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ABSTRACT

A randomized complete block design experiment wikx aluminum (Al)
concentrations was carried out to evaluate theeffealuminum on nutrient content,
dry matter (DM) production and Al-induced organicida exudation in rambutan
(Nephdium lappaceum). Rambutan cultivar cv. Jitlee was grown in nuittisolution
at pH 4.0 with 1.0, 2.3, 4.1, 6.7 and 10.2 mM Adlanithout Al. The results revealed
that all growth variables were significantly reddcgith increasing concentration of
Al in the nutrient solution. Nevertheless, everaataluminum concentration of 3.5
mM, rambutan plants grew relatively well, confirmithat this crop is highly tolerant
to high Al as compared to other crops. Analysesof exudates for the presence of
organic acids showed no detectable amounts inigonluAccumulation of Al in
leaves, stems and roots suggests the existenae Af dequestration mechanism in
rambutan which may involve an Al-ligand complex efhiranslocates from roots to

shoots, where it may accumulate in leaf vacuoles.



RESUMEN

Un estudio con disefio de bloques completos aleatiss con seis concentraciones
diferentes de aluminio (Al) se llevé a cabo paralear el efecto del aluminio en el contenido
de nutrientes, produccion de materia seca y laaoidd de acidos organicos por induccion
de Al en rambutanNephelium lappaceum). La variedad de rambutan cv. Jitlee se cultivd en
una solucion nutritiva a pH 4.0 con 1.0, 2.3, 41 y 10.2 mM de Al y sin Al. Los
resultados revelaron que todas las variables d@nuento se redujeron significativamente
mientras se aumentaba la concentracion de Al dellecion nutritiva. Sin embargo, incluso
en una concentracion de aluminio de 3.5 mM, lasntaa de rambutan crecieron
relativamente bien, lo que confirma que este aultes altamente tolerante a Al, en
comparacion con otros cultivos. Los analisis deebasdados de raices para la presencia de
acidos organicos no mostraron cantidades detestablesolucion. La acumulacion de Al en
las hojas, tallos y raices sugiere la existenciardenecanismo de secuestracion de Al en el
rambutan que puede envolver complejos Al-ligandm geanslocarlos de las raices a los

tallos y subsecuentemente acumularlo en las vasdeldas hojas.
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INTRODUCTION

Rambutan Nlephelium lappaceum) is a medium-sized tropical tree in the Sapindacea
family. The non-climateric fruit of this tree is @eciated for its juicy and sweet flavor
(Martinez-Castellanos et al., 2009). Recent workdcated by Goenaga (2011) suggests that

rambutan is highly tolerant to acid soils with higgmcentration of soil aluminum (Al).

Al toxicity is considered to be a serious constrdimiting crop production in acid
soils (pH below 5.5) (Mora et al., 1999; Langealet 2009). Plants growing in acid soils also
suffer from deficiencies of nitrogen, phosphoropstassium, calcium, magnesium and
toxicity of manganese (Samac and Tesfaye, 2008m&lum can inhibit root cell elongation
and division causing a reduction in root growthd dimiting water and nutrient uptake

(Samac and Tesfaye 2003; Langer et al., 2009).

Plants have evolved two major mechanisms for Erémce: 1) internal tolerance and
2) Al exclusion from the root apex (Barcel6 and dhesirieder, 2002; Kochian et al., 2005;
Langer et al., 2009). Several studies suggestAhtierant plants exclude Al from roots by
exudation of organic acids to the rhizosphere orcbgating Al-ligand complexes for
translocation from roots to shoots, and subsecaenimulation in the leaves (Watanabe and

Osaki, 2002; Samac and Tesfaye, 2003).



The objective of this work is to study the medban conferring Al tolerance in
rambutan. It is hypothesized that this tolerandar@sight about by synthesis of organic acids

which may involve an Al-ligand complex that makdshAn toxic in the rhizosphere.



LITERATURE REVIEW

In recent years, research on aluminum tolerancebkas conducted to study the
mechanism conferring Al-tolerance in crops.

Goenaga (2011) studied four cultivars of rambutamwg on an acid Ultisol and
found that leaf, petiole, stem and root dry matsggnificantly increased at soil Al
concentrations between 0.67 cmol/kg and 11.0 crgolBoil Al concentrations higher than
11.0 cmol/kg resulted in a significant reductiordiny weight of all plant parts. The increase
in plant dry weight, plant height and stem diametgh increasing levels of soil Al up to 11
cmol/kg of soil Al indicates that rambutan is hightolerant to high soil Al. Leaf N
concentration was not affected by soil Al but P, G4, and Mn in leaves declined
significantly with increases in soil Al. Leaf K coentration increased with increments in soil
Al. Al and Fe concentration in leaf tissue declinedh increments in soil Al and then
increased at exactly the same soil Al concentrafibhcmol/kg) in which dry weights
commenced to decline. The author concluded thabugen is highly tolerant to acid soils
and suggests that tolerance may involve an Al amd éMclusion mechanism (Goenaga,
2011).

