aggregate structure, witil-defined and stable intra- and
inter-aggregate spaces (Takahashi al, 2007; lamarino and Terribile, 2008).
Chemically, Andisols are characterized by high jplhase sorption capacity, acidity,
Al and Mn toxicity (mainly non-allophanic Andisolspnd are rich in cations such as
Ca, Mg, potassium (K) and sodium (Na) (Nanzmtal, 1993; Kameyama and
Miyamoto, 2008).

2.2.2 Aluminum forms in acid soils

According to Kochiaret al. (2005), Al is the third most abundant element in
the earth’s crust, comprising about 7% of the tataks of the earth (Delhaize and
Ryan, 1995; Zhangt al, 2007). Yakimovaet al. (2007) considered that Al is one of

the most abundant toxic elements with ability tdlyge soil, water and trophic



chains. Nonetheless, the specific biological fuoretiof Al for animals and plants are
still unknown, and so it is not regarded as anragsgenutrient (Poschenriedet al,
2008). Fortunately, in agronomic terms, most of Ahés bound to insoluble forms
such as aluminosilicates and/or precipitated ashyflkoxide-sulfate, being
solubilized from silicates and oxides (not toxicrfis) to AF*, which is phytotoxic
only under conditions of low pH (Delhaize and Ryd®95; Takahashet al,
2006a,b; Wangt al, 2006).

In acid soils, Al has been reported in several &yras monomer, polymer, and
solid phase, which their concentration will dependof the degree and duration of Al
compounds hydrolysis (Alvat al, 1991; Delhaize and Ryan, 1995) (Figure 2.1).
Under high acidity (pH< 5.0) the trivalent Al species [Al@®)s]** dominate and are
generally referred to Al. With increase of pH, AI(OHJ and AI(OH)" begin to
appear (Lidon and Barreiro, 2002; Abretal,2003), Langeet al. (2009) showed
that these forms were toxic for soybedalyicine max(L.) Merrilll. These two
monomeric species are not generally considered foximany plants species. Under
conditions of soil neutrality, the Al(OHKlpr gibsite maintains a high presence, while
aluminates AI(OHY are predominant in alkaline soil (Kochian, 1995pd¢or-
Pietraszewska, 2001). These authors also notecmio#ter polymeric complex of Al
[AIO 4 Al1, (OH)4 (H20)12"* or (Alyg)] together with Af* are the most toxic forms for
plants under acidity conditions.
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[Al (H20)]"= Al Al(OH)s
Delhaize and Ryan, 1995 Marionet al, 1976

Kochianet al, 2004

<« >
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Soil pH
Figure 2.1. Monomeric and polymeric forms of Al and pH of saitcording to
various authors. When pH is lower than 5.5, soldblens available for plants are
predominant. AT" and [AIQ; Al1, (OH)u (H20)12""] (Al13), Al species are the most

toxic to plants.

Rout et al. (2001) found a significant correlation between Ip## and high
concentrations of phytotoxic Al, which is relatex the reduction of exchangeable
bases in the soil solution (Moet al, 2006). Soil acidification is associated with
inappropriate agricultural practices (Rengel, 199&pvy winter rainfalls that causes
the loss of bases (NaK*, C&*, Mg?) due to leaching (Morat al, 2006), use of
ammoniacal fertilizer (urea) and nutrient uptakeptants (Moraet al, 2006). Hede
et al. (2001) reported that the mineralization of OM madgoacontribute to Al-
toxicity, resulting in a hydrogen ions {Hrelease to soil environment reducing its pH,

which determine an increase ofAtelease.

2.2.3 Detrimental effects of aluminum on plants

Stressful conditions of Al-toxicity on plants, ahdnce a constraint on their
agricultural production, occurs in approximately%0of arable soil of planet
(Mossor-Pietraszewska, 2001; Maal, 2002; Ryan and Delhaize, 2010), where are
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several studies demonstrating that metabolic anpinedogical damages caused by
toxic Al in plants are expressed by a dramatic elese in productivity (Hoshinet
al., 2000). Wanget al. (2006) rewieved that there was more than USD 6{lliomin
estimated Al-toxicity-related losses in the agtiotdl sector in Australia during first
years of the 21st century (with large areas of goits with a high content of toxic
Al). Mora et al. (2006) reported a poor quality and forage proaunctn a pasture of
perennial ryegrass ¢lium perennd..) and white cloverTrifolium repend..), due to
high AP** concentrations in tissues, impacting in highek 1§ agricultural losses,
including weight gain in livestock.

The first and most recognized effect of Al-toxicityplants is the inhibition of
division and elongation of meristematic cells atttkreby the reduction in root
growth (Pandat al, 2003; Moraet al, 2006). In susceptible species to Al presence,
symptoms of root damage have been linked to Alibopavith carboxylic groups of
pectins, interruption in the synthesis of cellulasel/or accumulation of callose (1,3-
S-glucan) (Lidon and Barreiro, 2002), by interfererith the enzymes involved in
biosynthesis of cell wall polysaccharides whichuitssin elevated rigidity of the cell
wall (Wanget al, 2006). These roots becoming thinner and darkeuglting in lower
efficiency for water and nutrient absorption; beingre pronounced in seedlings than
in adult plants (Fot al, 1978). It has been reported that Al inhibits #fbsorption
of nutrients as Ca and Mg, and available P (Weingl., 2006; Poschenriedet al,
2008). Despite the number of reports on variousctsf of Al-toxicity in roots, there
is a lack of detailed information about its effects the structural integrity and
functional performance of photosynthetic apparafugslon and Barreiro, 2002;
Poschenriedeet al, 2008) and the fact that Al may inhibit photosatis efficiency
in some species (Reyes-Diar al, 2009). In relation to photosynthetic efficiency
(PE) of a unicellular green algauglena gracilis(strain Z, Department of Plant
Physiology, University of Lund, Sweden), this preeavas reduced after short-term
exposure (1h) at 15.0 mg Al (AIgIL™, although in long-term (7 days) experiments,
PE was partially recovered (Danilov and Ekelund)2)0 Moreover, Al-toxicity also
affected the transpiration rate by reducing stohagiarture (Kumar Rogt al, 1988;
Wanget al, 2006).
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Many plants have no more than 0.2 mg Aldyy weight (DW) in their leaves,
because the translocation of Al to the upper pairtglant is very slow, but plants
species such as te&Cgmellia sinensigL.) O. Kuntze] may contain up to 30 mg Al g
1 DW in old leaves, identified as one of the 400umsclator species of this toxic
metal (Mossor-Pietraszewska, 2001; Hsanal, 2007; Poschenriedat al, 2008).
Among others, rye Secale cereall.), cranberries \(accinium spp, and some
members of the Proteaceae family have also beemildes as effective accumulators
of toxic metals (Bakkeret al, 2000). In nutrient solution experiments, Al
concentrations at micromolar range (25 - 1,6004ehbeen sufficient to induce
morphological and physiological damages in som@si(&engel, 1996). According
to Panet al. (2001), Al could induce a programmed cell deattbanley Hordeum
vulgarelL.) roots after eight hours of exposure to Al treant (0.1-5QuM) due to the

presence of ROS.

2.3 CALCIUM AND ALUMINUM IN PLANTS AND THEIR INTERA  CTIONS

2.3.1 General role of calcium in plants

From ancient times, Ca plays a key role as essanitaent in plants (White and
Broadley, 2003), being related as a regulator ofwgn plant and development of root
and stem (White and Brodley, 2003; Hepler, 2009)d a lot of metabolic
functions/pathways (Plieth, 2005). As divalent @ati C&" plays a structural
component of cell walls and plasma membranes, fooms and covalent bonds with
carboxylates of pectins in the polysaccharide mairicell wall, which is relevant for
growth and texture of plants, fruits and matureetagles (Poovaiakt al, 1988;
Gilroy et al, 1993). Hepler (2005) reported about the antagionisiteraction
between Ca and indol acetic acid (IAA), where #ugl is a chelator of Ca and Mg,
allowing cell division and cell elongation. Howeyseveral reports provide evidence
on the inhibition of cell elongation by Ca does pot¢vent to IAA from stimulating
cell wall synthesis. In plasma membrane, Ca interagth phospholipids bilayer,

providing stability and structural integrity, thuontrolling its permeability by
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interactions between phospholipids and membranteips (Poovaiatet al, 1988;
Hepler, 2005).

On the other hand, Ca participate in extra- andaadlular signaling (Yocum,
2008), by regulation of enzymatic activities (Chextal, 2002), in both chloroplast
and mitochondria, and produces electrochemical npiate(Ryanet al, 1997). Is
involved as a secondary messenger in various sigaakduction pathways in
eukaryotic cells (Sanderst al, 2002; Silvaet al, 2005), and is modulated at
intracellular level in response to many signalshsas hormones, light, mechanical
disruption, abiotic and biotistress (Chengt al, 2002; Sanderst al, 2002). Also,
Ca is involved in photosynthesis process, as dctivaf Mn redox chemistry, that
culminates in the release of, @om photosystem Il (PSIl) during water splitting
(Homann, 2002; Yocum, 2008), a process that coalahbibited by substitution of
other cations such as*KOno et al. 2001). However, Ca deficiency in sugar beet
(Beta vulgarisL. cv. F58-554H1) had no effect on leaf carbon @lexXCQ) uptake,
photoreduction of ferricyanide, or ATP formatiora\g@yclic and non-cyclic electron
transport in chloroplast (Terry and Huston 1975)hartas Homann (2002) and
Yocum (2008) reported that PSII contains a sehwinisic 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 @ints

It is accepted that first plant responses td*Adamage appear in roots,
resulting in a decreased nutrient uptake (Weingl, 2006). Although, effects of Al
in roots have been intensively studied, on leafucstre and functions of
photosynthetic machinery are little understood.this way, some reports have
indicated that Al-induced leaf necrosis (Kumar Rbal, 1988; Zhanget al, 2007),
leaf yellowing (Foy, 1984), stunted leaves (Wan@l, 2006), and late leaf maturity
(Rout et al, 2001). So, these changes were accompanied bydactien in
chlorophyll contents (Wanet al, 2006), photosynthesis rate (Reéatral, 1994), and
abnormal chloroplast structure (Akaya and Taken2@@]; Peixotet al, 2002). The
Ca/Al molar relation is strongly associated witlowgth and development in a wide
variety of plants (Cronan and Grigal, 1995; Schgleral, 2006). This interaction
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has been related to the toxicity that Al exertgptamts, which is principally mediated
by C&" deficiency (Alvarezet al, 2005). A low Ca/Al molar ratio resulted in a
reduced photosynthetic capacity and increased reggpi in Scots pine Rinus
sylvestrisL.) grown in polluted acid soils of east Europeeigh et al, 1994). By
contrast, Ca addition alleviates the toxic efferasised by A" (Routet al, 2001;
Rengel and Zhang, 2003). This interaction is tletofathat must affect Ca uptake and
translocation in plants growing in acid soils (MosRietraszewska, 2001). It has also
been shown that Al excess competes or inhibits iCdoa Mg absorption capacity,
which affects normal plants development (Watanai @saki, 2002; Silvat al,
2005). According to Delhaize and Ryan (1995) andch{an (1995), three
mechanisms are proposed to explain Al-Ca interastias follows:

2.3.2.1 Inhibition of Ca®" transport via symplasm by Al**

The surface charge of plasma membranes and tramdbraee potential can
be modulated by G&channel activity, regulating ion transport andesthrocesses
(Rengel and Zhang, 2003). Is known that*Adffect cell membranes structure and
their permeability by blocking the €achannels, inhibiting influx of divalent and
monovalent cations into cells, but it stimulates #mion cell influxes (Ryan and
Kochian, 1993; Plieth, 2005). Binding of %Alto plasma membrane phospholipids
and transport proteins, reduces the net negativelbmane surface charge, permitting
the movement of anions and restricting that oforeti(Huanget al, 1992) (Figure
2.2A). Therefore, alleviation of Al toxicity through C&" addition causes a reduction
in the negative potential of plasma membrane, teath a drop in the electrostatic
attraction of the toxic AT (Kinraide, 1998). Rengel (1992a), reviewed the
mechanism of Al inhibition of nef°C&* uptake in Amaranthys tricolor and
concluded that Al ions affected net uptake by biogkof C&*-channel ie. by
binding to the verapamil-specific channel-recegite), as well as by interfering with
the action of the GTP proteins involved in the tagan of transmembrane €a
fluxes. However, they not reported effects of Al tre plasma membrane Ca
ATPase. Rengel (1992b) suggested that Al may disthe symplasmic CGa

homeostasis by altering the C#lux pattern across plasma membrane, triggering an
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excessive increase in cytosolic ®aHuanget al. (1992) evaluated Gh transport
mechanism in two wheat cultivars with contrastimgetance to Al", grown in
nutrient solution (pH 4.5). In the sensitive cudiyA”* induced an inhibition of Ga
uptake by blocking of CG4&channels in root plasmalemma, indicating that féas
did not involve Al-Ca interactions in the cell wéRigure 2.2A). Lindberg and Strid
(1997) reported, in two cultivars of wheat (Al-tcdat and Al-senitive), subjected to a
concentration of 5@M of Al (as AICl;), when Al was added caused reduction of
cytosolic pH and free [ and [C&'] of root cell, and afterwards plants were
removed from the Al treatment, where cytosolic paswecovery only in Al-tolerant
cultivar, caused by a hyperpolarization and depmtions of transmembrane
electrical potential of root cells.

2.3.2.2 Disruption of Ca?* homeostasisin cytoplasm by AI**

Cytosolic Ca [C%f]cyt in eukaryotes plant cells is approximately 100-260
whereas in apoplastic fluid and some cellular oetjas, [C4'] ot is 10' to 10 times
higher (Hepler, 2005; Lecouriewet al, 2006). Calcium intake to cells through
permeable ion channels, in the plasma membranetéVdmd Broadley, 2003), is
gated by voltage changes, stretch and ligands ascliP3, cADP-R, glutamate, G
proteins, among others (Rengel and Zhang, 200133.[Elzf*]cyt plays an important
role as a regulator of cell expansion and divisimd it is known that its changes
under controlled homeostasis permit cell viabi{Byish, 1995; Jonest al, 1998). At
very low external pH, the related control mechasiscannot avoid a decrease in
cytosolic pH; then the plant activates responsesamsincrease in Ga free
concentrations in cytosol (Plieth, 2005). Underdaconditions, exposure to i
generates a disturbance of pH homeostasis anﬂ]{@e{Ma et al, 2002), which
affects metabolic processes, such as cell divisrmhelongation (Zhang and Rengel,
1999) (Figure 2.2B). Mat al. (2002) correlated increases in cytosoli¢'qa6%) of
rye root tip cells under two Al concentrations @td 100uM), with a slight increase
in C&* at 50uM and 100uM. Aluminum 100uM triggered an inhibition of root
growth after two hours of exposure. These disruystiare generally believed to be a

primary trigger of Al-toxicity, because an increase[Caz*]cyt activate synthesis of
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callose (1,3-glucan) in plant cells, which is accompanied by reduction of
root elongation (Mat al, 2002). Other authors have indicated that this dustasis
disruption leads to an inhibition of €adependent signal transduction, affecting cell
division and cell elongation (Rengel, 1992a; Koohi#095; Jonest al, 1998).

2.3.2.3 Ca** displacement by AI** from apoplast

The importance of Ca in cell wall structure is daets role in the interaction
of C&*-pectate, as a regulator of growth and antagonigtm MA (Hepler, 2005).
Cell wall components and intercellular spaces dteal sites in the apoplast, as this
is the first contact site between roots and paadhptioxic Al species in a soil solution
(Ryanet al, 1997; Rengel and Zhang, 2003). In plants grovimgcid soils, Af*
reacts with these cell wall components in rootsttigaarly with C&*-pectate
(Blamey et al, 1997), where Al binds to carboxyl groups (Reng&896;
Poschenriedest al, 2008). Maet al. (2007) mentioned that about 85-99% of total Al,
corresponds to apoplastic content, and*@adisplaced from negative binding sites
by AI** in the apoplasm (Kinraide, 1998), becaus& Binds more strongly than €a
to pectin, a major constituent of cell walls (Renagied Zhang, 2003) (Figure 2.2C).
The displacement of pectin-bound*Cavould inevitably alter physical properties of

cell wall such as extensibility, rigidity, and perability (Horst, 1995).
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(ER) Endoplasmatic reticulum, (PM) plasma membré&ne) transports protein.

2.3.3 Biochemical Ca and Al interaction in plants

Under normal conditions, physiological processesigher plants produce
relatively small amounts of ROS through successagiiction of Q to HO, which
are a constant threat produced by photosynthegamsms (Scandalios, 2002; Mittler
et al, 2004; Kharet al, 2007). The term ROS includes free radicals agrsxude
anion (*&)Y) and hydroxil (*OH), and oxidant molecules such tg,, singlet
oxygen {O,) and ozone (§) (Guoet al, 2004; Kharet al, 2007). The main sources
of ROS in plants are organelles with a highly ozl metabolic activity or with an
intense rate of electron flow, such as chloroplastdochondria, and peroxisomes
(Yamamotoet al, 2002; Mittleret al, 2004). Several biotic or abiotic environmental
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stresses induce an increase in ROS productionaimtl(Foyer and Noctor, 2005),
which can cause oxidative damage in different biecwues, such as lipids, proteins,
and nucleic acids (Yamamost al, 2003; Gueet al, 2004; 2006).

Heavy metals are an important abiotic factor ofiemmental stress, that
increases ROS production and oxidative stressantpl(Tamagt al, 2005). In acid
soils (such as Andisols), high #lconcentration can triggers an enhancement of ROS
in plant cells, accompanied by a strong correlatigih oxidative stress (Ma, 2005;
Ma et al, 2007). Although, Al itself is not a transition taeand cannot catalyze
redox reactions, it is probably has a pro-oxidamtcfion through *@ formation
(Yamamotoet al, 2003; Tamast al, 2005). Aluminum binding to phospholipids
induces a rigidity of membranes, facilitates a fragical chain reaction, mediated by
Fe (Yamamotoet al, 2002). Therefore, prolonged exposure to Al may be
accompanied by enhanced peroxidation of phosplasligihd membrane proteins,
which could to leading to cell death (Pat al, 2001, Pandaet al, 2003;
Simonovtova et al, 2004). Merigaet al. (2004) reported that the primary target of
Al-induced increases of ROS in plasma membranesing increased peroxidation
of phospholipids and proteins. Bdscelbal. (2003), reported to this trivalent ion can
induce death in root tip cells in Al-sensitive m&iZZea maysL.) cultivars, by
increasing the amount of ROS and protein oxidatiddso, they reported
controversial results about activities of antioxideenzymes involved in ROS
scavenging.

A number of studies have reported that in para&tlehcreased ROS levels, Al
stress also would induces an enhancement in tihexat#nt activity to overcome the
deteriorating effects of these toxic species, angrove plant tolerance to Al stress
(Guoet al, 2006; Kharet al, 2007). Okamotet al. (2001) reported that tolerance of
photosynthetic organisms is mainly related to dedesystems rather than prevention
of oxidative damage. The ROS scavenging and elimoiman plants is regulated by
non-enzymatic and enzymatic antioxidant systems, iclwh are highly
compartmentalized (Shaat al, 2008). The antioxidant set includes enzymes sisch
superoxide dismutase (SOD), catalase (CAT), astoripgroxidase (APX; EC
1.11.1.11), peoxidase (POD; EC. 1.11.1.7), andatiiidnereductase (GR), among
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others (Maet al, 2007). In roots of intact plants and culturedisca@f Camelia
sinensissubjected to Al treatments, Gharegttial. (2005) enhanced activities of SOD,
CAT, and APX. However, Guet al. (2004) showed greater antioxidative ability in
barley root cells subjected to 100 uM Al, when Gan{M) was added to nutrient
solution. On the other hand, several non-enzynmbtecular compounds have been
reported to play effective antioxidant role such ascorbate and glutathione in
hydrophilic conditions (Shaet al, 2008),a-tocopherol (Foyer and Noctor, 2005),
vitamins C and E (Huangt al, 2005), B-carotene (Stahl and Sies, 2003), (poly)
phenols (Prioret al, 2005), salicylic acids (SA), and flavonoids aavéines,
isoflavones, flavonones, anthocyanins, and catsc(iittler et al, 2004; Prioret
al.,2005).

In plant tolerance to different stresses,’’Canay also be involved by
regulating of antioxidant metabolism (Jiang and mtya2001). Generally, Gais
considered to act as a secondary messenger inxitiative stress response plants.
Both, C&" and C&'*-binding proteins such as calmodulin, are involiedignaling
events associated with ROS sensing through theaticth of G proteins and the
activation of phospholipids signaling, which resulin the accumulation of
phosphatidic acid (Foyer and Noctor, 2005). Thealiaation of ROS signals, in
specific cell sites, may be similar to that of Csignals in response to many stimuli
(Mittler et al, 2004). A cross-talk between £aand ROS originating from cell
membrane-bound-NADPH oxidase is also involved iscadic acid ABA-dependent
signal transduction, inducing an effective antiexit defense and enhancement of
antioxidant enzyme as SOD, CAT, APX and GR acssifiJiang and Huang, 2001).

As mentioned above, the amelioration of Al-toxicitgs been related to the
use of cations such as Ca and Mg (@u@l, 2004), but the information related to
Ca-Al interaction and their effect on antioxidawtiaty in plants is scarce. In this
context, Gucet al. (2006) found a stimulated antioxidant enzymatidvég of SOD,
POD, and CAT, by Ca addition on barley plants ergoso Al (100 pM).
Furthermore, short-term Al-toxicity (5 mM) was ngited by Ca and Mg addition, by
enhancement of antioxidant enzyme activities in adape cedar needles

(Cryptomeria japonicaD. Don) growth in acidified nutrient solution (Taki et al.
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2005). Also, they suggested that Ca/Al ratio wasetated with an increased SOD
and CAT activity either with short-term or long4tetreatments. Indeed, Mogd al.
(2008) reported enhanced antioxidant enzymes (PQ@DA#®X) application of lime
(Calcitic) and P, improving the nutrition, thuscieasing the dry matter and yield of
white clover {rifolium repensl.) growing in Andisols. External Ca addition amat
grass species, tall fescueegtuca arundinaced.) and Kentucky bluegras$¢a
pratensisL.) growing in nutrient solution, increased CAT, APand GR activities,
reduced lipid peroxidation (LP), raised relativetevacontent (RWC), and improved
chlorophyll (Chl) content in leaves (Jiang and Hya2001). Also, in maize seedlings
ca&* treatment (CaG) allowed to keep relatively higher SOD, CAT, andX
activities, and lower LP levels compared to the-treated seedlings (Gorgg al,
1997). In contrast, other authors report reductioantioxidant enzyme activity due
to Ca addition. For hooky cypres€Hamaecyparis obtuyaOgawaet al. (2000)
showed that high Ca concentration (5, 12.5, andndb) suppressed antioxidant
activity of SOD and CAT, in comparison to Al tream (5 mM) without Ca
treatment. In addition, these authors reported ithgtarallel to decrease in Ca/Al,

there was an increase in activity of these enzymes.

2.3.4 Alleviation of Al-toxicity by Ca?*

There are many reports about the ameliorative &sffetcCa on Al-toxicity in
different crops growing in acid soils. Several s#sdhave shown that soil pH
increases after application of Ca amendments dtigetdisplacement of Al and H
by C&* from the exchange sorption sites in soil solutiivé and Sumner, 1988;
Mora et al. 1999; Moraet al, 2002). It has been shown, that Ca has a benleficia
effect on root hair growth and elongation in soybptants affected by Al toxicity
(Sanzonowiczet al, 1998). It has also been recognized that Ca/Alammdtio is a
good indicator of Al stress in nutrient solutiods@ya and Takenaka, 2001; Ritchey
and Snuffer, 2002), and may be used to predictitpcaffect on plant growth and
development. Indeed, it has been demonstratedhbe was a 50% risk on Japanese
cedar trees growth’s when Ca/Al ratio in soil Solutwas below 1.0 (Takandt al,
2005). Furthermore, this indicator may not be qugeful for Andisols due to its high
OM content, which could be complex Al ions (Takdhas al, 2006b). Moreover, a
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higher concentration of Al in soil solution resulte reduced foliar concentrations of
Ca, Mg, Mn, and Zn, net photosynthesis and celluéapiration, and decreased
shoots biomass in red sprudeidea rubensSarg.) (Schabergt al, 2000). Also
Watanabe and Osaki (2002) reported negative rakdtips between Al accumulation
and other essential minerals in leaves. In addit@@a played an important role on
growth, yield, and fruit quality in different cropsich as melonQucumis meld..)
(Takasuet al, 2006a), highbush blueberrydccinium corymbosurh.) (Blatt and
McRae, 1997), and yields in wheat (Caiggsal, 2002), in a mixed grassland with
timothy (Phleum pratensé.) and red cloverT(rifolium pretensel..) (Zheljazkovet
al., 2006), Brussels sproutBrassica oleraceaar. gemmifera) (Carter and Cutcliffe,
1990), and perennial ryegraskoljum perennelL.) (Mora et al, 1999; 2002).
Kinraide (1998) reported the Ca ability to alleei#l®" toxicity at short-term by three
proposed mechanisms: 1) Displacement of Aly electrostatic effects on the cell
surface, most probably by blocking plasma membm@renels to the toxic cation
(Kinraide, 1998); 2) Restoration of €aon cell membrane surface with Ca addition,
reducing negativity of surface for Al binding (Kaide et al, 2004); and 3)
Interactions between &aand AF* (Silvaet al, 2005). Kinraide (1998) highlighted
that in order to inhibit effect of AT (1 pmol L) a C&" concentration approaching 1

mmol L is necessary.

2.3.5 Use of Ca as amendment in acid soils

Several studies report the beneficial Ca effectdifferent crops growing in
acid soils (Moraet al, 2002). Currently, Ca application is carried ohtotigh
different practical alternatives (Campbedt al, 2006; Takasuet al, 2006a,b)
including common liming oxides (CaO), hydroxidesa{OH),], silicates of Ca or Ca-
Mg, carbonates as calcites (Caff,Cdolomites [Ca Mg(Cg),], and sulfate salts
(Tisdale et al, 1985), as mined gypsum and gypsum by-product sachPG,
titanogypsum or red gypsum (Garrigb al, 2003; llleraet al, 2004). Liming is a
very common practice, in approximately 22 counfrigeat are benefitting
substantially from well established liming practig&cottet al, 2000) for restoring
available Ca for plants (Morat al, 1999; 2002), correcting acidic soils (Sosttal,
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2000), amelioration of Al and Mn toxicity (lllerat al, 2004), and avoiding metal
leaching as cadmium (Cd), copper (Cu), and leadl ifPpolluted soils (Campbe#t
al., 2006).

In general, cultivated plant responses to Ca agiptic are positively
correlated with an increased DW vyield both in shamid roots, and quality
improvement in different crops such as soybeanréSat al, 2006; Bachiegat al,
2007), blueberries (Blatt and Mc Rae, 1997), wit€aireset al, 2002), coffee (Hue,
2005), and tomato (Turet al, 2007). However, its use is strongly dependenthen
crop type, locality, deep requirement, soil textu®@d1 content, as well as pH, time,
and/or frequency of liming, and the nature and afsthe amendment material
(Schumaret al, 1994; Takaset al, 2006a).

2.4 CALCAREOUS AMENDMENT TYPES

2.4.1 Limes (calcite and dolomite)

The major limestones are Cag@nd Ca Mg (C@. (von Willert and
Stehouwer, 2003), being Cag@ssociated to various reaction steps with soiewat
releasing C& which later can be up taken by roots or lost byewdrainage (Tisdale
et al, 1985), and HC® that increases soil pH (Sceit al, 2000). The main direct
benefits of limestone application is pH increasesails, particularly those having
levels below 5.0-5.5 (Morat al, 2006), and reduction of toxic Al and Mn
concentrations (Hue, 2005; Cairesal, 2006). Whereas, indirect benefits could be
related to an increased effective cationic excharggecity (CEC) (de Castet al,
1999), additional supply of Gaas well as Mg, if dolomitic limestone are used
(Pavanet al, 1984), and enhanced P availability by inactivatiaf Fe and Al
complex (Tisdaleet al, 1985). Indeed, a reduction on P adsorption in @hdean
Andisols treated with calcitic and dolomitic limbas been reported by Moe al.
1999. Also, are improved micronutrient availabiliggth adequate range of liming
(Tisdaleet al, 1985), and amelioration of the nitrification anitrogen (N) fixation

(Campillo et al, 2005). Also, deeper incorporation of lime incesasroots
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development, resulting in an increased crop preda¢Sumneet al. 1986; Carvalho
and van Raij, 1997). Hue (2005) reported that liameendment was positively
correlated with a good growth in roots of coffeams grown in two acid soils
(Andisol and Ultisol) during five months. Mot al. (2002) found a reduction in
weed presence in perennial pastures of ryegrasswdniig clover growing on
Andisols. Redente and Richards (1997) added limus pIPK fertilizer to polluted
soils, increasing shoot and root biomass of wheaatyf\gropyron spicatuim and
reduced trace element availability and their cotregions in plant tissues. In this
context, Garland and Wilkins (1981) found that éantoots subjected to Pb toxicity
increased their biomass and length, when Ca coratemt was increased from 12 to
72 mM in nutrient solution. Recently, Hagt al. (2007) showed a significant
reduction (20-50%) in Pb concentrations in rootd stems in tea plants growing in
acid soils after second year of lime applicatiomwdver, in watermelonQjtrullus
lanatug Locascio and Hochmuth (2002), showed that limeosnecessary for soils
with low toxic elements such as Mn and Al, addiib@a from lime [0 to 4.5 ton per
hectare (t hd)], since only a 10% increase was found in the §irewing season and
no effects for second growing season were foundth@rother hand, application of
dolomite (4 t hd) in a European forest ¢ficea abiesncreased the development of
fresh fine roots and decreased degraded lignin gRmerget al, 2003). Similar
results were found earlier by Bakketral. (1999) in a forest of sessile oaRuercus
petraealieb. M.) limed with CaC@
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Table 2.1.Effects of PG dose applications on different planoips in acid soils.

Doses :
(t ha'®) Species Effects Authors
2.0 Alfalfa Top and root growth Alva and Sumne
Soybean Increasing Ca content in plant tissues1990
Decreasing exchangeable Al
2.5 SubterraneanReduced Al* concentration in solutionSmithet al, 1994
clover and at exchange sites (0-5 cm)
2.0 Apple tree  Increased root density and decreasddavanet al, 1984
Al®** (60 cm depth)
0.5 Sugar corn  Improvement of Ca, Mg and®$O Dam-ampai et al,
uptake by plants 2007
Decreasing of Al level
10.0 Barley  Negative effects on photoactivity Krutilina et al.,2000
Corn chloroplast
Increased chorophylls a, b, and a+b
content
4.0 Melon Increased dry matter weights Takasuet al, 2006a

Top and root growth

2.4.2 Phosphogypsum

Phosphogypsum by product is available in differezgions of the world
(Carvalho and van Raij, 1997). Its annual produrcifoestimated to be 5 Mt in India,
27.2 Mt in United States (Florida) and nearly td RAt in Brazil (Korcak, 1988;
Carvalho and van Raij, 1997; Kumar, 2002). Is anpry by-product of phosphoric
acid in the fertilizer industry, its chemical consfteon of PG varies depending on the
phosphate rock used as source in production pr¢sessak, 1988; Kumar, 2002). It
contains mainly Cd and S@, as well as small amounts of other elements sséh a
Si and fluoride (F) (Campbetit al, 2006). Also PG contains trace amounts of barium
(Ba), chromium (Cr), Cu, nickel (Ni), zinc (Zn), dinsome radionuclides not
hazardous for handling (Garrigb al. 2003).
In agriculture, PG has been used as an altern&iv€d” and SQ” addition for

correcting both surface and deep acidity and Aleiox in acid soils such as
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Andisols, Oxisols and Ultisols (Toma and Saigu®871 Garridoet al, 2003) (Table
2.1), via complex formation with F at pH 4.1-5.ge (Alva and Sumner, 1988).
Also, it can be used alone or in combination witteo synthetic organic polymers for
preventing runoffs and erosion in agricultural sodxposed to heavy rainstorms
(Tanget al, 2006). The recommended amounts of PG for usgriowdture vary from
500 to 1000 kg ha (Mays and Mortvedt, 1986). Alva and Sumner (1900)Nd that
PG (2 t ha') increased Ca content and growth of tops and iactfalfa (Medicago
sativacv. Hunter River) and soybean cv. Lee crops. Tlebs@ages were attributed to
amelioration of subsoil acidity (60 to 80 cm), lghexchange among $0and OH,
and a decrease in exchangeable Al. In a subtemasieger {Trifolium subterraneum
L.) pasture growing under acidic soil condition§ mixed with CaC@ and gypsum
at rate 2,500 kg Rareduced concentration of #lin solution and on exchange sites
at 0-5 cm, but no significant changes were obsedeaper in the soil (Smitét al,
1994). A similar experiment with a raised pH, ineah var. Jabato growing under
greenhouse conditions, was performed by Peregrioas@et al. (2006). Pavaset al.
(1984) showed effects of PG amendment to a dep®0ofm, obtaining increased
roots density and decreased Al in apple trédalfs domestical.) growing in
Brazilian Oxisols. The improvement of Ca, Mg, ar@,S uptake by plants and pH
correction together with a decreased Al level i &oil in Thailand were performed
on sugar cornZea maysL.) crops by Dam-ampaet al. (2007), obtaining an
enhanced DW. In wheat, Mariscal-San@t@l. (2009) studied the effects of PG (1.4
to 84.2 t ha) on biomass production and composition. They &smd an increase
in F, Al and Si at lower of PG rates (0 - 16.8 t*habut not at higher rates
(67.3 t ha'). However, the highest PG rates increased planal F contents,
potentially reaching toxic levels for consumersniarly, culture of canolaRrassica
rapa L. cv. Natsurakuten) in pots with an Andisol, wadded with PG at 0.30, 0.75,
and 1.50 g kg over 33 days. Shoot and roots growth increasel aitmaximum
increase of root fresh weight (FW) at dose 0.3@d.Krhis growth was significantly
correlated with an improvement in Ca uptake (Takeisal, 2006b). Saigusa and
Toma (1997) explained that Ca applied as PG haavarage movement of 55% in

subsoil related to 5% of lime in non-allophanic Asads.

26



On the other hand, literature has reported negéiixie effects of PG on soils
and plants production. Mays and Mortvedt (1986)liagp0, 22, and 112 t Rhin
soils sown with corn, wheat, and soybean, to knesveffects of PG on crop growth
and uptake of Cd and radium (Ra). Where demonsirétat, corn production
decreased at a high PG rate (112 t)hdut wheat and soybeans were not affected.
Nutrient elements, Cd, and Ra in grains and soiwewnot affected by PG
application. These experiments revealed that P@imofas an influence on PG
radioactive composition. Papastefanai al. (2006) experimented with PG
amendments and detected an increase in such ratiesias radium-226°{Ra)
(derived from a uranium series), from 50 to 479d@exel (Bq) k{ in evaluated rice
(Oryza satival..), and recommended previous PG checking forcajtiral purposes.
According to the U.S Environmental Protection Agencontrolled PG use is
permitted if?*Ra levels are<10 pCi g* (Korcak, 1988). An interesting response of
photosynthetic apparatus was found by Krutiktaal. (2000), when barley and corn
seedlings were amended with PG (10t'hdNegative effects on the photoactivity of
chloroplasts (21.00 and 14.25, respectively) wetmd, even lower than the control.
These effects may be explained by an imbalanceadM@ or Ca/Fe relations in
plants that inhibited photosynthetic activity, dés@n increase of chlorophyll (Crd)

andb and Chla+b contents in both species compared with the nomdegkcontrol.

2.4.3 Gypsum

Calcium sulfate (CaSOx H,O), more commonly known as gypsum, occurs
geologically as an evaporate mineral associated satimentary deposits (Korcak,
1988; Mandal and Mandal, 2002). Currently, gypsuppliaation may be an
interesting option as amendment in soils underi@aadnditions, because its most
important property (from an agricultural point oéw) is its water solubility (2.5 g'L
Yin water), which is higher than calcite lime (@3." in water) (Korcak, 1988). It
represents also an important source of'@ad sulfur (S) (Bolaret al, 1993) for
plant nutrition, and according to some authorszaih improve mineral content in
vegetal tissues, such as N, P, K, Ca, Mn, S, an{Careset al, 2006; Tuneet al,
2007). Gypsum increases subsoil Ca (Cagteal, 2006), decreases subsoil acidity
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(Tomaet al, 1999), and reduces exchangeable Al (Ritchey andf&, 2002; Hue,
2005), and reduction in metal toxicities has alserbdocumented (Campbel al,
2006). Calcium sulfate also can reduce the uptdkexic levels of soil pollutants,
such as high selenium (Se) (Mathews and Joost,; ¥988ur et al, 1993). In respect
to physical properties, the benefits of gypsumudelincreased infiltration (Sahet
al., 2003; Cheret al, 2009), increased soil aggregation (Ckeal, 2009), decreased
Na adsorption (Gambaudo, 2004), improved root agrekent (Takahashet al,
2006a), and decreased soil compactation (Gamb&@@al). Other benefits are an
increase in the hydraulic conductivity of soil aftnsecutive gypsum applications
(Sahinet al, 2003).

An important gypsum characteristic, is the capafotyreduction of toxic Al
and the increase in the Ca status in subsoil (Temnad, 2005) (Table 2.2), without or
only slightly altering pH conditions (Takahagdial, 2006a). If the pH ranges from
4.5 to 8.4, the addition of gypsum will have nceetfon the soil pH (Franzest al,
2006). It has reported that the reduction of Al lexwgeable by gypsum is by
precipitation of Al-hydroxy-sulfate minerals or alinum sulfate (AIS@) formation,
considerably less toxic for plants (Saigusa and &,a1997; Garridet al., 2003). For
Alva et al. (1991), the role of S© in reduction of Al-toxicity is very important in
subsoil, where Al is complexed with organic ligan8scording to Shamshuddiet
al. (1991), Al complexing organic ligands after gypsapplication in acid soils
resulted in an increase of Al$0and a decrease in #l activity, which was
correlated with corn yields. Moret al. (1999) reported that gypsum application to
ryegrass growing in an Andisol (high OM), resultech considerable yield increase
and reduction in Al concentration (~50%), withougrsficant changes in soil pH.
This minimal effect on pH is very important for pgosuch as blueberry/éccinium
spp), which must be developed in acid conditions §6t5.2), but that are sensitive
to Al-toxicity (Lyrene and Muioz, 1997). According Takahashet al. (2006a) in
Andisols the Al release by gypsum will depend of @bhtent, being more effective
in soil with a lower humic substance content, alemnaet al. (2005) showed that
gypsum application in a non-allophanic Andisol wiaare effective on a soil horizon

with lower humus content. Brady al. (1993) studied the effects of three monomeric
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Al species, Al*, AI(OH),", and A1(OHJ*, on root growth in soybean amended with
calcium sulfate (500-2000M), being dose 50QM who inhibited negative effects of

these species on root.

Table 2.2.Effects of gypsum doses (t Haapplication on different plant crops in acid

soils.
DOSES - rop Speci Effect Auth
(t ha'd) rop Species ects uthors
2.0 Ryegrass Yield increase and 50% reductionMoraet al,1999
of Al concentration.
0.5-4.3 Brussels Raised Ca and S tissue Carter and Cutcliffe, 19¢
sprout  Marketable yields.
Increasing B, Mn, Fe, and Zn
in the leaf tissue.
4.0 Lowbush Increased foliar content of N, P, Sanderson and Eaton,
blueberry K, S, Mn, and Ca. 2004
Length of stem, live buds,
and quantity of blossoms.
4.0 Lowbush Raised N, K, Ca, Mn, S, Sanderson, 2004
blueberry and significantly reduced Mg
and Fe.
2.5 Highbush Increase in root and leaf Ca Korcak, 1992

blueberry content

The effects of gypsum application on different arap alleviating Al-toxicity
has been well studied in soils, as well as at diffe pH, depths, and OM contents
(Favarettcet al, 2006), but these effects are relatively lessistlth respect to plant
physiology responses. In this context, treatmeftgypsum (Ca 0, 25, 75, or 225
uM) on nutrient solution (20QM Al), increased the mean mineral content in leaves
especially Ca and Zn (mg Ky reduced Al, and increased respiration ratesdSety
et al, 2000). According to Cairest al. (2006), surface gypsum applications on

soybean resulted in an improved root growth, notre@ntents, water uptake, and S,
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P and K content in grains. Bakker (1999) also aashetl that gypsum increased the
fine root biomass and length of oak growing in ands, even four to five years after
application. In brussels sprouts grown in low-aaieisoil, gypsum application (0.5 -
4.3 t hd) raised tissue Ca and marketable yields signifigans well as increased
leaf S, boron (B), Mn, Fe, and Zn content (Carteat €utcliffe, 1990). On lowbush
blueberry Yaccinium angustifoliunéit.), the addition of gypsum (4 t Haplus NPK
fertilizer (300 kg hd), increased foliar contents of N, P, K, S, Mn, aba, stem
length, live buds, and blossom quantity (Sanderaod Eaton, 2004). In 2004,
Sanderson evaluated the responses in lowbush biyebegypsum (4 t H8 under
field assays. This surface amendment elevated NC&,Mn, S, and significantly
reduced Mg and Fe in comparison to the controlcKk(1992) reported that gypsum
increased root and leaf Ca content in highbushielug, which did not affect soil pH
significantly. However, Hanson and Berkheimer (20@&ported an increased Ca
level in soil, but that these levels in the leagad fruits of highbush blueberry were
not affected.