Langer et al., (2009) studied four alfalfa cultvat two pH levels (4.5, 6.0) and
found that Al caused a considerable reduction ynveieight, particularly when grown at pH
4.5 and an Al concentration of 0.050 mM . Organ @xudation was affected by pH and
Al treatments independently. Citrate and succinexeidation increased with high Al
concentrations in nutrient solution at pH 4.5. Heer, no relationship between pH and

carboxylate exudation was observed at pH 6.0. Guratgon of P in shoots was not affected



by Al treatments at both pH levels. Conversely,aamrations of Al and P in roots increased
in plants exposed to high Al. Precipitation of AldaP in root tissues is one mechanism of
reducing Al toxicity suggesting the existence ofextlusion mechanism for Al in alfalfa.
The authors found that the exudation of citrategased significantly in response to Al stress
and that succinate was not capable of forming gtommplexes with Al to reduce its toxicity.

Mimmo et al., (2009) studied the influence of Al phosphate (P uptake in two
bean species?haselous vulgaris and Phaselous lunatus. The two species were treated first
with solutions of Al at different concentrations (@025, 0.050 and 0.10 mM, pH 4.5) and
then with solutions of [R0.15 mM) at pH 4.5. The higher the Al concentmatthe higher Al
concentration adsorbed in the roots by the plant$bvulgaris adsorbed significantly more
Al thanP. lunatus. Both species released organic ackRlswulgaris released fumaric acid and
P. lunatus fumaric and oxalic acids which could have hinddtether Al uptake.

Matiello et al., (2008) studied twdoffea canephora coffee clones (Mtl 25 and Mtl
27) and the coffee variety Amarel&€dffea Arabica) and found that Amarelo was less
sensitive to Al than th€. canephora clones and that Mtl 25 was less Al sensitive thdh
27. A higher Al concentration (2.0 mM) resultedaimeduction of the P and Ca content in the
leaves and roots, especially in clones Mtl 25 antl M. The authors concluded that Al
accumulation in the root system along with transpmthe shoot are important processes in
conferring Altolerance of coffee plants.

Tian-Rong et al., (2007) studied the effect of gdiland cadmium (Cd) on Al and
mineral nutrient concentrations in plant and oninleced organic acid exudation in two

barley cultivars with diverse Al tolerance. Cultiv&hang 70-119 had significantly higher Al



concentration and accumulation in the shoot thamoAdrant cultivar Gebeina, particularly
when subjected to low pH (4.0) and Al treatmentd@dnM Al and 0.10 mM Al + 0.010
mM Cd). At low pH, Al treatments caused a reductiorCa and Mg concentrations in all
plant parts, P and K concentrations in shoots;Zlreand Mo in leaves, Zn and B in shoots,
and Mn concentrations both in the roots and shdddate, citrate, and succinate were found
in significantly higher concentrations in plantgpeged to 0.10 mM Al relative to the control,
and the Al-tolerant cultivar had a significantlygher exudation of these organic acids than
the Al-sensitive one, indicating that Al-inducedudation of these organic acids is linked to
Al tolerance in barley.

Wang et al., (2006) studied the variation of whesdt exudates under aluminum
stress and found that increasing the Al concentnatf the nutrient solution gradually
stimulated the exudation of organic acids in theasphere. Under high Al concentration,
wheat roots exuded malic and citric acids aften@pereated with Al for 0.5 h (malic acid)
and 2-4 h (citric acid). The citric acid exudednfrevheat roots increased when the external
Al concentrations ranged from 0 to 0.185 mM, andareased when the external Al
concentrations ranged from 0.185 mM to 1.48 mM.adtumulation in wheat roots under
normal growth (under 0.93mM Al) was moderately 1837 cmol/kg). However, when Al
concentration was higher than 1.48 mM, Al accunmtain roots increased to 2.2 cmol/kg.
The results showed that the citric and malic aexisded from wheat roots increased within
the range of 0 to 0.185mM Al. These organic acals glay a significant role in complexing

the soil Al to ameliorate aluminum toxicity.