Little is known about the gypsum effects on biocleainresponses in plants
affected by the presence of Al-toxicity, there islyoinformation about Ca-Al
interactions on biochemical responses (see abd¥es. calls for further research in
order to examine such phenomena. However, &wd. (2006) demonstrated that Ca
(0.5, 1.0, and 3.0 mM) in barley seedlings growimgputrient solution, reduced Al-
toxicity efficiently, which is reflected by an ireaise of root growth, a decrease in Al
concentration, malondyaldehide (MDA) content, amteéased SOD, POD, and CAT
activities compared with Al-only treatment (100) (Guoet al, 2006).

2.4.4 Comparative effectiveness of calcareous amenents

Soil pH could affect soil microbial activity and maations, soil chemical
reactions, and nutrient availability (Mullet al.,2007). The progressive acidification
of soils by natural and anthropological factors hagative effects on crops, and
growers must apply various amendments to susta&in dnop production (Wanegt
al., 2006). In acid soils like Andisols, the amendmsedépend on conditions like

agronomic management, OM content, fertility levédgal climatic conditions, and
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crop type (Tisdalet al, 1985). There are a number of studies evaluatiagjtialities
of different amendments in different crops and répg on the advantages and

disadvantages of these treatments.

2.4.5 Surface applications and subsoil effects

Liming is a practice largely used to neutralize #uoidity of the surface soil
layers, but does not seem to be effective in gcidihelioration at a subsoil level
(Carvalho and van Raig, 1997). Moreover, deep linmesrporation requires the
implementation of specific equipment and resultshigher costs, which makes it
unfeasible for use by small farmers (Carvalho asml Raig, 1997). Alternatively, the
surface application of gypsum or PG allowing leaghinto subsoil has resulted in
higher water and nutrient uptake by plant rootsvéfdt al, 1988; Sumner, 1993).
These effects are attributed to an increase inddtent and a reduction of Al-toxicity
at deeper soil layers (Tone al, 2005). In addition, both gypsum and PG are more
mobile Ca sources than Cag@on Willert and Stehouwer, 2003). In this confext
Sumneret al. (1986) demonstrated that deep limes incorporatitm the soil (100
cm) and surface gypsum application increased ree¢ldpment in alfalfa growing in
acid soils.

In alfalfa, application lime have resulted in a gbete AF* precipitation,
increased soluble Ca levels, and a 50% increaseldsyi Surface application of
gypsum resulted in 25% increase of yield with agpessive reduction of soluble Al
and increased Ca content, creating a similar lsseleeffect than liming. Pava al.
(1984) reported that gypsum was more effectiveeiduction of Al concentration
within the 100 cm depth profile, while lime effest®re observed only in the upper
20 cm. Cairest al. (2006) showed that gypsum ameliorate subsoil pH Ak
toxicity, increasing Ca and S level in wheat leavesomparative evaluation of lime,
gypsum and PG demonstrated that lime treatment Qg¢&500 kg ha) increased
exchangeable Ca and decreased exchangeable Ag&if-Bhcm soil layer, but no
significant changes were observed below 5 cm, wisolggested limited lime
leaching. By contrast, gypsum and PG reduced thases to a 25 cm depth profile
(Smithet al. 1994). McCrayet al. (2007) incorporated dolomite limestone (4.0 tha
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and PG (10 t hj into the surface soil layer (15 cm). It was shavat PG moved
downward much more rapidly than lime, increasinigy salution Ca ion activity to a
depth of 80 cm within 5 months of application. dieesponses to PG were attributed
to increased root growth below 20 cm, resultingrfrthe increased Ca ion activity
over a three-year period. Cag@ddition in two horizons (A and B) of non-
allophanic Andisol in Japan reduced Al amounts dewrgd organically, as well as
exchangeable Al, after 30 days of application (Talshiet al. 2006b). Gypsum (4.3
g kg* and 8.6 g k@) has also improved the root growth of burdo8kctium lappa
cv. Kantan) on horizon B of the Andisol (Takahasthal.,2006a; Figure 2.3).

The amendment plays a role in root disease respoiasenanageable soil
chemical factors, such as pH or Ca saturation. &léset al. (1987) evaluated lime
and gypsum treatment on a wheat-peas culture sotatnd measured the propagated
density of Fusarium solanissp pisi in the 0 to 15 cm soil layer. They found a
decrease in the density of propagation (37%) & fiilmngus species by effect of lime,
meanwhile between 15 to 45 cm of depth soil gypseshuiced its propagation density
in 22%, therefore concluded that Ca can improver¢isestance of the membrane in

pea-root to attack biyusariumpathogens, or allowing greater microbial antagonis

Lime Phosphogypsum Gypsum

Increase Ca availability for plantSumneret al, 1986; Tomaet al, 2005)
Reduction A} concentratioriPavaret al, 1984; Takahastt al, 2006)

3 3 3

0-25cm 0-100cm 0-100cm
(Alva et al, 1988 (Shainberget al, 1989 Carvalho and
Caireset al, 2006) Sumner, 1993) van Raij, 1997)
Increase pH Slightly increase pH Slightly increase or
(Scottet al, 2000) (Soratto and Crusciol, 2008) without changesn pH
(Takasuet al, 2006)

Figure 2.3.Comparative effectiveness related to amendmemifatent soil layers.
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2.4.6 Effects on pH and mineral content

Gypsum treatment does not affect soil pH as mudimeestone (Figure 2.3),
but results in increased Ca, S, and Mn contents demleased P and Mg levels
(Ritcheyet al, 1995). On the other hand, limestone impact ols $®icarried out by
increasing pH (Scott al, 2000). Ritchey and Snuffer (2002) concluded gygisum
reduced both Mg in soil solution and orchard grhasses Dactylis glomeratal.)
and tall fescueHestuca arundinace&chreb), but lime (dolomitic limestone) raised
Mg ranges in leaves. Application of Cagfaised pH from 5.7 to 6.0 in the Andisol
and increased foliar and root Ca content in cofflemts (Hue, 2005). By contrast,
gypsum did not increase pH, but raised Ca contelgaves (Hue, 2005). Hanson and
Berkheimer (2004) added Lime (1,100 kg'hin field assays for five seasons, and
the soil pH values increased from 4.2 (1996 seasw®)0 (2001 season), whereas
gypsum amendment (550 kghahad a slighter effect on pH, increasing it frorg 4
to 4.6 in the same time lapse, while leaf Ca cdstdid not change significantly.
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2.5 CONCLUSIONS AND PERSPECTIVES

The first symptoms of Af damage in plant roots growing in acid soils have
been well established; however, the effect on thgeu parts such as stems, leaves
and/or fruits remain a matter of controversy, desfie negative effects of #lon
photosynthesis, photochemical parameters and aelhaispiration have been well
established. Al presence in plant tissues has beealated to decreased leaf nutrient
content, especially Gaand Md”*, and damage to the chloroplast and mitochondrial
membranes. Al-induced damage and toxicity are also related 5 {Déeractions at
apoplast and symplast levels and the regulatiocytfsolic C&" homeostasis. Both
cations compete for the active sites of membrangtsires to form ligands. This
interaction is not fully understood, since eachioratinhibits to another one,
depending on the state of membrane. The few repedarding the interaction
between CZ and AF* have demonstrated that Cadecreases the enzymatic
antioxidant activity of SOD, CAT, and POD, concaanit with a decrease in the toxic
Al** levels. Nevertheless, other authors suggest higaamtioxidant ability could be
favored by the interaction between ?Cand AF*. The knowledge of the non-
enzymatic antioxidant defense against Al stre¢ssis recognized than the enzymatic
one. Further studies are needed to better unddrgt@nmechanisms involved in the
Ca-Al interactions that affect such physiologicaldabiochemical processes as
photosynthesis, respiration, antioxidant activijtisgynal transduction and cellular
homeostasis in plants growing in acid soils likel&ols.
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ABSTRACT

The effect of CaSgon Ca/Al molar ratio (Ca/Al) and on chemical, ploysgical and
biochemical features in highbush blueberiya¢cimium corymbosuni.) was
investigated. Cultivars with contrasting tolerartce Al (Legacy, Al-tolerant and
Bluegold, Al-sensitive) were grown for 15 days innatrient solution containing
CaSQ concentrations (2.5, 5, and 10 mM) and Al (100 260 uM). Afterwards,
leaf and roots were harvested to evaluate calci@a) (and aluminium (Al)
concentrations, lipid peroxidation and enzymatia aron-enzymatic antioxidant
responses. In addition, photosynthetic performavee determined. In both cultivars,
Ca content and Ca/Al increased up to ~100% and 18@%pectively by adding
CaSQ concomitant with a reduction in foliar Al in bothegacy and Bluegold
(r=—0.80; 0.001 and r=0.74; <0.001, respectively). A high Ca/Al had a positive
effect on photochemical parameters in both culév@®0.05) as well as in the
reduction of oxidative stress and increase of tptenols and SOD, particularly in
Legacy. Furthermorey. corymbosundevelops well in acid soils, where Ca/Al ratio
is typically low; CaS@ amendment, mainly at 5 and 10 mM, may represent an
effective alternative to application in Chileandasbils, as Ca source and reduction of

toxic Al especially in Legacy.

Keywords:Acid soil, Aluminum toxicity, molar ratio, Calciusulfate, blueberry.
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3.1 INTRODUCTION

At soil pH < 5.5, toxic aluminium (Al") is a main stress factor for several cultivated
plants. The effects of Al toxicity have been stadmeore in roots than in upper organs
(Kochian et al 2005, Ryan and Delhaize 2010), because Al effects first
manifested in the roots (Delhaize and Ryan, 199ganRand Delhaize 2010),
reducing growth and nutrient uptake capacity, nya@dé(Rengel and Robinson 1989,
Poschenrieder et al. 2008). Moustakas et al. (1p8Bi)ted out that Al stress affects
photosynthesis as result of a partial inhibitiorpbbtosynthetic electron transport rate
(ETR) and closure of reaction centers in photosysiie(PSIl). Furthermore, other
photochemical parameters as the maximum quantulah (f@/Fm) and the effective
quantum vyield of PSII®PSII) also decreased as a consequence Bf sMess in
blueberry cultivars (Reyes-Diaz et al. 2009, 2020)other negative effect of toxic
Al on plants is the increase in reactive oxygercgse(ROS), which induce oxidative
stress and lipid peroxidation of cell biomembrangekich may result in cell death
(Yamamoto et al. 2002, Ma et al. 2007). Studiesehaeported that a rise in the
antioxidant activity is induced to mitigate the daiive stress that enhances plant
tolerance to Al" (Guo et al 2006, Shao et aR008). Antioxidant enzymatic (e.g.
superoxide dismutase (SOD), catalase (CAT) and rlagto peroxidase (APX)
(Blokhina et al. 2003, Khan et al. 2007) and nomyematic systems (polyphenols,
including flavonoids, anthocyanins and phenols)ofRet al. 1998, Prior et. al. 2005)
are frequently associated with a reduction in axeastress (Ma et aP007, Shao et
al. 2008).

Calcium is a crucial regulator for growth and depehent of plants (Hepler 2005). It

is important for many functions such as structsgport and environmental signal
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perception (Schaberg et. &#006), being involved in plant tolerance to diffler
stresses by regulating the antioxidant metaboli@ian¢ and Huang 2001, Cheng et
al. 2002). Inadequate levels of foliar Ca can atsduce the photosynthetic
performance of plants, especially the water sppgjtreaction in PSII (Ghanotakis
and Yocum 1990, Vrettos et al. 2001; Migyass e2@07, Yocum 2008).

The interaction between Ca and Al is probably tlsthimportant factor affecting Ca
uptake and transport in plants grown in acid s@lsang and Rengel 1999, Rengel
and Zhang 2003, Schaberg et al. 2006) because theseations compete for the
active sites of soil and plant roots (Ryan et 897, Kinraide 1998, Kinraide et al.
2004). Moreover, the degree of*Alstress is strongly correlated with Ca/Al rather
than to the Al concentration in soil or nutrientusmn (Cronan and Grigal 1995).
This molar ratio in soil nutrient solution and pldissues has been suggested as one
of the best expressions for assessing Al toxigitplants (Cronan and Grigal 1995,
Brunner et al. 2002). The value of this molar ratie to indicate the Al toxicity
risk is highly variable depending on the soil smint plant species and organs. For
example, Boudot et al. (1994) reported that a saiition with a Ca/Al lower than 1
or 2 would be in serious danger of'Atoxicity for Picea abiesandFagus silvatica
whereas Truman et al. (1986) from experiments itrient solution reported that
Ca/Al ratios below 10.5 indicated risk of *Altoxicity. In Pinus radiatafine roots
values of 0.2 and 0.1 Ca/Al had an estimated 50% &0% AP* toxicity risk,
respectively (Cronan and Grigal, 1995). For leathsse authors reported that a
Ca/Al ratio less than 12.5 would indicate a 50% 1§ Al** 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 anbe C&" availability for plants,
the addition of calcareous amendments. (ealcite lime and/or gypsum) has been
studied (Fenn and Gobran 1999, Caires et al., R@&ey and Snuffer 2002, Toma
et al. 2005, Caires et.&2006). The effectiveness for reducing Al toxiditya greater
or lesser extent depends on thesGarce and the crop species used (Takahashi et al.
2006a, Bachiega et al. 2007, Merifio-Gergicheviclalet2010). Nevertheless, the
effects of calcareous amendments on radical amar f{GB/Al in fruit crops have been
scarcely considered, in particular those relatogCaSQ (Sanderson et all995,
Hanson and Berkheimer 2004). Currently, Ca®@plication may be an interesting
option as an amendment in acid soils due to ith g ameliorative effect on
subsoil (Toma et al. 2005) and the increase ind#ents of soil solutions (Bachiega
et al. 2007). Hence, Cag@presents an important source of Ca in additosutfur
(S) for plant nutrition (Toma et al. 2005, Zheljazket al. 2007). Toma et al. (1999)
suggested that an increase in exchangeable Ca aafteS CaSQ application
increased the yield up to 50% in co#eé mayd..) and alfalfa Medicago sativd..).

It can also improve the contents of nitrogen (N)pgphorus (P), potassium (K),
manganese (Mn), zinc (Zn), and the Ca/Al in plassues and thereby the plant
productivity (Caires et aR006; Tuna et ak007). Stout and Priddy (1996) mentioned
that an amendement with CagS&ugmented the yield in 21% concomitant with an
increase of ~ 45% in the Ca/Al in alfalfa roots gared to the non-amended ones. It
is remarkable that this amendment can reduce Aicitgxin acid soils without
altering the soil pH necessary for a good growtth development of some crops such

as commercial berries (Gough 1997, Mora et al. 20@Rahashi et al. 2006a, b).
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Blueberry is an important crop in Chile (Prodorettial. 2007, Espinoza et al. 2009)
due to its richness in antioxidants, which are beia to human health. In southern
Chile blueberry is mainly cultivated in soils wighpH from 3.5 to 5.5. Although this
crop species is well adapted to this soil typés gensitive to Al toxicity induced by
acidity, decreasing its viability and productivityang et al. 1996, Blatt and McRae
1997, Suzuki et al. 1999). Therefore, the aim ¢f Htudy was to ascertain the effect
of CaSQ on Ca/Al molar ratio (Ca/Al) and on chemical, plsgical and
biochemical features in two highbush blueberry icais with contrasting Al

tolerance hydroponically grown under phytotoxicraioum.

3.2 MATERIAL AND METHODS
3.2.1 Plant material and experimental conditions

The study was carried out in a greenhouse at theetiidad de La Frontera,
Temuco, La Araucania Region, Chile. Two highbuskebérry cultivars frequently
cultivated in southern Chile (Guerrero 2006) andhwiontrasting Al tolerance
(Legacy and Bluegold, Al-tolerant and Al-sensitivespectively) (Reyes-Diaz et al.
2009, 2010, Inoztroza-Blancheteau et al. 2011) weesl in this study. One-year-old
plants growing in a substrate of 1 oat: 1 shelldiastz 1 pine needless by volume
were provided by commercial farm Berries San Lusgated in Lautaro, La
Araucania Region, Chile. Plant roots were washed albundant deionized water (<1
microsiemens) and then transferred to plastic (fots plants per pot) and filled with
10 L of Hoagland nutrient solution (Hoagland anch@wx 1950) for conditioning for
seven days. The Hoagland nutrient solution comjposivas as follows: Ca(N§p 2

mM, KNO; 3 mM, MgSQ 1 mM, KH,PO, 0.1 mM, HBO; 22 uM, MnSQy 2 uM,
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NHsNO; 1 mM, (NHy)eM07O,4 0.07 uM, ZnSQy 1.6 uM, CuSQ 0.4 uM, and Fe-
EDTA 20 uM. After conditioning, plants were transferred tédaagland hydroponic
solution containing increased CagS€Ebncentrations (2.5, 5 and 10 mM) and Al, as
aluminum chloride (AlIGJ), in 100 and 20@M, for 15 days. The treatments were: (i)
nutrient solution alone (control); (ii) nutrientlsbon plus 100uM AICI; (100Al);
(iii) nutrient solution plus 20@M AICI 3 (200Al); (iv) nutrient solution plus 100M
AICI3 plus 2.5 mM CaS@(100AI+2.5G); (v) nutrient solution plus 2QM AICI 3
plus 2.5 mM CaS@(200AI+2.5G); (vi) nutrient solution plus 1QM AICI; plus 5
mM CaSQ (100AI+5G); (vii) nutrient solution plus 20eM AICI 3 plus 5 mM CaS®
(200Al+5G); (viil) nutrient solution plus 10@M AICl3 plus 10 mM CaS©
(100AI+10G); (ix) nutrient solution plus 20QM AICI3; plus 10 mM CaS©
(200Al+10G). Every pot had a water pump to aerhee rtutrient solution. The pH
was adjusted daily to 4.5 with 0.1 M HCI or 1M Na@Hd measured with a high-
accuracy portable pH meter (model pH-0.13; Hi-Tewtruments, Shanghai, China).
The chemical speciation of solution was calculatsthg the computer speciation
program GEOCHEM-EZ, by which chemical species sashfree ions, soluble
complexes, and chelates were calculated (Shaff 2040) (see in appendices).

The greenhouse conditions were: 25/20°C (day/nigh®§/8 h light regimen
(light/dark, respectively), relative air humidityf @0%, and photosynthetic photon
flux density (PPFD) mean of 3Q@mol photons 17 s*. At the end of experiment,
chemical, physiological and biochemical analysesofs and leaves were performed

as indicated below. At 15d, plants of differentatreents were harvested; one half
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was used for chemical analyses and another halfstasd at -80°C in a freezer

(REVCO®, model ULT 1386-5-V41, USA) until biocheral@analysis.

3.2.2 Chemical analyses

Contents of Ca and Al were determined in the leaua$ roots according to the
method described by Sadzawka et al. (2007), usisgnaltaneous multi-element
atomic absorption spectrophotometer (model UNICAIG9 9Atomic absorption

Spectrometer, England).

3.2.3 Physiological determinations

3.2.3.1 Net Photosynthesis

Net photosynthesis of attached leaves was perforbnedising an infrared gas
analyzer (IRGA) (Licor LI-6400 XTP) between 9:00 and 11:00 am. Using a
PPFD of 300 umol photons 11s?, external air was scrubbed with €@nd mixed
with a supply of pure CQresulting in a reference concentration of 360 @Hr€O,,
with a flow rate of 200 mL mih and 80% external relative humidity. The
temperature inside the leaf chamber was 22°C (Rejeset al., 2009).

3.2.3.2 Chlorophyll fluorescence parameters

In order to determine the photochemical efficiendyP&Il in leaves, the basic
protocol of Reyes-Diaz et al. (2009) adapted telduries was followed. Attached
leaves were dark adapted for 20 minutes, and gbihyptbfluorescence was measured
using a portable pulse-amplitude modulated fluomme(FMS 2; Hansatech
Instruments, Norfolk, UK). Minimal fluorescencey)kvas determined by applying a

weak-modulated light (0.4imol m? s and maximum fluorescence (Fm) was
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induced by a short pulse (0.8 s) of saturatingtli§000umol m? s7). After 10s,
actinic light (300umol mi? s was turned on to obtain fluorescence parameters
during steady-state photosynthesis had been reahetbtermine the maximum
fluorescence in light-adapted leaves (Fm’) anddstestate fluorescence (Fs). Finally,
the actinic light was turned off and a 5-s far-(ER) pulse was applied immediately
to obtain minimum fluorescence in light-adapted ésa{fy’). Different fluorescence
parameters of PSII were determined: maximum quanyieid (Fv/Fm), effective
guantum vyield @PSIl) and electron transport rate (ETE®PSII was calculated as

(Fm'—= Fs)/[Fm’ and ETR as PPFD x 0.50PSll 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 expressesdmalondialdehyde acid (MDA)
content (hmol MDA @ FW) and determined as 2-thiobarbituric acid reeeti
substances (TBARS), according to the modified mwitdoy Du and Bramlage
(1992).

3.2.4.2 Radical scavenging activity

Fresh leaves and root samples were frozen in ligittdgen, powdered in a mortar,
and homogenized with 1mL of 80% (v/v) methanol,td&rged to 10,000 rpm x 5
min (4°C), and then the supernatant was colleetB@(quL) and stored at -80°C until
analysis (Li et al. 2007).

3.2.4.3 Superoxide dismutase activity

The Superoxide dismutase (SOD) activity in leavesl aoots was assayed by

measuring the inhibition of the photochemical reaburc of nitroblue tetrazolium
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(NBT) method described by Oberley and Spitz (1988he samples were
homogenized in 1mL buffer extraction (phosphatdvOdH 7.0) and centrifuged at
13,000 rpm x 15 min (4°C). Afterwards, extractsewatixed with 10 mM EDTA, 260
mM methionine, 322M NBT. Finally, riboflavin was added and the tagbeés were
illuminated for 15 minutes and the absorbance efdghmples was measured at 560
nm in an UV-VIS spectrophotometer. Non-illuminatadd illuminated reactions
without supernatant were used as controls. One 8@Dwas defined as the amount
of enzyme corresponding to 50% inhibition of the NBzduction (Donahue et al.
1997). The SOD activity was expressed as U mg iprbteEnzyme activity was
expressed on protein basis. Total protein was agtidnaccording to Bradford (1976)
using bovine serum albumin (BSA) as the standard.

3.2.4.4 Total phenols content

Total phenol content (TPC) was determined followthg method of Slinkard and
Singleton (1997) using the Folin-Ciocalteu reagdiie absorbance of samples was
measured in a UV-VIS spectrophotometer at 765 ndnexipressed agy chlorogenic

acid equivalents (CAE) pef'dFW.

3.2.5 Experimental design and statistical analyses

The experimental design corresponded to a factspét-plot with four replicates

each. In this design the treatments are randondig@ed to groups of experimental
units called blocks or repetitions, maintaining thaiability between experimental
units inside a block, maximizing the differenceswmen blocks (Little and Hills

1978). Values corresponded to the mean of fourioaigls for each cultivar,

treatments and chemical, physiological and biocbamideterminations. For
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normality and equal variance all data were testgdKblmogorov-Smirnov and
Levene test respectively. A two-way analysis ofiarace (ANOVA) test was used,
where the factors are two cultivars and nine treats) and a Tukey test with a
significance level aP<0.05 was considered for comparison of values wghicant
differences. All statistical analyses were perfadmeath Sigma Stat 3.1 (SP&Snc.,

Chicago, IL, USA).

3.3 RESULTS
3.3.1 Effects of CaS@on mineral content and Ca/Al molar ratios

After 15d of experiment, Bluegold leaves showetkast two-fold higher Ca
contents than Legacy in all treatments<@®01), whereas the roots of Legacy
presented in average 67% higher Ca content thaegBld (K0.05; Table 3.1).
Neither Legacy nor Bluegold showed any significdatrease in foliar Ca levels at
100 and 200Al treatments compared to the non-teatents. By contrast, the same
treatments significantly reduced the root Ca can{eb0%) compared to the control
in both cultivars, independent of their Al toleran¢P<0.05). When Al-treated
Bluegold plants were supplied with Cag@ 5 and 10 mM, foliar Ca content
increased significantly (between 24 and 55%) in ganson to the control plants,
while root Ca content increased up to 127% in Lgg@kable 3.1). In leaves,
Bluegold exhibited a strong enhanced Al content960%), when the plants were
subjected to 100 and 200Al in comparison to the-tneated control plants £9.05).
Nevertheless, CaSCat 5 and 10 mM significantly reduced foliar Al tent in

Legacy (~3-fold) and Bluegold (~6-fold), whereastrédl content was significantly
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decreased by 5 mM Ca%6upply in Bluegold compared to control plants. bthb
cultivars a statistically significant interactioretiveen cultivar and treatment were
observed either in leaves or roots for Al contéRt©.001).

Molar ratios between Ca and Al were calculated friv@ir concentrations in the
nutrient solution and tissues (leaves and finesjoof blueberry plants grown in
hydroponic experiment. A positive relation was atied between Ca/Al molar ratio
of nutrient solution and foliar Ca/Al (fCa/Al) of lBegold (r=0.91; P=0.005) and
Ca/Al molar ratio of roots (rCa/Al) in Legacy (r80; P=0.015). The fCa/Al and
rCa/Al of Legacy and Bluegold significantly incredswith 2.5, 5 and 10 mM Ca3%0
compared to the non-amended plants (Table 3.l)iar~&a/Al was correlated
positively with the Ca content of leaves in Legdcy0.48; P=0.016), and Bluegold
(r=0.38; P=0.049), and negatively with foliar Al rtent (Legacy r=0.80 and
Bluegold r=-0.74;P<0.001). For Legacy, no differences in the fCa/Areviound in
the Al supply treatments (100 and 200Al) comparedhe control, but in Bluegold
fCa/Al decreased more than 63%<(QF05; Table 3.1). A statistically significant
relation between rCa/Al and Ca content was founegécy r=0.921 and Bluegold
r=0.63;P<0.05), although with Al contents a negative cotrefawas found only in
Bluegold (r=0.71; F0.001). For both fCa/Al and rCa/Al ratios signifita

interactions between cultivars and Ca$@atment were found £0.001).
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3.3.2 Photosynthetic performance of PSIl under CaS{reatments

3.3.2.1 Net photoynthesis

In Legacy, CaS@ treatments did not show any significant effect aet
photosynthesis compared to the control plants @ 8t#). However, 200Al caused a
significant reduction of net photosynthesis (15%)mpared to the control plants
(P<0.001) and no relationship between fCa/Al and rnett@synthesis was observed.
In Bluegold, plants subjected to 100Al and 200Al & days showed a significant
decrease (~14%) in net photosynthesis, concomitathit lower fCa/Al. In both
cultivars, a reduced photosynthesis by Al was repay with CaS@at same level of
control plants, although 200AI+10G the amendmenfop@ance did not recover the
negative effects caused by Al in Bluegold, showanigwer net photosynthesis than
the control (R0.050). Foliar and root Al content in Bluegold wemegatively
correlated with net photosynthesis 46:47; P=0.05 and ¢=0.70; K0.001,
respectively).

3.3.2.2 Photochemical efficiency of PSII

There was practically no variation in the Fv/Fm dualtivars under exposure of
treatment, remaining between 0.7-0.8 (data not showhich is the normal value
ranged for healthy leaves (Bjérkman and Demmig 19Bikquently, thedbPSII and
ETR increased in Legagy by CaSaudition compared to the control®05), while
Bluegold exhibited lower®PSII and ETR with minor changes in all treatments
(Figure 3.1 A,B). Foliar Ca/Al was correlated dilgavith ®PSII and ETR (around
r=0.65; P<0.001 and r=0.48P=0.011 for Legacy and Bluegold, respectively). The
foliar Al content was negatively correlated wi@®PSIl and ETR, in Legacy and

Bluegold (around r=0.65 and—-0.41; <0.05), respectively.
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Table 3.1.Mineral concentration in leaves and roots of blugbeultivars subjected to different levels of Alch
CaSQ in nutrient solution after 15 days. Values are mseaf four measurements = S.E. Different lowerdatiers
indicate statistically significant differences<®05) between treatments for the same cultivar. edigse letter

indicates differences {.05) between cultivars for the same treatment.

Cultivar  Treatment Mean mineral concentrations kgg DW) Ca/Al molar ratio
Ca Al

leaves roots leaves roots leaves roots
Legacy  Control 6,200+48°  5,027+718° 666" 120+0.2°  2.60+0.26° 0.35+0.08%
100A| 5,627+152°  3,616+177 784+172  7,065+10%* 1.90+0.0fY 0.28+0.01¢
200A\ 5,130+117°  2,979+12%¢ 868+52 6,315+744* 1.65+0.04Y 0.24+0.01¢
100AI+2.5G 5,812+397° 6,075+72° 463+26%° 6,570+132% 3.24+0.14° 0.49+0.04°
200AI+2.5G  4,420+208°  4,687+22f 330+1F° 5,541+884% 3.82+0.0%° 0.36+0.0F
100AI+5G 6,597+43%F°  5,021+125° 267+34°  5530+90%° 7.61+0.08° 0.49+0.06°
200Al+5G 9,150+29% 6,139+25° 306+73° 5,685+456%° 10.08+0.90° 0.62+0.03"°
100AI+10G  9,028+198  10,232+964° 369+23°  3,890+10° 8.44+0.58% 1.59+0.032
200AI+10G  7,903+18  13,462+137° 268+3%°  4,616+955°  6.70+0.0° 1.51+0.07°
Bluegold Control 12,295+70%°  1,937+88° 77+2¢ 79+0.4° 4.53+0.12° 0.64+0.02¢
100Al 10,708+388 1,414+1568° 1,518+92%  1,665+258% 1.74+0.0" 0.24+0.03°
200Al 10,930+60% 951+3%°¢ 1,286+34°  1,464+652 2.26+0.12" 0.18+0.00°
100AI+2.5G 15,452+1472 2,623+77  1,406+28% 165+7 2.90+0.2f°" 4.31+0.35°
200Al+2.5G 15,204+132? 2,946+14%  1,005+11° 652+43° 4.38+0.22° 1.21+0.09°
100AI+5G 12,332+70%° 2,913+858° 242+22¢ 156+0.4%  13.77+0.04> 5.15+0.04%
200Al+5G  17,177+139%  1,565+14° 207+14¢ 394+1%°  8.39+0.43% 1.08+0.04°
100AI+10G  17,860+40% 1,857+45° 265+43¢ 1,036+2%° 15.99+0.78% 0.47+0.06¢
200Al+10G  19,084+120%  1,604+18"° 457+44¢ 1,461+2068* 11.29+0.6%° 0.50+0.08¢
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Table 3.2.Net photosynthesigutnol CO, m? s%) in two highbush blueberry cultivars
(Legacy and Bluegold) under Al and CaS€atments. Values represent the mean of
four replicates + S.E. Different lowercase lettandicate statistically significant
differences (R0.05) between treatments for the same cultivarfeBaht uppercase
letters show differences €B.05) between cultivars for the same treatment.
Measurements were obtained under relative air hityni(RH) of 70%, and

photosynthetic photon flux density (PPFD) averaig@0® pmol photons ihs™.

Cultivar Treatment Net photosynthesis
(umol CO, m? s?)

Legacy Control 8.45% 0.54Aab
100Al 7.82+ 0.20Ab
200Al 7.19+ 0.11Ac
100AI+2.5G 8.91+ 0.38Aa
200Al+2.5G 7.95+ 0.36Bab
100AI+5G 8.62+ 0.45Aa
200AI+5G 7.91+ 0.49Aab
100AI+10G 8.84+ 0.44Aa
200AI+10G 7.70+ 0.23Ab

Bluegold Control 8.831£0.38Aa
100Al 7.6240.13Ab
200Al 7.7240.17Ab
100AI+2.5G 9.03+0.11Aa
200Al+2.5G 9.06+0.20Aa
100AI+5G 9.05+0.17Aa
200AI+5G 8.70+0.18Aa
100AI+10G 9.22+0.34Aa
200AI+10G 7.47+0.15Ab
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3.3.3 Lipid peroxidation and antioxidant plant respnses

At the end of the experiment, Bluegold leaves exhibitedaifp~47%) higher foliar
LP than Legacy in 100Al @.001, Figure 3.2A). Interactions between cultigad

Al treatment were found for the LP<6.001). A negative relationship between foliar
LP and fCa/Al was observed for Legacy-6:39; P=0.04) and Bluegold &6.75;
P<0.001), whereas foliar Al content and LP was sigaiftly correlated in both
cultivars (r=0.44 for Legacy and r=0.64 for BluedjolIn roots, the increased LP
obtained by Al treatments was reduced by Ca%@dition in both cultivars,
compared to the control plants <R05) (Figure 3.2A). In Legacy a negative
relationship between rCa/Al and LP {8.55; P=0.003) was found. Calcium and LP
in roots were also negatively correlated in Legéaey-0.54;P=0.003) and Bluegold
(r=—0.57;P=0.019), while in the latter cultivar the Al contevas correlated with LP
(r=0.60; P=0.001).

Radical scavenging activity (RSA) of Legacy and égjald leaves displayed a
significant reduction under the highest Al treatinemmpared to the control leaves,
whereas CaSfid not increase RSA significantly (Figure 3.2B)the roots, CaSQO
only improved RSA at 100AI+2.5G and 100AI+5G in bey, while a decrease was
observed at 200Al in comparison to the non-tregikohts. Bluegold exhibited a

correlation between the Al content and RSA in rqot.52; P=0.004).
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Figure 3.1. Changes in effective quantum yiel®@KSII) (A) and electron transport
rate (ETR) (B) of two highbush blueberry cultivag®wn in nutrient solution (15d)
under Al and CaSQtreatments. Values represent the mean of fouicedpk +S.E.
Different lowercase letters indicate statisticallignificant differences &0.05)
between treatments for the same cultivar indicttstically significant differences.
Different upper case letters show differences0(B5) between cultivar for the same
treatment.
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Figure 3.2.(A) Lipid peroxidation as malondialdehyde contémnol MDA g* FW) and (B) radical scavenging activity (mg TE g
FW), in leaves and roots of two highbush bluebeuitivars grown in nutrient solution (15d) under ahd CaSQ treatments.
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treatment.
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The superoxide dismutase (SOD) activity in leavas gignificantly increased
in Legacy under 200AlI+5G ®.001) concomitant with the highest fCa/Al achieved
under this treatment (Table 3.1, Figure 3.3). Ar@lation between fCa/Al and SOD
activity were found (r=0.79; $.001). By contrast, the enzyme activity in Legacy
was significantly reduced by 200Al (Figure 3.3) aredjatively correlated with foliar
Al content (r=-0.52; P=0.005). Bluegold exhibited higher leaf S@&ivity than
Legacy (K0.001) mainly under Al treatment<@.05, Figure 3.3). In roots, Legacy
showed a higher SOD activity than Bluegold in thesmtreatments R<0.001),
showing a significant SOD increase in treatmenth wredominant Al toxicity. A
relation was found between root Al content and S&ivity (r=0.46; P=0.014),
whereas Ca content and rCa/Al were negatively @iaeé with SOD activity
(r=—0.57 and r=-0.49, respectively) in the roots. In Bluegold, tedlatments reduced
SOD activity in respect to the control plantsQF05, Figure 3.3).

A significant interaction between cultivar and treants for Total phenol content
(TPC) was established. Legacy and Bluegold plartgested to toxic Al exhibited no
increased TPC compared to the non-treated plam8.@B), but a CaSO(5 mM)
allowed a significant enhancing in both cultivaFsgire 3.4). In Legacy, TPC was
significantly correlated with fCa/Al (r=0.47), Caomtent (r=0.42), and negatively
correlated with Al content (k=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' §W) activity in leaves (A) and
roots (B) of two highbush blueberry cultivars gromnmutrient solution (15d) under
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among CaS@treatments for the same cultivar. Different uppsecéetters show

differences (R0.05) between cultivars for the same treatment.
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3.4 DISCUSSION

In this study, we informed about the effectivenes€aSQ amendment added to an
acid substrate in improving the constraints indubgdoxic A" in V. corymbosum
cultivars It was showed that the effectiveness of this arasmaht on Al toxicity
depends of the dose of amendent applied and thieatulField studies guided by
Hanson and Berkheimer (2004), reported foliar Qaceatration from 3,000 to 4,000
mg kg' DW, in Ca-amended blueberry plants. This is gdhyetansistent with the
results obtained for the Al-tolerant cultivar (Legaunder CaSg) while higher Ca
contents (up to two-fold higher) for the Al-sensgticultivar Bluegold were observed
(Table 3.1). However, in the roots, Legacy presenip to eight-fold higher Ca
concentration than Bluegold. Therefore, Ca conegiotr in these species depends on
the cultivar, Ca uptake efficiency and the orgaroimed. Rout et al. (2001) reported
that Al-sensitive wheat cultivarsTijticum aestivumL.) subjected to toxic Al
exhibited less efficiency in root uptake, transtama and use of Ca and other
nutrients, than the Al-tolerant cultivar. In thisayy we found that the increased Ca
content was concomitant with Al tissue reductionbioth cultivars, with Legacy
exhibiting a significantly higher Al concentratiam roots (Table 3.1), which suggest
that this cultivar could be an Al accumulator plaAtcording to Chenery (1949)
plants containing equal to or more than 1000 mégN DW may be considered Al-
accumulators and those with less than 1000 mg AlXg¢/ as non Al-accumulators.
By contrast, Reyes-Diaz et al. (2010) found inrggleerm Al-toxicity treatment that
Legacy roots showed a 40% lower Al accumulatiom tBauegold. Guo et al. (2006)
reported that in barleyHordeum vulgard..) plants subjected to Al toxicity (1QM)

the addition of Ca (from 0.5 to 3.0 mM) efficientigduced Al contents in tissues by
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reducing Al uptake. Suzuki et al. (1999) reporteat tAl-induced injuries to shoots in

highbush blueberry decreased with the coexistehGaa@t appropriate values.
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Figure 3.4. Total phenols contentu¢g CAE g' FW) in leaves of two highbush
blueberry cultivars grown in nutrient solution ()5chder Al and CaSOtreatments.
Values represent the average of four replicatesEx @ifferent lowercase letters
indicate statistically significant differences<(R05) between treatments for the same
cultivar. Different uppercase letters show differes (R0.05) between cultivars for

the same treatment.

Bearing in mind the suggestions of Cronan and G({b@95) and Alvarez et
al. (2005), about the importance of the Ca/Al malatios in woody species to
evaluate the level of Al toxicity in plants, ouistdts revealed that the application of
CaSQ to nutrient solution with toxic Al increased thistio in both cultivars with

different Al-tolerances, Bluegold exhibiting a hegifCa/Al (from 1.74 to 15.99) than
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Legacy (from 1.65 to 10.08) (Table 3.15£(P001). Weber-Blaschke and Rehfuess
(2002) studied the effect of different Ca sourcasf@a/Al on Fraxinus excelsiqr
including CaSQ@in a dose of 2000 kg Haand found a rise in the fCa/Al ratio up to
41(63%) under the effect of Cap@ompared to the non-amended control. In the
present study the fCa/Al ratio as indexes of Ali¢dy in both cultivars, which were
negatively correlated with foliar Al concentrati(around r=-0.80). Notwithstanding
this, only Bluegold displayed a significant cortada with foliar Ca content (r=0.38;
P=0.049), suggesting that a reduction in Al upt@kethe addition of CaS{pwas the
main effect of improved molar ratio. For fine rogtgdmm), the rCa/Al of our studied
cultivars under the both levels of applied Al treants lie in the range between 0.1
and 0.2, presenting a high risk (50 to 80%) of #éss (Cronan and Grigal 1995). It
should be noted that by adding CaS@ese root ratios were raised up to 1.6 in
Legacy and 5.15 in Bluegold, indicating a clearifpas effect of CaS® on the risk
reduction of root Al stress, mainly in the sengtieultivar (Bluegold). Weber-
Blaschke and Rehfuess (2002) in rootsFofexcelsiorreported a ratio of 0.76 for
CaSQ-fertilized plants versus 0.10 in the control ptanBorkenet al. (2007)
reported similar ratios in Norway sprudeidea abies(L.) Karsi roots when they
evaluated rCa/Al in this species standing on huant mineral soil horizons.

There is a paucity of information about Ca/Al maiatio and physiological processes
as photosynthesis has been scarcely reported. Adhwbsynthesis reduced by Al
toxicity and nutrient deficiency could be considkee limiting factor related to the
reduction of dry matter production (Reich et al949Giertych et al. 1997). In sugar
maple Acer saccharui growing in acidic and nutrient imbalanced coioais, St.