Liao et al., (2006) studied the effects of Al déhteractions on soybean root growth
and root organic acid exudation using homogeneongofm Al and P distribution in bulk
solution) and heterogeneous nutrient solutionslysmaof root exudates indicated that: 1) Al
toxicity induced citrate exudation; 2) P deficietoggered oxalate exudation; and 3) malate
exudation was induced by both experiments. Citasg malate were the two main organic
acids induced by Al toxicity and/or low P-availatyl] while oxalate appeared to be mainly
induced by P deficiency. Al-induced citrate exudatdecreased significantly when roots
were also grown at high-P levels, demonstrating tthere is a clear Al x P interaction for
root citrate exudation. Conversely, moderately lewels of citrate exudation induced by
low-P status occurred only during the first 6 htleé exudation period. This demonstrated
that the Al-activated citrate exudation is a refely long-term response while low P-induced
citrate exudation is transient.

Zheng et al., (2005) studied the accumulation oa’d P in two buckwheat cultivars,
Jiangxi (Al resistant) and Shanxi (Al sensitivehelr results suggest that the immobilization
of Al in roots by precipitation with P might corttite to reduce Al toxicity. This hypothesis
is also supported by the fact that accumulatiof® af roots increases in plants exposed to
higher levels of Al. Ca and Mg concentrations ie toots were reduced by Al treatment,
whereas Al and P concentrations increased. Integhgt the concentration of P and Al in
Jiangxi was twice the concentration of these elégi@nShanxi.

Samac and Tesfaye (2003) in their review explaat €xposure to Al causes stunting
of the primary root and inhibition of lateral romrmation. Affected root tips were found to

be stubby due to inhibition of cell elongation athdsion. The root system was impaired for



nutrient and water uptake, making the plant moeaptible to drought stress. Aluminum
toxicity is also associated with alterations in amier of physiological processes and
biochemical pathways after cessation of cell eltinga

Kochian et al., (2002) studied the mechanisms dahfaluminum and heavy metals)
tolerance in plants and proposed two classes ohamems to account for Al tolerance: 1)
mechanisms that allow the plant to tolerate Al awglation in the symplasm (Al tolerance),
and 2) those which exclude Al from the root apex €Xclusion). Recent experimental
evidence has been presented supporting the rotegahic acid anion exudation from the
root apex as a major mechanism of Al exclusionreSlistance by exclusion appears to be
mediated by Al- activated release of organic aciobas such as malate, oxalate, or citrate,
which chelate Ain the rizhosphere and prevent its entry into tiegt apex.

Osaki et al., (2003) analyzed the relationshipveen the concentration of Al and that
of other minerals in the leaves of different plapecies growing in various types of soils
distributed in tropical and temperate regions amehfl that Al concentration in the leaves
had a negative relationship with concentrationss@feral elements regardless of growth
conditions, indicating that Al accumulator speaiestrict the accumulation of other mineral
in their leaves, whereas non-accumulator specigs tie@ accumulate other minerals in their
leaves.

Delisle and Houde (2001) studied the charactedmatif oxalate oxidase and cell
death in Al-sensitive and tolerant wheat roots praposed a tolerance mechanism in wheat

based on accelerated development of root epideretial Within 8 h of exposure to Al, they



observed cell death in the root epidermis in therémt variety. They suggested cell death is
aimed at replacing epidermal cells intoxicated wtlwhile maintaining root growth.

Watanabe and Osaki (2001) studied the influencalwhinum and phosphorous on
growth and xylem sap composition Melastoma malabathricum. Based on analysis of
organic acids and Al in the xylem sap of seedligigsvn in nutrient solution with or without
0.2 mM Al for three weeks they found that the ttaoation form of Al was an Al-citrate
complex and the aluminum concentration was 3 mM f{ibdes higher than the Al
concentration in the medium) at pH 5.0.

The range of Al tolerance in various plant speaesld be remarkably high. For
example, Watanabe et al., (1997) studvaliastoma malabathricum and found that this plant
can accumulate 37.1 cmol/kg Al in seedlings growmutrient solution containing 0.5mM
Al for 6 weeks. Britez et al. (1997) studiedramea marginata and found that this plant can
accumulate 59.3 cmol/kg Al. Working witkliconia albicans de Medeiros and Haridasan
(1985) found that this plant can accumulate 40.8ltm Al in old leaves. Finally,
Matsumoto et al. (1976) studied the localizatiomloiminum in tea leaves and found that tea
plant is an Al accumulator species accumulatingentban 111.2 cmol/kg Al in older leaves,
although only 2.2 cmol/kg Al in young leaves. Wathe and Osaki (2002) suggested that
these species have two mechanisms to alleviateoXtity: 1) formation of a complex
between an organic acid anion and the Al ion, and irfracellular and tissue

compartmentalization.



OBJECTIVES

The objective of this study is to determine theehamism conferring Al tolerance

to rambutan.