Clair et al. (2005) found a positive correlationtviaeen this foliar ratio and GO
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exchange rate, and St. Clair et al. (2008) repotted lower ratios were more
correlated with impaired photosynthesis. However,our study fCa/Al of both
cultivars was not correlated with net photosynthiesihereas in the Al-sensitive
Bluegold rCa/Al and root Al content were positivelpd negatively correlated with
photosynthesis (r=0.42; P=0.025 and-0=70; <0.001, respectively). Thus, these
results have shown that Al perturbation in nutrigpttake by roots of the Al-sensitive
cultivar was more associated with a decreased potioesis. Nonetheless, improved
fCa/Al was correlated witlbPSII (Legacy r=0.66P<0.001 and Bluegold r=0.48;
P=0.011) and ETR (Legacy r=0.6B<0.001 and Bluegold r=0.47; P=0.012). We
proposed that the increase in the photochemicanpeters, due to an improved
fCa/Al, could be associated to better efficiencyha light-driven oxidation of water
in PSII, using Ca as cofactor (Vander Meulen e2804, Yocum 2008, Chen et al.
2010), and a reduction of Al-content in the leav@syes-Diaz et al. (2009, 2010)
found that a higher Al accumulation in the leavéblaeberry genotypes reduced the
photochemical efficiency of PSII.

The LP is early evidence of oxidative stress innfda subjected to several
environmental stresses. In this way, Al contertissues has been associated with LP
causing damage in biological membranes (Yamamotal.eP002, Béscolo et al.
2003). Our study showed a concomitant increaselafofstent in tissues with LP,
mainly in Bluegold leaves and roots. Pereira et(2010) showed that cucumber
(Cucumis melp plants increased their MDA conent by almost 90%emw the Al
concentration in the nutrient solution was 100, suggesting that Al sorption affects
the conformation of the Ca pectates, which seeerast with carboxylate groups.

Our findings demonstrated a significant Ca effaecttee drop in MDA in roots, and
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there were in fact correlations among these paemer=—0.54; P=0.003 and
r=—0.44; P=0.019 in Legacy and Bluegold respectivalitjs might be explained as a
response to increased antioxidant activity fromirgidCa (Jiang and Huang 2001,
Guo et al. 2006). The increased LP triggered byAlheontent was also mitigated by
an improved Ca/Al as the result of a better baldreteveen Ca and Al mediated by
the addition of CaSg particularly at 5 and 10 mM treatments.

Plants have evolved strategies such as antioxmanpounds and enzymes to
protect them against oxidative stress induced lwr@mmental factors as phytotoxic
Al stress (Lin and Kao 2000, Wang and Ballingtoi®20 Blueberries in particular,
are recognized by their higher antioxidant activitgn other vegetables (Wang et al.
2010). Reyes-Diaz et al. (2010) and Inoztroza-Biateau et al. (2011) associated
the antioxidant activity with the degree of Al tdace in blueberry cultivars
subjected to Al toxicity. In our study, the sengtcultivar Bluegold exhibited higher
foliar and root RSA (measured by DPPH method) ttederant Legacy (£0.001,
Figure 3.2B). The CaS(5 mM)-enhanced RSA in both cultivars, showingikim
values than control, despite Al stress in nutrigoiution. Although RSA was not
related with LP produced by Ca and Al imbalanceijnaproved rCa/Al triggered an
increase in RSA in Bluegold. Moreover, when fCaMds enhanced, changes in TPC
levels were more associated with the Al tolerancédegacy and Al sensitivity in
Bluegold, respectively. A significant positive cdateon was also found between
TPC and RSA in Legacy leaves (r=0.42; P=0.025).eOtuthors also reported
positive correlations between TPC and RSA Smilax excelsdeaves (r=0.67;
P<0.05) (Ozsoy et al. 2008) and in tea and herbaisiohs (r=0.71; £0.05) (Horz¢

et al., 2009). According to Howard et al. (2003}l &ibera et al. (2010), the content
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of these metabolites in blueberries plants may ni@pen genotypic and
environmental factors. In our experiment, howevd?C in the cultivars showed no
differences among control plants and phytotoxictr&atments (100AlI and 200Al).
Ghanatti et al. (2005) reported that the phenadictent in teaCamellia sinensis..)
plants was reduced by the treatment with Al (408) in comparison with non-
treated plants.

Superoxide dismutase is the most effective and-lfivfe antioxidant enzyme
to avoid LP by catalyzing the conversion of sup&exanion to HO, (Bdscolo et al.
2003). A statistically significant correlations Wween SOD with Al in roots of Legacy
was found (r=0.46) and but no for LP (r=0.23). llmdjold leaves and roots LP was
negatively correlated with Al contents (r=-0.64 amd-0.64), although no
relationships with SOD activity were observed. Efiere, the degree of Al tolerance
could be related to higher SOD activity in rootsa@érant cultivar, however Legacy
showed a higher LP than Bluegold in roots, indiwatther mechanism to avoid Al
toxicity. Calcium sulfate treatment (particularlyn®V) activated enzyme activity in
both Legacy leaves and roots and in Bluegold lea@e® et al. (2006) reported an
enhancement SOD activity in barley after 3.0 mMa@@endment was added to an
Al-toxified nutrient solution.

In highbush blueberry cultivars with contrastinggaees of Al tolerance,
CaSQ was an effective amendment for improve the calcaantents concomitant
with a reduccion of aluminum contents, showingrapartant contribution to mineral
balance in the Al- sensitive Bluegold. The improestof Ca/Al molar ratio in
leaves, by adding Cag@nainly at 5 and 10 mM, allowed a higher photocloaini

parameterg®PSIl and ETR) in the Al-tolerant and Al-sensitivativars, probably
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due to a decrease on lipid peroxidation caused byoXcity. This reduction in
oxidative stress resulted from an increased radicatenging activity, total phenols
content and superoxide activity related to the Cafblar ratio in leaves. With
respect to antioxidant compounds, Legacy (Al-tale@rahowed a close relationship
between total phenolic content and superoxide disseuactivity with foliar Ca/Al
molar ratio, showing efficient mechanisms in thidtivar to mitigate oxidative stress
caused by aluminum. Molar ratios in leaves frono &@ in Legacy, and 10 to 14 for
Bluegold showed are adequated to ameliorate tgxlmyt this toxicant. However,
more studies about the effects of adding Ca$® Al saturated soil on other

physiological and biochemical features are necgssar
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ABSTRACT

Highbush blueberry (accinium corymbosuni.) is well adapted to acid soils
(pH<5.5). However, it is sensitive to aluminum {Al which is released under acid
conditions. To ameliorate its toxicity, withoutedtsoil pH, a common agronomical
practice is the use of calcium sulfate (gypsum,@aSThe calcium sulfate effect on
chemical, physiological (growth, water content, grttbtochemical performance),
and biochemical (lipid peroxidation, antioxidant paaity, and antioxidant
compounds) features were studied in this speciesigg under A" saturation.
Legacy (Al-tolerant) and Bluegold (Al-sensitive)lttvars were grown for 60 days in
an Andisol with high Al-saturation, that was amema@th calcium sulfate at doses
of 0 (G0), 700 (1), 1400 (2), 2800 (4) mgkgoil. Calcium sulfate improved Ca/Al
molar ratio and nutrient contents, plant growthwad as photochemical parameters,
carotenoids contents, and relative water conteWQR in leaves, especially in
tolerant cultivar. However, the amendment did rwive clear effects on chlorophyll
contents (Chl) and leaf water potenti#)( The Ca/Al molar ratio was related to a
decreased lipid peroxidation (LP) in both cultivarghereas radical scavenging
activity (RSA), anthocyanins (TAN), and antioxidaenzymes were directly
increased by this ratio. It was concluded thatigaicsulfate can be an effective
amendment to ameliorate *Altoxicity in highbush blueberry, mainly in the Al
tolerant cultivar. Moreover, we observed that défe Ca/Al molar ratio could be
established to improve the physiological and biogkal performance in this species,

depending on the cultivar.

Keywords: Aluminum, antioxidant, Ca/Al molar ratio, fluoresm® parameters,

gypsum,Vaccinium corymbossum
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4.1 INTRODUCTION

In Chile, highbush blueberry, is a significant coaraial fruit crop, due to its
richness in antioxidants and the high market poicés fruits (Guerrero, 2006; 2010),
with over 7,000 hectares (ha) planted until 201@MEPA, 2011). This species
demands acid soils for its growth (Trehane, 200jich are provided in south-
central Chile by Andisols, volcanic soils originjthv high organic matter (OM)
content, low available phosphorus (P) content, liigt acidity (pH5.5) (Nanzyoet
al.,, 1993; Moraet al, 2002). It is known that, mainly due to acid cdimfis, high

rainfall, OM mineralization, and cation bases liaion, AP

is probably the main
stress factor for several cultivated plants in adds (Foy, 1984; Zhang and Rengel,
1999; Poschenriedest al, 2008). In Andisols of southern Chile, *Allevels >0.1
cmol+/ kg have been reported by van Lierop (1991) lloraet al. (2004), although
Moraet al. (1999b) reported values over 1.5 cmol+/ kg at gdil4.5.

In spite, a lot of reports exist about the effamftAlI** in roots, less is known
about their effects on leaves. Regarding roots ghowed that affect its growth and
capacity for water and nutrients uptake, especrlgium (Ca), P, and magnesium
(Mg) (Rengel and Robinson, 1989; Barcel6 and Posdtdter, 2002; Poschenrieder
et al, 2008). For leaves of peRisum sativunt..), Watanabe and Osaki (2002) found
a negative relationship between Al accumulation esgential minerals such as Ca, P,
and Mg, diminishing their growth and yield. In sopiants Al toxicity could lead to a
reduction in photosynthetic pigments and photocbahreactions of photosystem I
(PSIl) and carbon dioxide (GPassimilation (Peixoteet al, 2002; Wanget al,
2006). Similarly, Reyes-Diaet al. (2009) reported a reduction in the photochemical
traits of PSIl, when compared contrasting Al-resise blueberry cultivars subjected
to toxic Al (0-10QuM). This reduction was more evident in the sensitultivar. In
another study, Reyes-Dia al. (2010) found that photochemical parameters in
blueberry were more affected in Al sensitive caticoncomitant with higher LP
than resistant cultivar. This, could be explaingdtte oxidative stress triggered by
Al**, by an increment of reactive oxygen species (RibSjellular organelles as
chloroplasts as reported by Kochianal. (2005) and Khart al. (2007). Otherwise,

oxidative stress induces LP in biological membramdsch leads to breakdown of
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their structure and function (Yamamatb al, 2002; Yamamotet al, 2003; Maet
al., 2007). In parallel to enhanced ROS levels, bothtsrand leaves, may increase the
antioxidant activity to ameliorate the deleterioelects of ROS, improving the
tolerance of plants to stresses as Al toxicity (@tual, 2006; Shaet al, 2008). The
antioxidant set includes enzymatic and non-enzygy@mpounds, with capacity to
remove and scavenge ROS (Skaal, 2008).

It has been reported that to revert Al stress op @tands on acid soils, Ca
addition efficiently reduce Abxicity, improving their nutrients and water adillity
(Tomaet al, 2005; Takahashet al, 2006). Calcium is a crucial regulator of growth
and development in plants, with important functioms structural support and
environmental signal perception, being involved glant tolerance to different
stresses, by regulating the antioxidant metabo({iang and Huang, 2001; Cheeg
al., 2002; Hepler, 2005; Schabeeg al, 2006). Currently, external Ca applications
for AI** amelioration in acid soils, are carried out thioutjfferent agronomical
practices including the application of calcareooeadments (Campbett al, 2006)
such as carbonates as calcites (CgCand calcium sulfate or gypsum (Ca$O
(Tisdaleet al, 1985; Garrideet al, 2003; llleraet al, 2004).

It has been widely demonstrated the effectivenésaloium sulfate to reduce
Al toxicity risk on crops (Alveet al, 1991; Carvalho and van Raig, 1997, Metal.,
1999a; 2002; Cairest al, 2006; Takahashat al, 2006). This amendment represents
an important source of Ca and sulfur (S) for plaatrition (Mathews and Joost,
1989; Bolaret al, 1993), improving contents of Ca, S, P, potasgiiin manganese
(Mn), and zinc (Zn) in vegetal tissues (Caie¢sl, 2006; Tunaet al, 2007). Besides,
this amendment did not greatly modify soil pH neegeg soil condition for a good
growth and development of some crops as highbuskbblries (Gough, 1997;
Lyrene and Munoz, 1997; Moet al, 1999a). Traditionally, the effects of gypsum on
blueberry crops have been studied from a mineratet point of view and to
conferring firmness to fruits (Korcak, 1988, Blatid Mc Rae, 1997). Angelett al.
(2010) reported that surface gypsum applicationighbush blueberry cultivars
showed an increased Ca content, delayed posthawftshing and reduced loss of

weight in fruits. However, little is reported abaypsum effect on physiological and
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biochemical features in blueberries, particularlpoat the photosynthetic

performance and antioxidant systems. Moreover, #fiects of gypsum on

physiological and biochemical processes in highboisieberry plants stand on an
acidic Andisol with high Al saturation are stilttle known. Therefore, the aim of this
study was to known wether gypsum amendment couwsttdra deleterious effects of
toxic Al on physiological and biochemical processeBlueberry 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 Utstde Agroindustria in
Universidad de La Frontera, Temuco, Region of Laukania, Chile. Two highbush
blueberry (Legacy and Bluegold) cultivars frequentultivated in southern Chile
(Guerrero, 2006) were considered in this study. @ea&r-old plants growing in a
solid substrate (1 oat: 1 shell sawdust: 1 pinelleseby volume) were provided from
nursery of Berries San Luis, Lautaro, Region deAtaucania, Chile (38° 29" S, 72°
23'W). These cultivars were chosen for their caating degree of tolerance to Al
toxicity, according with chemical, physiologicaipbhemical, and molecular studies
performed by Reyes-Diagt al. (2009 and 2010) and Inostroza-Blanchetetual.
(2011) who reported that Legacy was a more Al-tastscultivar to Al toxicity than

Bluegold.

4.2.2 Plant culture

Highbush blueberry plants were established during days (d) in
polyethylene pots (3 L) containing an acidified Asad, from Southern Chile, Gorbea
Series (Typic Hapludands) (CIREN, 2002) was usedHis assay. It was provided
by Semillas Baer, Cajon, Temuco, Region of La Aeaia, Chile. Chemical features
of this soil, important for this work stand out ithacidity, high percentage of Al-

saturation and nutrient content are showed in TaldleSoil samples from the top 20
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cm depth were collected from cultivated areas, atetwards dried, sieved, and then
moistened at field condition. Calcium sulfate anmaadt was carefully added to the
soil sample, mixed and then incubated, accordingradocol performed by Morat
al. (1999a). The applied treatments were: i) soil authamendment (control), ii) soil
control plus calcium sulfate at 700 mgkspoil, iii) soil control plus calcium sulfate
at 1400 mg kg soil and iv) soil control plus calcium sulfate &0P mg kg soil
(subsequently referred to as GO, G1, G2 and G4csisply). Each plant received a
fertilization equivalent to 33.7 mg N Kgsoil, applied as urea, 67 mg Pkspil, as
triple superphosphate, and commercial fertilizelpSmag at 371.6 mg kgsoil was
used to applied equivalents of 67.5 mg K'lapil, 67.5 mg Mg kg soil, 81.0 mg S
kg soil. The application of boron (B) was 2.7 mg'kspil as Boronat, zinc (Zn) and
copper (Cu), both in doses of 1.3 mg*kspil, as ZnS@and CuSQ were added to
soil, respectively. Each treatment had 10 replgdte a completely randomized
design. The experiment was conducted in the gresghwhere growth conditions
were: 25/20°C (day/night), 16/8 h light regimemylflYdark, respectively), relative air
humidity of 70%, and photosynthetic photon flux siéyn (PPFD) average of 300

pmol photons rif s™.

4.2.3 Plant growth and chemical determinations
4.2.3.1 Dry matter and plant growth

At harvest (60d), five randomly plant were dividadoots, stems, and leaves,
and dried by placing them in a 70 °C forced-airrofar 48 h to determine dry matter
(DM). For growth determination the longest shoatd primary roots of five plants of

each treatment were measured and recorded (al @itd final time).

4.2.3.2 Mineral content in tissues

After 60d, contents of Ca, Mg, K, Na, and Al wertatmined according to
the method described by Sadzavetal. (2007), using a simultaneous multi-element
atomic absorption spectrophotometer (model UNICAM9 9Atomic absorption
Spectrometer, England). For S and P determinatigbjdimetric and colorimetric

methods respectively, described by Sadzawkaal. (2007) were followed. The
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conten oft S was measured at 440 nm, and P coatel6 nm, both measurements
were carried out in an UV-VIS spectrophotometer [O8® 2800 UV/VIS, Spain).

4.2.4 Physiological determinations
4.2.4.1 Leaf water potential

Leaf water potential ¥ea) Was measured using a pressure chamber PMS
(model 1000, Instrument Co., Corvallis, Ore.), doling the recommendations of
Hsiao (1990). Measurements were made at middaweleet 13:30 and 15:30h, on
shaded leaves enclosed at least one hour (h) stiglzags laminated with aluminum

foil.

4.2.4.2 Relative water content (RWC)

For RWC, a Smart and Bingham's protocol (1974) ieowed. A
composite sample of leaf discs was taken and fwesight (FW) was determined,
followed by flotation on water for up to 4h. Therdid weight (TW) was then
recorded, and the leaf tissue was subsequentlyied-8h) to a constant weight at
about 85°C (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 efficient®8ll in leaves, the basic
protocol of Reyes-Diaet al. (2009) adapted to blueberries was followed. Attalch
leaves of two blueberry cultivars were dark adapoed®0 min and fluorescence was
measured using a portable pulse-amplitude modufatedmeter (FMS 2; Hansatech
Instruments, Norfolk, UK). Fluorescence parametdrBSIl such as: photochemical
maximum quantum vyield (Fv/Fm), photochemical effextquantum yield @PSII),
electron transport rate (ETR), non photochemicanghing (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 (Cllandb) and carotenoids, were extracted with
96% ethanol, measured by a spectrophotometer (URIZEDO UV/VIS, Spain) at
663, 646, and 470 nm. Pigment concentrations weieulated according to
Lichtenthaler and Welburn (1983).

Table 4.1Initial soil chemical properties of Andisol Gorb8aries, used in soil assay

before calcium sulfate treatment (*).

Chemical properties Values
N (mg kg?) 32.67
Olsen-P (mg kg) 20.33
K (mg kg?) 70.70
pH (H.0) 4.60
Organic matter (%) 13.67
K (cmol+ kg% 0.18
Na (cmol+ kg') 0.03
Ca (cmol+ kg) 0.20
Mg (cmol+ kg") 0.04
Al (cmol+ kg™ 1.23
Al saturation (%) 68.40
CEC (cmol+ kg) 1.68
Y Bases (cmol+ kg 0.45
B (ppm) 0.29
Zn (ppm) 0.36
Cu (ppm) 0.77
Fe (ppm) 26.24
Mn (ppm) 5.72
S (ppm) 31.00
Al ext. (ppm) 1050.00

*Methodology: P 8.5 (Olsen); available S: Ca eximac (H,PQ,) 20.01 mol [*; Ca, Mg, K and Na
exchangeable: extraction with GEOONH, 1 mol L., At pH 7.0; exchangeable Al: extraction with
KCI 1 mol L', CEC: Ca+ Mg+ K+ Na+ Al exchangeable, Al saturati¢Al exchangeable x 100)/
CEC. Analyzed by Plant and Soil Laboratory, Institde 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 expressedradondialdehyde acid
(nmol MDA g* FW) content and determined by 2-thiobarbituriclg@iBA) reactive-
metabolites, according with protocol of Heath aadker (1968), modified by Du and
Bramlage (1992). Samples were measured in UV-VE&tspphotometer (UNIC®
2800 UV/VIS, Spain) at 440, 532, and 600 nm to extrthe interference induced by

TBARS-sugar complexes.

4.2.5.2 Radical scavenging activity

The free radical scavenging activity (RSA) of tessumaterial from the two
cultivars were tested through the 2.2 diphenyl&ybinydrazyl (DPPH) method (Li
et al, 2007) with minor modifications. The reaction to®knin and the absorbance

was measured at 515 nm, in a spectrophotometerGORR800 UV/VIS, Spain).

4.2.5.3 Total phenols content

Total phenol contents (TPC) was done following &l and Singleton's
method (1977). The TPC were established with thenfiocalteu reagent and
absorbance was measured in a spectrophotometeC@N\2800 UV/VIS, Spain) at
765 nm. A regression equation, using chlorogenid as standard, was used for
calculate TPC.