MATERIALS AND METHODS

This study was conducted at the USDA-ARS, Tropfgticulture Research Station in
Mayaguez, Puerto Rico. Seed of rambutan cultivézelivere germinated on washed sand in a
greenhouse and seedlings allowed to grow for abowteks. Seedlings at the 6-leaf stage were
transferred to 30 cm x 18.5 cm x 10.5 cm plastictaimers containing 3.6 liters of a modified
Magnavaca’s nutrient solution (Pifieros et al., 305pH 4.0 (Figure 1). The nutrient solution
contained the following macronutrients (mM): Ca@®4H0, 3.53; NHNOs, 1.30; KNG,
0.56; KCI, 0.58; Mg(NQ@).- 6H,O, 0.86; KHPQ,, 0.04 and micronutrients (uM): Fprint 138,
180; MnC}-4H,0, 9.1; HBO;, 25; ZnSQ: 7H,0, 2.3; CuS@ 5H,0, 0.63; and NaMoO,- 2H,0,

0.83

Figure 1. Experimental layout of treatments ingheenhouse
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Nutrient solutions were renewed every seven dagéorB renewal, the volume of each
container was determined and a sample collectedet@mrminations of macro and micronutrients.
Six aluminum treatments at a concentration of 0, 2.31, 4.12, 6.7 and 10.2 mM and with
activity of 0, 0.250, 0.500, 0.750, 1.00 and 1.28l,mespectively were added in the form of
aluminum chloride (AIG). The pH was kept constant at 4.0 by addition.&@fN hydrochloric
acid (HCI) and 0.1 M potassium hydroxide (KOH) aquired (Langer et al., 2009). Treatments
were arranged in a randomized complete block desitinfive replications. The experiment was
replicated twice over time. Average solar radiatimaximum and minimum temperature during
the first trial were 5.04 MJ, 37.4°C and 19.7°Qpexgively and 4.06 MJ, 37.3°C and 22.3°C in

the second trial.

Organic acid determination
Collection of exudates for organic acid determmrativas performed according to Langer
et al., (2009) and Pifieros et al., (2002). Afterdeys of growth, a seedling from each Al
treatment and replication was carefully removednfithe plastic container. The root system of
this plant was immediately placed in a solutionihgwthe same Al concentration where the
seedling was growing plus 4.39 mM CaQFigure 2). After 24 hours, the plant was removed

from the vial and the solution stored at -20 °Cdobsequent determination of organic acids.
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Figure 2. Rambutan collection of exudates for oiganid analyses

Organic acids (citrate, succinate, malate and ¢txalevere determined using HPLC
(Agilent® HP 1100) (Appendix A). For this purposept exudates were lyophilized and the
residue re-dissolved in 5 mL deionized water aftéréd through a 45 pum filter. To obtain
optimum analytical conditions, separation was adadeusing a two 150 x 4 mm reverse-phase
column in series at 26. Sample solutions (10 pL) were injected into ¢o&umn, and a 1%
ortho-phosphoric acid at pH 2.1 and methanol (0.89 ratio respectively) were used for
isocratic elution at a flow rate of 0.5 mL/min withvV detection at 210 nm (Figure 3).

Standard solutions of oxalic, citric, malic and @ac acids at concentrations of 0.50,
1.00, 2.00 3.00 and 4.Q0y/g each, were used for analyséhe malic acid standard used in this
study was malic acid-DL (Dextrorotatory and Levatoty enantiomers); for this reason we
obtained two peak signals in chromatograms of tigaroc acid. The standard solutions were

injected thrice. Calibration curves were constrddteg the four organic acids (Appendix B). The

12



equations, detection limits and quantification tsnare shown in Table 1. Preliminary studies

with organic acid standards indicated a recovergtmiut 95%.

Figure & Chromatogram of organic aci

mAU ] i — Oxalic acid
1000+
Malic acid 1
SO0
Citric acid
GO0+
Succinicacid

0] / Malic acid 2
200+ J @ /

. _/k /\._

0 : 4 & in mi

Time (min)

Table 1. Calibration curves, detection limits (LO&)d quantification limits (LOQ) and useful

ranges of the organic acids

Organic acir | Regression equatir R° LOD (ug/g | LOQ (no/g | Useful range (ng/c
Oxalic acic Y=-51.9+1607.7 | 0.999¢ 0.04¢ 0.1¢ (0.048, 4.0C
Citric acic Y=-12.7+144.8 0.998( 0.2z 0.7z (0.22, 4.0C
Malic acid : Y=-8.6+122.4; 0.995¢ 0.3¢ 1.1 (0.33, 4.0C
Malic acid - Y=-13.0+77.8. 0.999¢ 0.09¢ 0.3¢ (0.099, 4.0
Succinic aci Y=-12.2+71.5. 0.998¢ 0.1¢ 0.6 (0.19, 4.0C
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Plant Growth and Nutrient Composition

Plants were harvested 60 days after being traesfao nutrient solutions. At harvest,
number of leaves, leaf area, plant height and sleameter were measured. Leaf area was
measured by scanning leaves using a LI-3100 Arearmniel-COR, Inc., Lincoln, NE), plant
height with a ruler and, stem diameter with a digtaliper. Plants were then separated into roots,
stems and leaves and dried to constant weight°aC 70r dry matter determination (Figure 4). In
addition, fallen leaves from each Al treatment dgrthe 60-day experimental period were also
collected for dry matter determination. A root talece index (RTI) was calculated by dividing

root dry weight of plants grown with Al by the raadrty weight of plants grown without Al.