4.2.5.4 Total anthocyanins

The quantification of anthocyanins content (TAN)l@éaves was determined
according to the protocol modified by Closeal. (2000) with minor modifications.
The homogenized samples were centrifuged at 3,000 and supernatant was
measured at 530 and 657 nm in an UV-VIS spectragpheter (UNICS 2800
UV/VIS, Spain).
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4.2.5.5 Total flavonoids

Total flavonoid contents (TFA) were determined @aves of two highbush
blueberry evaluated following the method describgdZhuanget al. (1992). Total
flavonoids from extracts were measured in a sppbttmmeter (UNICG 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) aytini leaves and roots
was assayed by monitoring the inhibition of photauital reduction of nitro blue
tetrazolium (NBT) through the method described Wyefey and Spitz (1986). The
SOD activity was expressed as U Mpgrotein. The activity of catalase (CAT, EC.
1.11.1.6) was assayed according to the method bif @983). The rate of hydrogen
peroxide (HO,) decomposition was measured at 240 nm (extinatmefficient of
0.036 mM* cni™). The enzyme activities were expressed on praeisis. Total
protein (TP) was estimated according to Bradfo@V@) using bovine serum albumin
(BSA) as a standard.

4.2.6 Experimental design and statistical analyses

The experiment was arranged on a split-plot desiigm two cultivars x four
treatments (G, G1, G2 and G4) x six replicatesev@uation times (0, 30 and 60d)
for the photochemical parameters. Chemical andheimical determinations were
carried out at end of experiment (60d). To minimazg positional effects pots with
plants were changed in position every day. Forssizal analyses, reported values
correspond to the average of six individual repésafor each cultivar, calcium
sulfate treatments, and time. All data passed thvenality and equal variance by
Kolmogorov-Smirnov and Levene test respectivelytaliar chlorophyll fluorescence
were subjected to a two-ways Analysis of Variana®lQVA) (where the factors
were calium sulfate treatments and exposition tifoe)Chemical and biochemical
analysis to a two-ways ANOVA (where the factors evealcium sulfate treatment

and cultivar). A Tukey test was used to identifyodld values with significant
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differences. Both analyses were performed with Sigdtat 2.0 software (SPSS,

Chicago, IL). Differences between the values weresiered significant d& <0.05.

4.3 RESULTS

4.3.1 Plant growth

Shoots of cultivars in soil amended with calciunifege (see in appencices)
exhibited an increase up to ~20% after 60d in coispa to control plant§P<0.05,
Table 4.2). The maximum shoot increases in thetnrest G1 were observed for
Legacy (”0.001) and at G4 for Bluegold £B.001) compared to control. Calcium
sulfate amendment had positive effects on root thengvhere Legacy showed
significant increases in plants grown at G1, G2 @ddwhereas in roots of Bluegold
the three calcium doses showed significantly ire@ealn the non-amendment soill,
growth of roots decreased in Legacy (61%) and meBbld (92%), while calcium
application did overcome this trends@R05; Table 4.2).

The results obtained from this experiment show thatcium sulfate
significantly increased total and root DM in Bluéy@ompared to stressed plants,
whereas Legacy in G2 exhibited higher total, raatj shoot DM (R0.05; Table 4.3).
In relation to shoot:root ratio no statisticallyffdiences in Legacy were observed
among treatments, meanwhile in Bluegold this ratas significantly decreased by
45, 100 and 52% in comparison to GO for treatm&its 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 @i an enlarged S
content in roots with G2 treatment was observeBlliregold compared to the control
(P<0.05). In both cultivars root P content at G4 (l@gaand at G1 and G2 were
enhanced in comparison to the controk@®01; Table 4.4). Calcium sulfate
significantly increased foliar Ca content up to 38f@ 20% in Legacy and Bluegold

respectively in comparison to the control. Legaogts under G4 treatment, showed
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higher Ca content (~30%) than in plants stand amtrob soil (P=0.028). In both
organs, Bluegold showed higher Ca contents (~30B&n tLegacy under all
treatments (R0.001; Table 4.4). However, Mg content of roots wasreased up to
54% under calcium sulfate application in Legacy<Qm01), whereas in roots and
leaves of Bluegold a bigger Mg content under G1 al@served when compared with
non amendment treatment<050). The amendment increased K content in leaves
of Legacy at G4 (80.001), and significantly decreased foliar and mdat contents
(up to 50%) in Legacy and Bluegold. On the othemchan leaves of Legacy and
Bluegold Al was decreased up to 27% and 23% reispedctby calcium sulfate
addition (G2 and G4)in respect to the contraf(P®5; Table 4.4). Nonetheless, this
significant Al reduction was more outstanding imtsothat showed up to 89% and
46% in Legacy and Bluegold respectively, at thenbgy calcium sulfate dose (G4).
Statistically significant differences between atdtis were found in regard to Al
accumulation of plants growing in Andisol with higth saturation, showing Legacy

higher Al content than Bluegold especially in lea{86%).

4.3.3 Leaf water relations

The leaf water potentialMea) In Legacy were 45 and 33% higher than
Bluegold at GO and G1 £0.05), whereas in G2 and G4 no statistically defferes
were observed (Figure 4.1A). Both cultivars sigrafitly diminished¥eqad until G2
remaining constant (—0.4 MPa) until higher calcium sulfate treatment YG4
compared to control (GO0). In plants under G2 andwgdfe observed more negative
Yieat than GO for Legacy (up to 66% in G2), whreas inddigl all treatment with
calcium sulfate reduced up to 20%. in comparison to control (Figure 4.1Apn
regard to RWC Bluegold was not affected by calcisuifate addition (P>0.050).
Nonetheless, Legacy raised its relative water ecar@®@WC) in plants grown in soil
amended with calcium sulfate treatments G1, G2 &dd(P<0.05). Statistically
significant differences between cultivars were legthed in all treatments of calcium

sulfate to soil where Legacy plants were ground R{FGure 4.1B).
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4.3.4 Photochemical efficiency of PSIl and photosymetic pigments

In Legacy at 30d and 60®PSIl and ETR were significantly increased
(~150%) in all calcium sulfate treatments, in conmgmn to control. In Bluegold,
®PSIl and ETR raised up to 125% in comparison tatplaubjected to Al saturated
without amendment (Table 4.5). Non photochemicanghing, which represent the
energy dissipation as heat relative to dark-adaptate, showed to the end of
experiment a large reduction in plants of Legaeatied with calcium sulfate doses
(P<0.05). In Bluegold, the fall of NPQ was slight, pe®g higher NPQ in control
plants than in amended planB<(Q.05, Table 4.5).

Chlorophylla content in Legacy was significantly increased Hy(&4%) and
G2 (34%) treatments, whereas no changes ib Gdmtents were observed in relation
to the control plants. Bluegold showed significaatuctions in Cld and Chb
contents, at the highest calcium sulfate dd2€0(05; Table 4.6). Legacy, but no
Bluegold, exhibited an increased @Hb in amended plants compared to non-
amended plantdP€0.05; Table 4.6), and Clal/b was reduced in Legacy at calcium
sulfate doses of G2 and GRB<0.05), meanwhile in Bluegold an increment of this
ratio occurred under G4?€0.013; Table 4.6). Carotenoids content in Legaeyew
raised at 63%, 73%, and 119% by treatments G1aG® G4 respectively compared
with the control soil <0.05). Bluegold did not showed significant chanigaespect
to the control P>0.05,Table4.6).
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Table 4.2.Effects of calcium sulfate additiaan shoot and roots growth (cm) for two highbushebkrry cultivars grown in an

Al-saturated Andisol. Values represent the averdgex replicates £ S.E.

Treatments Legacy Bluegold
Shoot Root Shoot Root
Time (days)
0 60 0 60 0 60 0 60

GO 41.5+2.3Aa 42.5+0.3Ca 12.0+0.5Ba  12.5+0.3Ba £H0DZAa 53.0+0.7Ca  16.0+0.1Aa 16.5+0.7Ba
Gl 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+0.3Ad6.0+0.6Bb 66.0+2.6Ba  15.0+0.3Al21.0+0.2Aa
G4 43.0£0.7Ab 56.0+2.0Ba 15.5+0.8Ab  17.0+0.6A&3.0+0.1Ab 71.2+1.4Aa  15.0+0.2Ab21.0+0.1Aa

"Different lower case letters indicate statisticalignificant differencesR<0.05) between time 0 and 60d for the same calciulfate treatment. Different
upper case letters show differencBs@.05) between calcium sulfate treatments for tineestime (d).
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Table 4.3.Effects of calcium sulfate additioan dry mass and shoot:root ratios for two highbbisieberry cultivars grown in

Al-saturated Andisol. Values represent the averdgex replicates + S.E.

Cultivar Treatments Total DM Root DM Shoot DM Shooot ratio
g plant*
Legacy GO 3.88Ab 2.54Ab 1.35Ab 0.53Aa
Gl 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
Bluegold GO 2.93Bc 1.77Bc 1.16Bb 0.65Aa
Gl 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 statistigadignificant differencesR<0.05) between calciutneatments for the same cultivar. Different uppesec
letters show difference®€0.05) between cultivars for the same calcium seiffegatment.
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Table 4.4.Effects of calcium sulfate additiqgmg kg* soil) on mineral content for two blueberry cultisgrown in Al-saturated

Andisol. Values represent the average of six rape + S.E.

Legacy Bluegold
Calcium sulfate treatments
Mineral content GO G1 G2 G4 GO Gl G2 G4
(g kg* DW)
Leaves S 0.94+0.68 0.97+0.08° 0.92+0.0%° 1.00+0.04% 1.09+0.052 1.29+0.052 1.10+0,032 1.12+0.03%
= 0.79+0.0%  0.82+0.04% 0.67+0.0F° 0.77+0.052 0.92+0.01° 0.89+0.02° 0.91+0.032 0.90+0.01°
Ca 4.21+0.1%  5.08+0.2F° 4.44+0.08*°  5.96+0.18° 6.78+0.19° 7.46+0.43° 6.94+0.16°°  8.55+0.12°
Mg 3.05+0.39*  3.64+0.18% 3.34+0.2%° 3.10+0.452 3.09+0.02° 4.48+0.05% 4.01+0.506° 3.80+0.85"
K 9.66+0.0%°  9.68+0.48° 8.68+0.11° 11.40+0.1%*  8.70+0.0%2 8.90+0.29° 8.81+0.27° 8.48+0.242
Na 0.49+0.0%  0.49+0.0f% 0.26+0.02¢ 0.33+0.02° 0.29+0.0%2 0.28+0.082 0.25+0.01° 0.20+0.0%¢
Al 0.71+0.04%*  0.66x0.012 0.54+0.02° 0.52+0.02° 0.44+0.0%2 0.36+0.08%®  0.35+0.03° 0.34+0.0%°
Ca/Al 4.33+0.0°  5.19+0.14° 5.54+0.15° 7.69+0.032 10.65+0.15¢  15.59+0.16° 12.82+0.0%¢  16.36+0.18*
Roots S 0.85+0.0%  0.97+0.07° 0.91+0.0%2 0.88+0.02° 0.63+0.05° 0.63+0.03° 1.17+0.762 0.88+0.08°
= 0.96+0.02°  0.99+0.0f° 0.87+0.04¢ 1.12+0.042 0.97+0.01° 1.12+0.042 1.22+0.042 1.00+0.08°
Ca 1.26+0.0%  1.51+0.08% 1.31+0.17° 1.87+0.1%82 2.10+0.167 2.37+0.04% 2.23+0.01% 2.18+0.09%
Mg 1.13+0.02*  0.81+0.02° 0.51+0.03° 0.84+0.08° 0.49+0.04° 0.61+0.03% 0.57+0.01° 0.56+0.04°
K 3.97+0.0f%  3.85+0.02° 4.12+0.122 3.88+0.07° 4.07+0.01° 3.78+0.17° 3.48+0.1%° 3.87+0.22A°
Na 0.25+0.0%*  0.16+0.0F° 0.19+0.0%° 0.11+0.0%¢ 0.34+0.022 0.35+0.012 0.24+0.01° 0.17+0.01¢
Al 1.61+0.222  0.85+0.01° 0.13+0.0%¢ 0.18+0.01¢ 0.71+0.0%° 0.97+0.07° 0.78+0.0%° 0.38+0.01¢
Ca/Al 0.50+0.03¢  1.20+0.26¢ 7.20+0.32° 8.22+0.182 1.89+0.01° 1.74+0.16° 1.80+0.03° 3.75+0.0%°

*Different lower case letters indicate statistigadignificant differencesR<0.05) between calciumneatments for the same cultivar. Different uppesec
letters show difference$€0.05) between cultivars for the same calcium seitfegatments.
**Analyzed by Plant and Soil Laboratory, Institude Agroindustria, Universidad de La Frontera, Teoq@hile.
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Figure 4.1. (A) Changes in leaf water potentidl\{s) and (B) relative water potential (RWC) in leavelstwo
highbush blueberry cultivars grown in an Al satadaAndisol amended with calcium sulfate. Valuesesent the
average of six replicates + SE. Different lowerecdstters indicate statistically significant diégces P<0.05)
between calcium sulfateeatments for the same cultivar. Different uppasec letters show differenceB<(0.05)

between cultivars for the same treatment.
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Table 4.5. Photochemical and non-photchemical parametersSif id two highbush blueberry cultivars grown in &t

saturated Andisol amended with calcium sulfatediierent times (0, 30 and 60 d). Values repreflemtmean of four replicates

Time Treatments

(d)

Legacy

Bluegold

DOPSI| ETR

NPQ ®PSII ETR NPQ

0 GO
Gl
G2
G4

30 GO
Gl
G2
G4

60 GO
Gl
G2
G4

0.210+0.009Aa 24.460+0.579Ba

1.10+0.040Ca 0.264+0.003Ba 33.32B#Ba 2.103+0.005Aa

0.212+0.010Ca 24.456+0.547Ca 1.074+0.056Ba 8&(2634Ca 32.428+0.347Ca 2.201+0.070Aa
0.215+0.007Ca 24.480+0.480Ca 1.132+0.049Ba 6&(2b22Ca 34.389+0.503Ca 2.206+0.035Aa

0.216+0.012Ba 24.564+0.603Ca

0.421+0.001Ac 54.091+0.126Ad
0.436+0.002Ab 51.726+0.744Ac
0.457+0.005Aa 55.032+0.576Ab
0.463+0.006Aa 58.352+0.795Aa

0.220+0.002Ac 27.750+0.168Ac

1.152+0.079B&261+0.018Ba 34.867+0.295Ca 2.168+0.005Aa

2.075+0.002Aa0.346+0.004Ab 43.625+0.612Ac 1.929+0.003Ba
1.851+0.007Ab0.341+0.002Ba 42.830+0.211Bl1.843+0.002Bb
1.604+0.009Ac0.330+0.002Ba 45.817+0.213Ba 1.658+0.003Bb
1.853+0.027A0.279+0.001Bc  44.017+0.152Ba 1.881+0.006Bb

0.971+0.020Ba 0.431+0.003A84.207+0.346Ac 1.625+0.001Ba

0.328+0.002Ba  41.369+0.271Ba 0.868+0.00501136+0.001Aa 54.931+0.239Ab 1.631+0.002Cc

0.262+0.005Bb 29.256+0.484Bb

0.581+0.007Cc 0.433+0.004/%4.547+0.217Ab 1.686+0.005Bb

0.230+£0.002Bc  28.967+0.738Bb0.408+0.006Cd 0.450+0.003Aa 56.665+0.269Aa 1.630+0.002Cc

+S.E.

*Different lower case letters indicate statistigadignificant differences @.05) among treatments for the same treatmentei@ift upper case letters

show differences @0.05) between cultivar for the same time (d).
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4.3.5 Lipid peroxidation, radical scavenging actity, and antioxidant
compounds
4.3.5.1 Lipid peroxidation

In plants stand on in Al-saturated soil (contrédaves of Legacy showed a
higher LP than Bluegold €9.001, Figure 4.4A). In contrast in both cultiva®
declined strongly (~80%) with G2 treatment resgedhe control plants 9.001).
Contrarily, LP of control roots of Bluegold where3@% higher LP than in Legacy
roots was found. The major dose of calcium sulfidenot reduced significantly the
LP of Legacy roots, whereas Bluegold exhibited gnificantly reduction in LP
(Figure 4.4A).

4.3.5.2 Radical scavenging activity

An increased RSA in leaves of the two cultivars emdalcium sulfate
amendment, in comparison those without amendmestexiibited (Figure 4.4B). In
Legacy an augment up to ~80% RSA under G2 treatmeamispect to control plants
was evidenced @.001), while in the other treatments no statiflicdifferences
between them (G1 and G4) were observed (P=0.85Gwithhstanding this, these
both treatments were statistically significant eiéint in respect to non-amendment
plants. Generally Bluegold leaves had higher RSantlhegacy P<0.05; Figure
4.4B). On the other hand, RSA of roots of Bluegaildreased at G2 and G4
compared to non amended control plafs0(05), being enhancements of 37 and
19% respectively. Roots of Legacy with G2 treatntead higher RSA values (~58%)
when compared with roots growing in the Al- satedasoil. The calcium sulfated
addition showed a better effect in Legacy RSA tban in Bluegold at both G1 and
G2 (P<0.001, Figure 4.4B).
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Table 4.6.Photosynthetic pigment concentrations (mg KyV) in two highbush blueberry cultivars grown im Al-saturated Andisol
amended with calcium sulfate for 60d. Values regmeghe mean of six replicates +S.E. Different Iowase letters indicate
statistically significant differenced?£0.05) among treatments for the same cultivar. Defieé upper case letters show differences
(P<0.05) between cultivar for the same treatment.

Cultivar Treatments Chl Chib Chla+b Chla/b Carotenoids
Legacy GO 0.574+0.051Bb 0.248+0.020Aa 0.623+0.030BR.082+0.079Ba  0.081+0.007Bc
G1 0.541+0.056Aa 0.209+0.011Ab 0.677+0.002Ba 2P5IB1Aa 0.133+0.011Ab
G2 0.556+0.052Aa 0.273+0.017Aa 0.730+0.027Aa  10g®0Bb 0.141+0.004Ab
G4 0.459+0.010Aab 0.260+0.004Aa 0.689+0.018Ab (0+69033Bb 0.178+0.011Aa
Bluegold GO 0.375+0.035Aa 0.225+0.028Aa 0.730+0/x0 2.483+0.143Ab 0.104+0.010Aab
G1 0.467+0.009Aa 0.235+0.008Aa 0.762+0.072Aa 2:028B6Ab 0.110+0.004Ba
G2 0.504+0.037Aa 0.243+0.014Aa 0.741+0.019Aa 2tB@B9Ab 0.109+0.005Ba
G4 0.429+0.015Ab 0.166+0.002Bb  0.625+0.012Ab  2+#1B@22Aa 0.097+0.000Bb

*Different lower case letters indicate statistigadignificant differencesR<0.05) between calciutneatments for the same cultivar. Different uppasecletters
show differencesR<0.05) between cultivars for the same calcium sailfegatment.

109



4.3.5.3 Total phenols, anthocyanins, and flavoroidtents

In both cultivars, an increased TPC in leaves wserved, concomitant with
higher calcium sulfate doses (G2 and G4) compaveithé control plantsR<0.05,
Figure 4.5A,B). The enhanced TPC represented upl8% in Bluegold plants
treated with G2 and G47€0.001). The levels of TAN in leaves of cultivar®gn in
control soil were increased up to ~70% in Legd@y0(001) and ~40% in Bluegold
(P<0.001), by the higher calcium sulfate addition (@&pure 4.5B). Concerning the
cultivars, TPC values of plants growing in soilegrof amendment were higher in
Bluegold than in LegacyP&0.001). After 60d under acid and Al toxicity conolits
(control) Bluegold showed higher TAN than Legad®r0.037), although calcium
sulfate applied at 4000 allowed an increased TANe&gacy, reaching ~37% above
Bluegold P<0.001). The TFA in Legacy was diminished up to 3@#ger calcium
sulfate amendment with respect to control plamdgpendently of calcium sulfate
doses addedP€0.001). Differently, in Bluegold TFA were enhance®80%) at G1
(P=0.014; Figure 4.5C).
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treatments for the same treatment. Different upgeege letters show differences

(P<0.05) between cultivar for the same treatment.

112



4.3.5.4 Antioxidant enzyme activity

Whereas in Legacy, foliar SOD activity increased%} by G4 treatment
(P<0.05), Bluegold also did it at G1 compared to aanplants P<0.050, Figure
4.6). In addition, leaves SOD activity of Bluegelds higher than Legacy (169%) in
all the evaluated treatmen®®<0.001). While in roots, Legacy showed and arisisof
SOD activity under G1 (63%) and G2 (200%) treatmmeodmpared to control plants
(P<0.006), instead Bluegold only experimented changegespect to the control
plants at G1 B=0.027). Legacy showed a 64% higher SOD activitydats than
Bluegold in calcium sulfate doses G2<0.001). An enhanced CAT activity in leaves
of Legacy (~543%) was found in treatment G4, in parnson to control plants
(P<0.001; Figure 4.6). For Bluegold, all calcium stdfatreatments increased
significantly CAT according with the increase ofaram sulfate doses used. In roots,
CAT activity after increased in both cultivars gspect to the plants non-subjected to
soil calcium sulfate treatments (contrdP<(.050, figure 4.6).
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4.4 DISCUSSION

The effects calcium sulfate addition to reduce AIntent and nutrient
improvement have been widely reported by severtdiaas in different crops grown
in acid soils with high A" concentration (Alvat al, 1991; Carvalho and van Raig,
1997; Moraet al, 2002; Caire®t al, 2006). This amendment shoot and roots growth
can be improve in crop plants subjected to abieticironmental stresses (Korcak,
1988; Tunaet al, 2007). In an experiment with tomato plantsyqopersicon
esculentumMill.) under saline stress (NaCl), Turet al, (2007) added calcium
sulfate at 5 and 10 mM significantly improved grbwplant and physiological
variables affected by salt stress. In an Abiotiess as toxic Al our results suggest an
effect of this amendment on increase elongatioplafts in both cultivars (Table
4.2), although in Al tolerant Legacy lower calciwuifate doses than Bluegold were
required for this purpose. The root:shoot ratioLEgacy was not changed with
treatments, whereas in Bluegold this ratio wasebs®d, indicating that root growth
was stimulated by amendment additione. The impre@vgrnm plant growth can be a
response toia better nutrient balance in plantsalme this calcareous amendment
caused significant reductions of Al content in eadéd tissues (Andersson, 1993),
especially in Al-tolerant Legacy (Table 4.2). Sianieffects were observed by Reyes-
Diazet al. (2011) in Al-tolerant blueberry cultivars Brigiteand Legacy subjected to
nutrient solution with Al toxicity (100pM) and reeered with calcium sulfate
(5mM). Mathews and Joost (1989) and Carvalho amdR@ig (1997) reported that
the formation of lesser toxic and insoluble alummaulfate (AISQ") in soil after
calcium sulfate application contributed to amelierdarmful effect of A", by
complexation with SG groups in the outer sphere Al that could be exaiuby
roots (Alvaet al, 1991). In addition, Morat al. (1999a) and Cichotat al. (2007)
proposed also that displacement of*Afrom cation exchange sites by ds
frequently in variable charge soil such as Andiss#d in our experiment (Table 4.1).

On the other hand, improved foliar and root nutrieancentration, mainly Ca
and in lesser extent K, and P, showed that effeatble of calcium sulfate on Al

ameliorating contributed to improved tissues natrievel, although Mathews and
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Joost (1989) reported that excessive calcium sudpplications can create K and Mg
deficiencies. Sanderson and Eaton (2004) in lowbbdieberry Yaccinium
angustifolimAit.) reported significant increases in leaf neitrti contents as P, Ca, K,
and S after gypsum addition for two cropping cydialcium sulfate addition
increased root S content only in Al sensitive Bhldg G2), according to reviewed by
Rennenberg (1984) who reported that S uptake ggdred by an increase of
polyvalent cations as &aor Mc*, although in this cultivar no increases of these
cation in roots were observed. Sandersbal (1995) reported critical levels of S for
blueberries from 0.08 to 0.14%). However, no relaghip between Ca and S were
found. For Legacy, an increase of foliar Ca duedlzium sulfate addition resulted
in an improved S (r=0.63), K (r=0.671), and P (64®&) contents, and no correlation
between a raised Ca and Al were found (Table 4Adyitionally, calcium sulafte
application helped to reduce (~50%) foliar and rdi&@ content in Legacy and
Bluegold. Increased Na concentrations in rootsaaseciated to inhibitions in uptake
and transport of Ca and K, thus leading to nutrdioimbalances in saline
environments stresses (Tuea al, 2007). Our experiment showed that Na was
negatively correlated with Ca content in Legacytso@=—0.85, P<0.001), but no
correlation with K content were found. However; #&bntent were positively
correlated with Na content in Legacy leaves (r=0F40.004) and both leaves and
roots of Bluegold (r=0.63P=0.024 and r=0.67P=0.015). Negative relationships
between Ca and Mg have been reported for pastyrdgitbheyet al. (1995) and
Ritchey and Snuffer (2002), whereas in blueberested with gypsum, Mg content
were not affected either leaves and roots (Kord#ig8). Similar results in our
blueberry plants were obtained, for Legacy whereamwelation between them were
observed, whereas Bluegold showed a significaetraction between Ca and Mg in
roots (r=0.706P=0.009).

The interaction between Ca and Al has been widetgo@ated at
physiological and biochemical disorders in croppkhts (Delhaize and Ryan, 1995;
Kochian, 1995; Schaberg al, 2006; Merifio-Gergichevicht al, 2010). After 60d,
Ca/Al molar ratio (Ca/Al) in both cultivars was sificantly raised, depending on

calcium sulfate doses. In generally the highesADakre achieved at G4. In leaves

116



this ratio was higher in Bluegold, whereas in robégacy showed higher Ca/Al
(P<0.050, Table 4.4). It has reported that this retimcreased after gypsum addition
to soil (Ritchey and Snuffer, 2002; Weber-Blaschakd Rehfuess, 2002). However
they do not mention to the differences betweenetdfit cultivars from species.
Calcium sulfate significantly increased Ca/Al maiatio, although this ratio in leaves
were higher in Al sensitive Bluegold than Al toletd.egacy (Table 4.4). For leaves
in woody species Cronan and Grigal (1995) repattetia Ca/Al ratio less than 12.5
would indicate 50% risk of Al toxicity and Ca/Altra lower than 6.5 a 75% risk.
According to our experiment, lower foliar Ca/Al sted by Al tolerant cultivar
according to these authors, would indicate a beffesiency of uptake and transport
of Ca than Al sensitive Bluegold. In roots of Legand Bluegold molar ratio varied
from 0.5 to 8.2 and 1.8 to 3.7 respectively, simitathose ratios obtained for oak
(Quercus robuy, pine Pinus radiatg and eucalyptusHucalyptus nitensplants
grown in acidic soil (Alvareet al, 2005).

Aluminum has been shown to cause interference temalations of plants
(Kochian, 1995; Mossor Pietraszewska, 2001; Rowtl, 2001) by alteration of cell
wall porosity in root cells. In wheat, grown in ksoolumns at acid pH (4.70) and Al
saturation (65%)W¥\ear and RWC were increased with gypsum addition (Zgafdet
al., 1996). In our highbush blueberry plants, calcautfate treatments lead&f4 to
more negative values, compared to the control glaptobably due to increased
cation concentration both roots and leaves (Figut@ According to Taiz and Zieger
(1998) a better accumulation of solutes (mediatedrbimproved Ca/Al) by cells, is
a process without an accompanying decrease in rturgsulting in an osmotic
adjustment. This osmotic adjustment is relatedntinibited Al accumulation in the
root tips (Yanget al, 2010). Leaf water potential was compared witults reported
for blueberries by Hickletort al. (2000), Glasst al. (2005) and Bryla and Strik
(2007), who reported for blueberries stand up ih'Bg,s until —1.5 MPa for drought
season during summer in North hemisphere. Legadytdkerant) had a lesser
negative¥eos than Bluegold in control plants, although in Leg#t..s was negatively
correlated with foliar contents of Al and Na 8.79; P=0.002 and r=0.66;
P=0.018, respectively) and root Al content-46-73; P=0.006). In tolerant cultivar,
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RWC was significantly increased by gypsum in respethe control plants, showing
a better hydric performance than Bluegold. Jiand Bimang (2001) describe that
external Ca application improved RWC in tall fes¢kestuca arundinaced&.) and
Kentucky bluegrassPpa pratensid..) under heat stress for 30 days, although these
application were not related to osmotic potentiatl asmotic balance. Also, Ca
application reduced the loss of chlorophyll contenter stress, by inhibition of
photoxidation and/or better membrane integrity.

Reyes-Diazet al. (2010) studied photochemical parameters respoirses
blueberry cultivars (Legacy and Bluegold) subjedizd\l toxicity (25, 50, 100, and
200uM) for 21 days. Results showed that Bluegold thia most affected by toxic Al,
especially at beginning of experiment, explainecadgwer RSA in this Al sensitive
cultivar. The fluorescence paramet®PSIl and ETR, were increased in both
cultivars, showing Legacy high values at 30 daysemsas Bluegold at 60 days, in
amended plants. These results agree with repopt&ebes-Diazt al. (2011), where
these parameters responded to CaB&atments mainly in tolerant cultivars. These
increased photochemical parameters were concomiéht a reduction of NPQ,
mainly in tolerant cultivar at the end of experirhetdue to NPQ gives information
about heat dissipation when an excess of lightgsner the PSII (Maxwell and
Johnson, 2000). Literatures have reported negatitezactions between NPQ and
photosynthetic pigment content (Bilger and Bjorkma&@90; Demmig-Adams and
Adams, 1996). Nonetheless, Chetnal. (2005) suggested that NPQ was not a key
factor on dissipation of excessive thermal energyli treated leaves of tangerine
(Citrus reshni Hort. Ex Tanaka), likely due to Haliwell-Asada teuand
photorespiration involving in dissipating of exdgssthermal energy. Fluoresecence
parameters were favored by foliar Ca/Al 6 in Legang 14 in Bluegold.

Pereiraet al (2006) found that Al caused a decrease in Chlodbglnthesis
by inhibition of enzymes responsible for monopyerplorphobilonogen production,
which is constituent of Chl and cytochromes. Howewe our two cultivars, no
statistically significant correlation between folidl or Ca and Chh or b, Chl at+b,
and Chla/b were found. Peixotet al. (2002) found adverse effects of Al on leaf

photosynthetic pigments both in tolerant and semsgorghum cultivarsJorghum
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bicolor (L.) Moench]. Reyes-Diaet al. (2009) in blueberry, reported a decreased
pigment concentration correlated with Al contentaimhy in sensitive cultivars.
Calcium sulfate increased Cla, not by addition of external Ca, but for one
improvement mineral balance in leaves, mainly ilerent cultivar. The Na content
was negatively correlated in both cultivars withl Gltoncentration (r=from-0.64 to
—0.680;P<0.05), whereas its reduction by cvalcium sulfatdi@mh would be a key
factor. Legacy showed negative correlations betwemmtenoids 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 effen accessory pigment (r=0.86,
P<0.001) and S content (r=0.57B8+=0.044). A better carotenoids are significantly
correlated with decreased NPQ (r=0.850). In baflégrdeum vulgard..) seedlings
subjected to Al (0, 0.08, 0.4, 2, and 10 puM) fod36arotenoids concentration was
increased in relationship to Al treatment appletiereas chlorophylls a and b were
significantly reduced in respect to control seegll{Abdalla, 2008).

The scientific evidences show that Al can decredesetron transfers between
both photosystems (PSII and PSI), increasing promiuof ROS (Lidoret al, 1999;
Scandalios, 2002), thus inducing lipid peroxidationchloroplasts (Lidoret al,
1999; Routet al 2001). In highbush blueberry, Al content and LPsvearrelated
positively in Legacy leaves (r=0.8R<0.001). The reduction of LP was associated to
an improved Ca/Al in leaves ¢6.67; P=0.018) and roots (r=0.62; P=0.031) of
Legacy, however in Al sensitive cultivar no relagbips were found. Reyes-Diarz
al. (2011) reported similar effects of gypsum on reducof LP in tolerant cultivar
Legacy subjected to Al toxicity in hydroponic cultu The optimal foliar Ca/Al to
reduced LP was situated between 6 and 7 for Legacl over 10 for Bluegold
(r=0.95).

The increase of antioxidant activity in plants anhesh with calcium sulfate
was positively affected in leaves and roots of logygand Bluegold, in comparison to
the control plants, although Bluegold showed a &dRSA than Al tolerant cultivar
(P<0.050, Figure 4.2B). Calcium may be involved innpléolerance to different
stresses by antioxidant metabolism regulation ¢Jemd Huang, 2001), this finding

is in agreement with our results that showed anrawed C&' content have a
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significant influence on RSA. On the other hand, dntents in Legacy were
negatively correlated with RSA in leaves £6:68; P=0.014) and roots (=0.72;
P=0.008), indicating that a reduction of this metatolerant cultivar tissues should
increased RSA. A number of studies have reportatlithparallel to increased ROS
levels, Al stress also could be an induces an @serén the antioxidant activity to
overcome deteriorating effects of these toxic g®ancreasing the tolerance to Al
stress (Guet al, 2006; Kharet al, 2007).

Antioxidant activity is associated to several sel@y metabolites to
overcome stresses caused by environmental factmbs as Af*. In this way,
highbush blueberries are considered a rich souremtmxidant compounds such as
phenols, anthocyanins and flavonoids, with nutngiloproperties for human health
(Prior et al, 1998; Kaltet al, 2001; Mittleret al, 2004; Dragou-Uzelacet al,
2010). However, our results showed that Al contargensitive 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 correlatathvAl
content (r=0.64;P=0.023). Foliar Ca content had positive influenae TAN in
Bluegold (r=0.61;P=0.032). Little information has been reported abthé real
effects from calcium sulfate in activity of theseoletules. Thus we suggest that
gypsum increased TPC and TAN, because to amelreratile of this calcareous
amendment on Al concentration in soil solution (MefGergichevichet al, 2010,
Reyes-Diazet al, 2011). In relation to the same line, antioxidamzymes set
contributed to defensive system as first barrigirss harmful effects of Af in plant
metabolism. In our experiment, SOD and CAT showedel activity in Al stressed
plants in both organs of two cultivars, and thesréased by calcium sulfate addition
(Figure 4.4). Bluegold in leaves had a higher S@bvey than Legacy, because in
Bluegold a greater Ca contents were found aftediGgmn (r=0.69; P=0.012).
Calcium is a regulator of several enzymes, plagngle as intra- and extracellular
messenger (Sandegsal, 2002; Silvaet al, 2005). Gonget al. (1997) on maizeZea
maysL.), and Jiang and Huang (2001) in tall fescue Eedtucky bluegrass, have
reported that external Ca addition increased asterlperoxidase (APX, EC
1.11.1.11), CAT, glutahione reductase (GR, EC 126,4and SOD. For blueberry
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cultivars, Reyes-Diaet al. (2011) reported that calcium addition toxic Al sad an
increment of SOD activity nutrient solution in respto stressed plants (100 pM). In
agreement with our findings, Al content had a de#ntal effect on SOD and CAT
activity, showing Legacy in leaves and roots sigaifit negatively correlations
between Al and SOD (¥=0.61 and r=0.59 respectively), and CAT in roots
(r=—0.94). For Bluegold, radical SOD and Al were (r=40.8=0.032). So, calcium
sulfate addition reduced Al content and restoredartz® between ROS and
antioxidant enzymes, with special focus in Al talar cultivars (Legacy), where LP
and SOD was correlated in leaves band roots (r+®60.036 and r=0.83?<0.001
respectively). It could be assumed that in Legdussé antioxidant enzymes not
represent the most important mechanism, but teiate environmental impacts like

Al stress. The molar ratio between Ca and Al rartgesLegacy and 14 for Bluegold.
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4.5 CONCLUSION

According to the results presented in this studigiam sulfate addition was a
good alternative to enhance the inhibited growthsledot and roots in blueberry
plants by aluminum. These positive effects on glambowth certainly were produced
by a better nutritional content and reduced alumirzontent in tissues, caused by
amendment. An improved Ca/Al molar ratio was obseérmn both cultivars, although
is necessary more studies to evaluate the rolehisf fatio in blueberry plant
performance. Contradictory results about hydriatreh were observed with gypsum
application, whereas leaf water potential showedemmegative values, probably
induced by higher nutrient in xylematic flux, rél& water content was increased,
especially in tolerant cultivar. Increased fluoersme parameter®PSll and ETR) in
Legacy, was related to a reduced non photochengoahching after gypsum
addition. Thus, more light energy was drive to plebemical reactions. Also,
amended plants showed a higher antioxidant capataiyly in tolerant cultivar. Al
toxicity did not increased antioxidant compoundegwves and roots of blueberry and
was negatively correlated, except flavonoids indamg Finally, from agronomical
manure point of view, blueberries Al tolerant owdti would require lower
amendment doses than those sensitive ones, hoggyaim 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 odshar Chile have been
promoted due to high priced of their small fruEspinozaet al. (2009) has reported
over 10,000 ha cropped, with an average produatiof5,000 t (ODEPA, 2011).
Because to its benefical nutritional properties Haman health by the high level of
antioxidants, such as anthocyanin, flavonoid, aolgghenols compared to the other
vegetable species (Howaetl al, 2003 Brambilleet al, 2008), which have important
metabolic functions such as free radical scavendmdrogen-donating compounds,
singlet oxygen quenchers and/or metal ion chelg&ireelli et al, 2008). In this way,
Yamamotoet al. (2002) and Maet al. (2007) reported that antioxidant activity is
associated to overcome stresses caused by envintainfi@ctors, which can trigger
an overproduction of ROS in cellular organelleswdweer, their antioxidant features
will depend on several environmental factors sushcaltivar, growing season,
growing location and the soil features (Kait al, 2001; Howardet al, 2003;
Dragovi-Uzelacet al, 2010; Riberat al, 2010).

In Southern Chile, between Regions of Bio-Bio and Lagos (34° and 44°
S), acid Andisols comprises about 2,360,000 ha (INI©8; Besoain, 1999), and their
chemical and physical characteristics have enahigitbush blueberry development
(Sandersoret al, 1995; Trehane, 2004). Thus, Besoatiral (1999) and Morat al
(2004) have reported that typically Andisols comtakchangeable Al concentration
of >1.0 cmol+/kg, which would causes toxicity inghbush blueberry, decreasing
growth of root and shoots, nutrient uptake, andt@hmthesis process mainly in
sensitive cultivars (Blatt and McRae, 1997; Reyészt al, 2009; 2010; 2011). To
avoid AP* injuries, an agronomical practice carried outéduce Af* release is Ca
application. The Ca amelioration result in direbygiologcal effects, and reductions
in the activity of AF* via increases of ionic strength (Lewis, 1990).us&nd Priddy
(1996) reported vyield increases in alfalfa (~20%hamitant with an increase of
~45% in root Ca/Al, when plants were treated witiSQ, amendment compared to
the non-treated ones. It is remarkable that thisrmiment can reduce Al toxicity in

acid soils without altering the soil pH necessanythe good growth and development
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of some crops well adapted to acidity, such as cerom berries (Gough, 1997,
Mora et al, 2002; Takahashet al, 2006a, b). For Ulrictet al (1978) and Cronan
and Grigal (1995) Ca/Al in soil solution could bseuas an indicator of potential
stress by Al". Moreover, is reasonable to think that a decr€sgal in tissues can be
associated to decrease Ca and increased Al, icflugnmorphology and
physiological functions in plants. Vangueloea al (2007) reported relationships
between Al* and imbalanced nutrient content in plant tissespecially C& and
Mg®*. However, the information about the effects o tiniteraction in physiological
and biochemical features is scarcy.

The relation between Ca and Al presented in Chapter point out to
understand the relationship between them and #fédcts on physiological and
biochemical features in cultivated plants grownamd soils. It has been some 70
years Al is considered as major limitation to plgmowth and crop production,
causing injuries in roots of plants (Von UexkuilldaNMutert, 1995; Lewis, 1990).
Although, the Al-toxicity effects are clearly idéed, symplastic and apoplastic
targets for Al allocation are discussed (Marienfeidal, 2000; Eticheaet al, 2005).
The proposed three mechanisms by Delhaize and @@@b), to explain Al binding
in roots and the interaction with Ca, suggest ah@gsm level an inhibition of
Cdtransport and disruption of &ahomeostasis in cytoplasm by®Al and third
mechanism via apoplasm would be related t6" @asplacement by Af from pectin
bounds in cell wall.