Figure 4. Separation of plants into leaves, stemisraots
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Plant parts were ground using a Wiley mill and gredl for P, K, Ca, Mg, Fe, Mn, Zn,
Mo, B and Al concentration using recommended digagirocedures (Perkin-Elmer, 1994). For
this purpose, tissue samples were incinerateduaildes at 500 °C for four hours, and allowed
to cool overnight. The incinerated samples werested with 20 mL 33% HCI until 10 mL of
solution remained in the crucible. After digestimas completed, each sample was filtered
through Whatman No. 541 filter paper into a 100 wdlumetric flask. After the sample was
cooled the solution was used for nutrient detertionausing inductively coupled plasma-
optical emission spectroscopy (Perkin EImer® 73&) Appendix C).

The emission signal of samples was obtained byldpwe calibration curves (Appendix
D) at the concentrations shown in table 2. Theltgsdetection limits and quantification limits
are shown in table 3. Standard reference matguedoh leaves, Standard Reference Material
1547, National Institute of Standards and Techngldgaithersburg, MD 20899, USA) with

certified concentrations of elements indicatedcavery within the range of certified values.

15



Table 2. Standard calibration curves for varioesreints analyzed by ICP-OES

Std0 [ Std1 | Std2 | Std3 | Std4 | Std5 [ Std6
Element
(no/9) | (uglg) | (Ho/9) | (Ho/g) | (ng/g) | (Ho/9) | (Hg/g)
P 0.0 3.5 7.0 9.0 13.0 16.0 20.0
K 0.0 50.0 | 100.0] 140.00 200.0 2400 3000
Ca 0.0 25.0 50.0| 105.0 150.p 160[0  20Q.0
Mg 0.0 75 15.0 21.0] 30.0 37.0 47.
Fe 0.0 0.5 1.0 2.0 3.0 5.0 6.0
Mn 0.0 0.15 0.30 0.40 0.60 0.80 1.0
Zn 0.0 0.10 0.20 0.30 0.40 0.6 0.8p
B 0.0 0.15 0.30 0.40 0.60 0.80 1.0
Mo 0.0 0.10 0.20 0.30 0.40 0.60 0.80
Al 0.0 0.5 1.0 15 2.0 3.0 4.0

16



Table 3. Regression equations, detection limits),Qquantification limits (LOQ) and useful

ranges for minerals analyzed by ICP-OES

Mineral | Regreswon equatio R? LOD (ug/g | LOQ (ug/g | Useful range (gl
P Y=623.0+1180 0.996¢ 0.9z 3.1 (0.92, 20
Ce Y=129023+20182 | 0.996¢ 9.7 32.8 (9.7, 200
Mg Y=260862+20888¢ | 0.995: 3.1 10.2 (3.1, 47
Fe Y=1764+14756 0.998¢ 0.1¢ 0.5¢ (0.18, 6
Mn Y=3182+191980; 0.998: 0.0 0.0¢ (0.03, 1
Zn Y=134.2+4457 0.996¢ 0.0 0.1- (0.03, 0.8
B Y=-244.4+38141 0.997: 0.04 0.1: (0.04, 1.0
Mo Y=-47.5+4266 0.996 0.0 0.11 (0.03, 0.8
Al Y=-91.9+102283 0.999¢ 0.0¢ 0.21 (0.06, 4.0

Total nitrogen was determined by a modificationtloé microkjeldahl method (Foss,
2002). For this purpose, 0.2 g of tissue was welghed transferred to a Kjeldahl tube. The
following compounds were added to each tube: Hergganules for smooth boiling; one
catalyzing tablet (5g ¥SO, + 0.15g CuS(@); 5 mL concentrated 30, and 3 mL 30% kD..

Samples were digested in a digestion block fors2ahi380° C (Appendix E).
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RESULTS AND DISCUSSION

Organic acid exudation and Al accumulation

The Al-dependent efflux of organic acids into theosphere has been widely described
as an important mechanism in plant species to nmeirthe toxic effects of Al in acid soils
(Langer et al., 2009; Kochian et al., 2004; Barcafd@ Poschenrieder, 2002). In this study,
analyses of root exudates for the presence of argands showed no detectable amounts in
solution suggesting another type of tolerance n@shain rambutan. The HPLC instrument
used in this research had a low detection limi.6#8, 0.099, 0.19, 0.22, 0.33 pg/g for oxalic,
malic 2, succinic, citric and malic acid 1, respegy. These low detection limits indicated that
the method used for organic acid determination detect trace amounts that are lower than
those reported for similar studies (Langer et @02 Mimmo et al. 2009; Tian Rong et al. 2007,
Wang et al. 2006).

Figure 5 shows a chromatogram of root exudatesifganic acids at 4.12 mM Al. The
peak in the chromatogram corresponds to Alttich was present in the root exudates solution.
Since we found no evidence of production of orgatics, we suggest that rambutan tolerates
high concentration of Al in the rhizosphere by prodg an Al-ligand complex which
translocates from roots to shoots, and subsequecwnalation in leaf vacuoles or by

intracellular and tissue compartmentalization (Malg 2001; Watanabe and Osaki, 2002).
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Figure 5. Chromatogram of root exudates for organids at 4.12 mM Al.
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Total content of leaf Al (Figure 6) increased udtil mM Al and then declined. These
results agree with those of Goenaga and Smith (280& Duncan et al. (1980) who found that
the concentration of leaf Al increased significgntlith increases in soil Al. Studies with other
crops (Wang et al., 2006) showed that Al accumuatn the root system of wheat increased
significantly with increases in Al concentration time rhizosphere. Pifieros et al. (2002) found
that in maize, the Al content in root tips increasdth increments in Al concentration of the
nutrient solution. At 0.22 mM Al, the Al content ime maize root tip reached 2,951 pg/g.
Matiello et al. (2008) found that the Al contentsagher in coffee roots than in leaves with Al
concentrations higher than 8,244 ug/g in high &hatments suggesting an internal tolerance
mechanism to support this high content of Al. Im stwdy, the concentration of Al in stems and
roots was 960 pg/g and 8,580 pg/g respectivelthar0.2 mM Al treatment. Further studies are
needed to assess the development and concentoéfatential Al-ligand complexes which may
be loaded into the xylem vessels of rambutan footexport and sequestration in the shoots.

Some highly tolerant species can accumulate higicertrations of Al in above-ground
plant parts without showing symptoms of Al toxicitgresumably by detoxifying or
compartmentalizing internal aluminum (Ma et al.02p Al-tolerant species known to posses
internal tolerance mechanisms to withstand highnglude hydrangea and buckwheat which
detoxify accumulated Al with organic acids. This ananism allows these plant species to
accumulate Al in their leaves to high levels in taytgea (3000 pg/g) and moderately high levels
in buckwheat (450 pg/g) as compared to plant spdiie wheat, which employ Al exclusion

mechanisms in roots and accumulate less than 5PAlgA their leaves (Kochian et al., 2002).
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Other plant species that can accumulate Al in tHemves includeMeastoma
malabathricum (10,000 pg/g)Miconia albicans (11,000 pg/g),Faramea marginata (16,000
Hg/g) and the tea plan€Cémellia sinensis) which can accumulate 30,000 pg/g in older leaves
and 600 pg/g in younger leaves (Watanabe and O2382). In this study, the concentration of
Al in rambutan leaves reached 1,040 pg/g when egpds 10.2 mM Al for two months.
Watanabe and Osaki (2002) classified Al accumulplants as those exceeding a concentration

of 1,000 pg/g in their leaves.

Rambutan growth

Aluminum treatments had a significant effelet< 0.01) on total, leaf, stem and root dry
weights. Increasing Al concentration from 0 to2LM resulted in a decrease in leaf, stem, root
and total dry weight. Leaf dry weight of fallen \es (ie., leaves that abscised as a result of
treatment effects) increased with increments iteféls in the nutrient solution (Figure 7).

Miyasaka et al., (1991) found that Al at 0.15 migrsficantly reduced shoot and root dry
weights in Al sensitive cultivar ‘Romano’ and Allécant cultivar ‘Dade’ snapbeans. In our
study, significant reductions in dry weights of taran plant parts were observed at Al
concentrations higher than 3.5 mM. Matiello et @008) found a significant reduction in shoot
and root dry weights in three different coffee malts at Al actvivities ranging from 0.0027 to
0.33 mM. In our study, a significant reduction atal dry matter occurred after an Al activity of
0.50 mM was reached confirming that rambutan isliyigplerant to acid soils.