Although, the first symptoms of Al damages in plant roots have been well
established, on upper parts such as stems, leanter druits it is still matter of
discussion. Recently, negative effects of'Adn photosynthesis and photochemical
parameters have been studied where this cationaeppe preferentially impair
thylakoids and photosynthetic electron transpoairciiCheret al, 2010; Reyes-Diaz
et al, 2011). According to Cheet al (2005), a reduction of GQassimilation rate in
Al stressed tangerineC{trus reshniHort. ex Tanaka) seedlings was mediated by an
decreased ETR, arise closure of PSII reaction ceated photorespiration, possibly
by an over production of ROS in chloroplast, indigca lipid peroxidation (Lidowet
al., 1999).
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On the other hand, some reports regarding to ictiera between Ca and
reduction in the toxic Al activity in tissues, have demonstrated that*Galdition
would decreases enzymatic antioxidant activity @DSand CAT enzymes (Ogavea
al., 2000; Jiang and Zhang, 2003). Nevertheless,r aththors suggested that the
antioxidant activity could be favored by €addition. Because, is considered as a
secondary messenger in the oxidative stress respaofsplants by regulation of
enzymatic scavengers (Prieeal, 1994; Knightet al, 1996). Therefore, Gamay be
involved in plant tolerance to different stressrbgulation of antioxidant metabolism
(Jiang and Huang, 2001; Chemrgal, 2002). Signaling events associated to ROS
sensing comprised €aand Ca'/binding proteins such as calmodulin and the
activation of G/proteins (Mittleet al, 2004; Foyer and Noctor, 2005). Jiang and
Zhang (2003) studied the role of Can signal transduction raised between this
divalent cation and ROS originated from plasmamemér NADPH oxidase in
abscisic acid (ABA) induced/antioxidant defenced éimey concluded that cross/talk
Cc&* and ROS originated from cell membrane/bound/NAD®Hvolved in the ABA
signal transduction leading to the induction ofi@itant enzyme as SOD, CAT,
ascorbate peroxidase (APX) and gluthatione redectéSR) activities. The
knowledge of the non-enzymatic antioxidant defergminst Al stress is less
recognized than the enzymatic ones. Further statesieeded to better understand
the mechanisms involved in the Ca-Al relation tledfect physiological and
biochemical processes such as photosynthesis, lazelhespiration, antioxidant
activities, signal transduction and cellular hontasis in plants growing in acid soils
like Andisol.

In order to determine the calcium salts (calciurifase) effects on Ca/Al
relation in highbush blueberry, Chapter three aatephysiological and biochemical
aspects. Where two blueberry cultivars Legacy aledbld were grown for 15 days
in a nutrient solution containing increased Ca8@ncentrations (2.5, 5, and 10 mM)
and Al (100 and 20QM). In both cultivars, Ca content and Ca/Al werergased up
to ~100% and 180%, respectively, by adding Ca&ihcomitant with a reduction in
foliar Al in both Legacy and Bluegold (#6.80; P<0.001 and r=0.74; P<0.001,

respectively). An improved Ca/Al had a positiveeeffon photochemical parameters
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in both cultivars IP<0.05), as well as in the reduction of oxidativessrexpressed as
LP. Also TPC and SOD, particularly in Legacy weigngicantly increased. In sugar
maple, St. Clairet al (2005) foliar Ca/Al was positively correlated wisome
photosynthetic prameters such as ,C&change rate and Chl a+b content, but
antioxidants enzyme activity were negatively akelchy this increased molar ratio.

In highbush blueberry, Cag@as an effective amendment to improve the Ca
content concomitant with reduced Al contents, singwan important contribution to
Ca balance in Bluegold (considered as Al-sensitifée enhanced photochemical
parameterd®PSIl and ETR) in both cultivars, probably due talecrease in LP
caused by Al toxicity, although no strong interantibetween radical scavenging
activity, the Ca/Al and LP were found. With resptex@antioxidant compounds, only
in Legacy (as Al-tolerant) a direct relationshipvbeen TPC, SOD and Ca/Al was
observed R<0.05). However, more studies about the effectsddirg CaSQ@to Al-
saturated soil on these features were necessaries.

In Chapter four, the aim of study was to known wetlcalcium sulfate
amendment counteract the deleterious effects oic té&t on physiological and
biochemical processes in same evaluated highbustbdiry cultivars grown in an
Al-saturated Andisol from Gorbea Series ( Table).4According to results, CaS0
addition represented a good alternative to enh#reenhibited growth of shoot and
roots by Al. These effects on plant growth certaimlere produced by a better
nutritional content and reduced Al in tissues miedidby an improved Ca/Al in both
cultivars. Contradictory results about hydric riglas in plants under CaSO
application compared to those subjected in Al-saédr soil were observed, whereas
Yeat Showed more negative values, probably induced bidmi nutrient content in
xylematic flux and osmotic adjustment, the relatwater content (RWC) was
increased, especially in Legacy. In wheat plantsvgrin soil columns at acid pH
(4.70) and Al saturation (65%¥,at and RWC were increased with gypsum addition
(Zaifnejadet al, 1996). Comparable to our study, Hickletral (2000), Glaset al
(2005) and Bryla and Strik (2007), reportéd,; until -1.5 MPa for stressed highbush
blueberry plants under drought season in the Nortlemisphere. Legacy had a

lesser negativ&.5s than Bluegold in control plants, althou§hess was negatively
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correlated with foliar and root contents of Al (6:#9; P=0.002) and (r=-0.73;
P=0.006) respectively. Thereby, Jiang and Huang Xp@@scribed that external Ca
application improved RWC in tall fescuégstuca arundinaced&.) and Kentucky
bluegrassFoa pratensid..) under heat stress for 30 days, although tlhgpéication
were not related to osmotic potential and osmodiaitice. In addition, the authors
reported that Ca addition reduced the loss of oplayll content under stress, by
inhibition of photoxidation and/or better membramgegrity.

In our experiment, increased fluorescence parasmd@?SIl and ETR) in
Legacy, were related to a reduced non-photochergioahching (NPQ) after Cag30
addition, which suggest that the absorbed energgm fr actinic light
(300 umol CO, m? s*) was driven to the CQassimilation process. These results are
in agreement with reported by Reyes-Ditzal (2011), where®dPSIl and ETR
positively responded to Cag®eatments mainly in tolerant cultivar. The intgians
between NPQ and photosynthetic pigment content haeea widely reported (Bilger
and Bjorkman, 1990; Demmig-Adams and Adams, 198@netheless, Cheet al
(2005) suggested that NPQ was not a key factorigsipation of excessive thermal
energy in Al treated leaves of tangerir@tfus reshniHort. Ex Tanaka), probably
due to Haliwell-Asada route and photorespiratiovolwed in dissipating excessive
thermal energy. Scientific evidences showed that #dn decrease electron transfers
between both photosystems (PSIl and PSI), incrggsioduction of ROS (Lidoet
al., 1999; Scandalios, 2002), thus inducing LP iroadplasts (Lidoret al, 1999;
Rout et al 2001). In our study the correlation in Legacy kEsbetween LP and Al
content (r=0.84P<0.001) was decreased by an improved Ca conteatiret of (r=—
0.66;P=0.018) and roots (r=—0.6P=0.031) of Legacy.

In Legacy leaves, the negative correlation betwslecontent and RSA (r=—
0.68; P=0.014) and roots (r=—0.72=0.008) not showed relation with number of
studies that have reported that in parallel toaased ROS, Al stress also induces an
increase in the antioxidant activity to overcoméederating effects of toxic species,
increasing the plant tolerance to Al stress (@uaal, 2006; Khanet al, 2007).
Similarly, antioxidant activity is associated wileveral secondary metabolites to

overcome stresses caused by environmental faciots as AY". Interestingly, Al
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toxicity did not increased antioxidant compoundsleaves and roots of studied
highbush blueberry and was negatively correlatedegt TFA in Legacy. Finally,
from agronomical point of view, blueberries Al tdat cultivar would require lower
CaSQ amendment doses than those sensitive ones. HoweasQ also ameliorate
harmful effect of Al on Bluegold at higher dosesrthLegacy. Our results showed
that Al content in the sensitive cultivar Bluegaidgatively affected TPC (r=—0.64;
P=0.024), whereas in Legacy TAN was reduced undeatgr Al content (r=—0.74;
P=0.005), and TFA was positively correlated withadintent (r=0.64P=0.023), and
foliar Ca content had positive influence on TAN Biuegold (r=0.61;P=0.032).
Little information has been reported about the effdcts of CaS@on the activity of
these compounds, thus we suggest that this amemndnoeeased TPC and TAN in
order to ameliorate Al concentration in soil sadati Antioxidant enzymes set
contributed to defensive system as the first baaiginst harmful effects of Alin
plant metabolism. In our experiment, SOD and CA®vekd lower activity in Al
stressed plants in both organs of two cultivarsl, #wen increased by Cag@ddition
(Figure 4.6). Bluegold exhibited a higher SOD atfithan Legacy, because in
Bluegold greater Ca contents were found after Gagplication (r=0.69P=0.012),
being a crucial intra- and extracellular regulatdrseveral enzymes. Goref al
(1997) on maize 4ea mays and Jiang and Huang (2001) on tall fescue and
Kentucky bluegrass have reported that external Qditian increased ascorbate
peroxidase (APX, EC 1.11.1.11), CAT, glutahioneuctdse (GR, EC 1.6.4.2), and
SOD activities. For highbush blueberry cultivargSQ) addition to ameliorate the
toxic Al on nutrient solution (100 pM) caused arcrement of SOD activity in
respect to control and stressed plants, mainly insénsitive cultivar Bluegold
(Reyes-Diazt al, 2011). According to our findings, Al content haddetrimental
effect on SOD and CAT activity, showing in Lega@aves and roots significant
negative correlations between Al and SOD (r=—0.8d &—0.60 respectively), and
CAT in roots (r=—0.94), whereas in Bluegold radi8®D and Al content was also
negatively correlated (r=—0.6P=0.032). Thus, CaSQaddition reduced Al content
and restored balance between ROS and antioxidagtren) with special focus on Al

tolerant cultivars (Legacy), where the reductionléf and increased SOD were
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correlated in leaves and roots (r=0.680.036 and r=0.83?<0.001 respectively). It
could be assumed that these enzymes represenpantamt mechanism in Legacy to

alleviate environmental impacts such as Al stress.

5.1.1 Aluminum concentration in acids environment ad the antagonism of
calcium

In consideration to all reviewed information andfpemed experiment about
the role of Ca/Al in a fruit species like highbuslueberry was possible to design a
model related to interaction among physiologicall dmochemical features a this
ratio.

In the acidification of soils, due to natural ortfaopogenic causes, Al is
released into the soil solution and becomes thglesimost important factor limiting
crop production in these soils. Calcium as basemrtatan ameliorate the toxicity
provocated by high Al concentration in soil. Howeuwbhe place where is developed
and mechanism of this interaction is currently d&sed. In chapter two it was studied
different three possibilities for the Ca and Aldrection in cell such as via apoplast,
symplast and cytosolic. Aluminum accumulation ifi e&ll, where it strongly binds
to the negatively charged binding sites providepbygtins. Also, this cation shows
high affinity for oxygen donor ligands (e.g. carlgtate or phosphate groups) from
plasmamembrane, where its main target are membpdnospholipids causing
breakdown and peroxidation. However, the interacéibcytosolic level is considered
by authors as principal cellular compartment whemarried out the interaction of Al

and Ca.

5.1.2 Cytosolic Ca and stimuli perception

Cytosolic Ca ([C&] o) IS regulated by the coordination of passive fiixe
(C&* channels) and active transport {GATPases Cd-antiporters) across the
plasma membrane and/or endomembranes, and theibgféapacity of the cytosol.
Transient changes in [€& ot have been reported in response to various signals,
including abiotic stress. It well known that Catpapates in signal transduction as

second messenger. This downstream signaling ewasstsxiated with ROS sensing
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involve C&" and C&*-binding proteins, such as calmodulin (CaM), thévation of
G-proteins, and the activation of phospholipid slgrg, which results in the
accumulation of phosphatidic acid. It is possilblattthe localization of ROS signals
in specific cellular sites is similar to that of “Caignals in response to external
stimuli. The development of intercellular ROS semssanalogous to the protein
sensors for Ga would help considerably in studying the spatial &&mporal nature
of ROS signaling in plants.

The information encoded in transient [’Q&yt changes is decoded by a group
of C&*-binding proteins giving a cascade of downstreafaces, including altered
protein phosphorylation and gene expression patteim plants the many €a
binding proteins fall into two classifications: $fimuli sensors such as n (CaM),
CaM-related proteins and calcineurin B-like progei(CBL) function through
bimolecular interactions. They undergo a conforara! change induced by €a
before interacting with and changing the activitystsucture of the target proteins. 2)
Sensor responders such as thé"@apendent protein kinases (CDPK) function at
first through intramolecular interactions and undeagC&*-induced conformational

change that alters the activity of proteins orrtls&iucture.

5.1.3 Aluminum triggers changes in cytosolic Ca

Aluminum causes increases in anCyt potentially disrupting numerous
biochemical and physiological processes, includiase relative to growth of roots,
shoots, water absorption and nutrient uptake, oxieastress, enzymes activity,
among others. Aluminum cause depolarization and etpglarization of
plasmamembranes, €ds released from the exchange sites thus incrgabin free
C&"* concentration in the apoplast, increasing inflfixCe’from apoplast to cytosol,
also inhibites the regulation of €aflux from cellular organelles (vacuoles,
endoplasmic reticulum or plastids) to cytosol, whieads to an excessive increase in
the cytosolic C& activity and triggering callose synthesis, disiupin perception of
signal, transduction and defensive responses tarozmwental stimuli. callose

synthesis.
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5.1.4 Regulation of structural and cytosolic Ca byestored Ca/Al molar ratio

The stoichiometric atomic ratio (molCa/molAl) fatakes the comparison
with the Ca/Al in soil solution and above-grounéurgl ratios. Concentrations of Al
and Ca in the fine root are determined by soil smutoncentrations of Al and Ca,
soil acidity, soil exchangeable Al and Ca concéditns, root uptake capabilities, and
translocation to above-ground plant parts. Addaidiactors that may be species or
genotypically specific include plant tolerances td, Anternal detoxification
mechanisms, and exclusion of Al from the symplasius, it is reasonable that a
decrease in root Ca/Al ratio, due to decreased righimcreased Al, will rapidly
affected root physiological functions and root mwlogy as a consequence of
unbalanced nutrient uptake and plant nutrient statu

The first stage in the regulation of Ca level ifl eéll be at cell surface (both
apoplasm and symplasm) by displacement of toxi¢, Afterward in the second stage
continues with the restoration of Ca on cell swefacegulating negativity of cell wall
and plasmamembranes. This mechanism will restoreddaentration in cytosol,
providing the potential for the ready import of?Cmto 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 effectiveatneent to increase Ca/Al
molar ratio in Al-toxicity. This molar ratio in nuént or soil solution, under
controlled conditions, was directly related to gmse Ca/Al in tissues of fruit crop as
highbush blueberry, concomitant with a reductionald enhanced Ca contents in
leaves and roots, especially in leaves. Howeveo, éwaluated cultivars exhibited
different foliar Ca/Al values, whereas Al-tolerabeégacy ranged from 4 to 7, in
Bluegold was situated between 10 and 16, indicadiffgrent genotypic responses
and mechanism involved to Al toxicity.

The morphological parameters were recovery in twhivars, particularly
Bluegold, with increased Ca/Al molar ratio in p&ntue to a reduction of Xl
concentration. Moreover, higher performances of spilggical features as
photochemical efficiencyd{PSIl and ETR) and net photosynthesis were observed
both cultivars, when foliar ratios were improvecheTmajor photosynthetic yield
could be related to a reduced oxidative stresgeried by A" in endomembranes
and proteins of chloroplasts. In relation to hydatation, leaf water potential showed
more negative values with increased Ca/Al molaoratiggesting a higher osmotic
adjustment but no loss in cell turgor.

Increased radical scavenging activity was direalated to reduction in lipid
peroxidation by regulation in foliar Ca/Al molarti@in both cultivars. The non-
enzymatic antioxidant total phenol and anthocyacimntents were enhanced
according to increased Ca/Al molar ratio in leavégcording to enzymatic
antioxidant, foliar Ca/Al raised superoxide disnsatain leaves of Al-sensitive
Bluegold, and catalase activity in both cultivarghwresults. These antioxidant
features showed the highest performance in leahesn Wa/Al were 6 in Legacy and
14 in Bluegold.

The determination of adequates Ca/Al molar ratioges to improve
physiological and biochemical performance, accardiith genotypic characteristic
can be an important usefulness contribution tole¢gun of Ca addition to soils with

high concentration of Af. In addition, benefits to farmer, different cutire would

143



require different calcium sulfate doses to imprguewth and nutritional status, being
Ca/Al molar ratio a potential parameter to evaludte fruit plant condition in

orchard.

6.2 THESIS OUTLOOKS

In the current scenario for optimizing agricultupgbduction in the growing
global demand for food, several studies have bemrducted under molecular,
biochemical and physiological criteria to find thest alternatives for crops that will
not always be established in areas with optimalrenmental conditions. Added to
this, it is important to address local issues eslato the use of available natural
resources and to better understand the interadtietveeen them. Further studies are
needed to better understand the mechanisms invaivéte Ca-Al interactions that
affect both physiological and biochemical processeghotosynthesis, respiration,
antioxidant activities, signal transduction andutat homeostasis in plants growing
in acid soils like Andisols.

Our research provides valuable information abowt thse of calcium
amendment to improve the nutrient levels and redbeerisk factors related to
highbush blueberry cultivation in soil conditionsorh Southern Chile. The
application of calcium sulfate improved mineralspecially Ca in the soil solution
and in the plant by reducing the negative impacitsed by high concentrations of
Al**. Plants treated with calcium sulfate showed ameised in their physiological
and biochemical characteristics. Among the lattention the increase in the content
of some compounds with antioxidant power that catrénsferred to the edible fruits
and highly desired in the marketplace. Turninghese fruits in functional food and

nutraceutical with excellent properties for healtid diet of people.
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APPENDICES

Table 1. The calculated chemical speciation of nutrientusoh. The chemical
speciation in each solution was calculated usireg dbmputer speciation program
GEOCHEM-PC version 2.0 (Parket al. 1995).

CaSQ (mM)

10
0 2.5 5

Al (uM)

0 100 200 100 200 100 200 100 200

Ca (%)
Free  93.3592.75 94.32 85.58 85.79 80.58 80.77 74.32 74.47
With SO 648 579 561 14.3214.13 19.33 19.15 25.61 25.46

SO, (%)
Free 85.02 80.04 78.12 75.70 74.50 72.71 71.86 68.51 67.96
With C&* 12.90 11.68 11.18 18.40 18.15 22.54 22.33 27.92 27.76

with A®* - 218 483 135 286 1.01 210 070 1.42
Al** (%)

Free - 33.0438.68 24.98 27.08 21.79 22.99 18.70 19.24
With SQ, -  20.93 23.38 42.64 45.42 52.57 54.75 62.87 62.07
WithOH - 674 7.88 449 487 358 376 270 277
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Figure 1. Relationship between nutrient solution and plasgues Ca/Al molar ratio
of two blueberry cultivars under Al toxicity amendeith CaSQ. Values represent
mean of four replicates. Regression lines areeptesl to assist with the visual

interpretation
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Table 2. Effect of gypsum (kg hY applicationon mineral element of acid soil used in experimater 60d. Values represent the average of thiglecates +

S.E. Different lower case letters indicate stataty significant differences (R 0.05) between gypsutreatments for the same cultivar.

Legacy soil Bluegold soill

CaSQ treatment (kg hd

Parameter measured* 0 1000 2000 4000 0 1000 2000 4000
Olsen-P (ppm) 26.6b 27.6ab 28.6a 26.3b 25.0b 14.3c 24.3b 27.3a
K (ppm) 164.2b 174.6ab 183.7a 183.7a 239.8a 199.4b 209.8b 209.8b
pH-H,O 4.57c 4.77b 4.87a 4.89a 4.53b 4.78a 4.76a 4.75a
MO 13.0a 13.5a 13.2a 13.0a 10.0a 10.0a 10.0a 10.0a
K (cmol+/kg) 0.42b 0.44ab 0.47a 0.47a 0.61a 0.51b .53 0.53b
Na (cmol+/kQ) 0.08a 0.08a 0.10a 0.12a 0.10a 0.07ab 0.05b 0.05b
Ca (cmol+/kg) 0.27d 0.70c 1.40b 2.57a 0.35d 0.73c  .434 2.22a
Mg (cmol+/kg) 0.46b 0.54ab 0.57a 0.58a 0.58a 0.61a 0.62a 0.54a
Al (cmol+/kg) 0.95a 0.88a 0.78b 0.70b 0.93a 0.74b .64Bc 0.58c
S bases (cmol+/kg) 1.28d 1.78c 2.55b 3.75a 1.66c  92cl. 2.64b 3.34a
CEC(cmol+/kg) 2.23d 2.66¢C 3.34b 4.45a 2.59b 2.06c  .2918 4.20a
Al saturation (%) 42.6a 33.1b 23.5¢ 15.7d 35.9a 6.7 19.6b 20.3b
S (ppm) 40.6d 60.6c 82.6b 106.6a 55.3c 53.0c 105.0b 137.0a

Al ext. (ppm) 1091a 1088a 1040ab 990D 1014a 1002a  69b 8 636¢C
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