As with dry matter, leaf number, leaf area, plaaight and stem diameter significantly

decreased with increases in Al concentration (EdirA-D). These results agree with similar
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studies conducted with other crops. Langer e{2009) studied four alfalfa cultivars and found
that Al treatments (0.050 and 0.10 mM) caused @ifgsgnt reduction in dry weight and reduced
plant growth. The fact that rambutan seedlings gratively well even at an Al concentration
of about 3.5 mM demonstrates that this crop is lgigblerant to Al. Similar nutrient culture
studies with other crops such as alfalfa (Langeal.e2009), soybean (Liao et al., 2006), barley
(Tian-Rong et al., 2007) and wheat (Wang et alQ62Gshowed significant reductions in dry
matter production at much lower Al concentratio@9% mM to 1.48 mM) than those used in
this study. Goenaga (2011) working with rambutaonfb that dry matter production, stem

diameter and plant height were unaffected untiy\egh levels of soil Al.

Figure 7. Dry weight of plant parts of rambutamiéferent aluminum concentrations
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Figure 8. Plant growth parameters of rambutanfégrént aluminum concentrations
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The root tolerance index remained relatively cams{@d.00 to 0.85) in Al treatments
ranging from O to 3.5 mM, but it declined signifitly in Al treatments higher than 4.12 mM
(Figure 8E). These results indicate that rambusamghly tolerant to Al concentrations ranging
from 0 to 3.5 mM. Taylor and Foy (1985) suggestiedt tan RTI of 0.85+0.03 defines Al
tolerance in wheat cultivars.

Ratios of dry matter partitioning to leaves, steand roots as a fraction of total plant dry
matter are presented in Figure 9. At Al concerdreti ranging from 0 to 4.0 mM, plants
allocated a greater percentage of their dry mattdeaves with this organ accounting for over
40% of the total dry matter in plants. At higher Abncentrations, the partitioning ratio
decreased significantly for leaves. It is notewgpitiat at Al concentration higher than 4.0 mM,
total dry matter of fallen leaves increased sigaitfitly whereas the partitioning ratio of roots and
stems was not significantly affected. This respomsg indicate a mechanism whereby plants
reduced their leaf area as a way to minimize stréngth for carbohydrates to favor survival of

other plant organs (e.g. roots).
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Figure 9. Relationship between dry matter partitigrof rambutan plant organs at different

aluminum concentration. Absencewalve fitting denotes lack of significant respanse
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Rambutan mineral content and concentration

Figure 10 shows total content of nutrients in lsawtems and roots collected at the end
of the experimental period. As expected, increadine concentration of Al resulted in
significant reductions in total content of leaf N, K, Ca, Mg, Fe, Zn, B and Mo, particularly in
leaf tissue. It is noteworthy that even though dmmtent of most nutrients declined with
increases in Al, the concentration of P in mostiues was generally significantly higher in high
Al treatments but lower than in the control (0 mivatment (Tables 4 to 7). A similar response
was observed for K and Ca for stem tissue. Al tneatts did not have a significant effect on root
Ca concentration even though Al is known to inh{bé uptake by blocking Ca channels in the
plasma membrane (Huang et al., 1992). Goenaga amith $002) found that adaptation of
beans to acid soils may require efficient uptakd afilization of these nutrients, particularly
calcium. Jun-ping et al. (2006) working with barleyind that high Al causes deficiencies of
essential nutrients like calcium, magnesium, irod molybdenum and decreased availability of
phosphorous result in overall stunting, dark grieanes, late maturity, purpling of stems, leaves
and leaf veins, yellowing and death of leaf tipd #mckened and distorted root systems. In this
study some of these symptoms were visible whenesitinent concentration exceeded 4.12 mM

(Figure 11).
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Figure 10. Total nutrient content in various plpatts of rambutan as influenced by soil
aluminum. Absence of curve fittidgnotes lack of a significant response.
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Table 4. Rambutan leaf nutrient concentration ébua aluminum concentrations in nutrient solution

Al treatmeni| N P K Ce | Mg Fe Mn Zn Al B Mo
(mM) % % % % % % % % % % %
0.0C 3.2 | 0.1€ | 0.37 | 1.2¢| 0.2¢ | 0.01: | 0.0317 | 0.001¢ | 0.005¢ | 0.006« | 0.002¢
1.0C 3.3t | 0.1z | 0.4 | 1.0€ | 0.21 | 0.008: | 0.0057 | 0.001¢ | 0.009( | 0.006: | 0.001¢
2.31 3.17| 0.11 | 0.47 | 1.0¢ | 0.21 | 0.008( | 0.003¢ | 0.001! | 0.011 | 0.005¢ | 0.0004:

4.1 297] 0.1z | 0.54]1.1% | 0.2¢| 0.007¢ | 0.003( | 0.001¢ | 0.01f | 0.005%¢ | 0.0001¢
6.7C 29z| 0.1z | 0.65 | 0.9¢ | 0.2% | 0.006z | 0.002¢ | 0.001¢ | 0.02%¢ | 0.005¢ | 0.00008:
10.2C 2.7¢| 0.1t | 0.7¢ ] 1.01| 0.2¢ | 0.006¢ | 0.002¢ | 0.002. | 0.02¢ | 0.003¢ | 0.00001
HSD 0.2€ | 0.01¢ | 0.1¢ | 0.2% | 0.05 | 0.00: | 0.00z NS 0.00¢ | 0.00: 0.000¢

Note: Data presentethasmean over Al treatment and experiments (N=HSPD is the minimum significant difference
according tok€y's Studentized Range Test. NS is not signifieam<0.05.

Table 5. Rambutan fallen leaf nutrient concentraibvarious aluminum concentrations in nutriematson

Al treatment N P K Ce Mg Fe Mn Zn Al B Mo
(mM) % % % % % % % % % % %
0.0C - - - - - - - - - - -
1.0C - - - - - - - - - - -
2.31 - 0.1€ | 0.21 | 1.1¢ | 0.1¢ | 0.007: | 0.002¢ | 0.005f | 0.01¢ | 0.002: -
4.12 1.9¢ | 0.1¢ | 0.57 | 1.21 | 0.2Z | 0.007¢ | 0.002¢ | 0.002 | 0.01¢ | 0.002: -
6.7C 1.87 | 0.1€ | 0.5t | 1.3€ | 0.27 | 0.008: | 0.002¢ | 0.002¢ | 0.037 | 0.001¢ -
10.2( 1.8C | 0.1¢ | 0.5¢ | 1.3C | 0.27 | 0.007¢ | 0.002¢ | 0.003: | 0.06¢ | 0.001; -
HSD NS NS | 0.0¢ | NS NE NS NS NS 0.0¢ | 0.000:" -

Note: Data presentethasmean over Al treatment and experiments (N=H8PD is the minimum significant difference
accordingTiokey's Studentized Range Test. NS is not signifiea <0.05.
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Table 6. Rambutan stem nutrient concentration iws aluminum concentrations in nutrient solution

Al treatment N P K Cse Mg Fe Mn Zn Al B Mo
(mM) % % % % % % % % % % %
0.0C 1.72 | 0.11 | 0.2¢ | 0.7€ | 0.2Z | 0.003¢ | 0.002: | 0.005¢ | 0.003%t | 0.001: 0.004¢
1.0C 1.7¢ | 0.0€ | 0.3t | 0.5¢ | 0.1z | 0.002( | 0.004¢ | 0.005% | 0.006« | 0.001: 0.002¢
2.31 1.7 | 0.0€ | 0.37 | 0.57 | 0.1C | 0.0027 | 0.003: | 0.006( | 0.008¢ | 0.001: | 0.0008¢
4.12 1.61 | 0.07 | 0.51 | 0.6C | 0.1C | 0.002: | 0.002: | 0.007! | 0.01« | 0.001: | 0.0003!
6.7C 1.37 | 0.12 | 0.6Z | 0.7¢ | 0.1€ | 0.002¢ | 0.001¢ | 0.01f 0.03¢ | 0.001! | 0.0001:
10.2( 1.11 ] 0.17 | 0.7C | 0.8¢ | 0.2z | 0.004¢ | 0.001¢ | 0.02¢ 0.07¢ | 0.001% | 0.00001!
HSD 0.2C | 0.0z | 0.0€ | 0.1C | 0.0¢ | 0.00: 0.00zZ 0.007 0.0z 0.000: 0.000¢

Note: Data presented as thamower Al treatment and experiments (N=10). HSthésminimum significant difference
according to Tuke@sidentized Range Test. NS is not significanta 65.

Table 7. Rambutan root nutrient concentration sibua aluminum concentrations in nutrient solution

Al treatment N P K Ce Mg Fe Mn Zn Al B Mo
(mM) % % % % % % % % % % %
0.0C 192 | 0.11 | 0.41 | 0.21 | 0.2Z2 | 0.1z | 0.007: | 0.006( | 0.07 | 0.0008! | 0.01]
1.CO 1.8¢ | 0.11 | 0.4 | 0.1¢ | 0.17 | 0.1€ | 0.003¢ | 0.004« | 0.2t | 0.0007¢ | 0.01]
2.31 1.72 ] 0.11 | 0.44 | 0.2E | 0.1€ | 0.2C | 0.003¢ | 0.0037 | 0.3t | 0.0008 | 0.005(
4.12 1.61 | 0.11 | 0.4€ | 0.17 | 0.12¢ | 0.1€ | 0.003. | 0.002¢ | 0.4C | 0.0007¢ | 0.002;
6.7C 1.3¢ | 0.1 | 0.3t | 0.2F | 0.17 | 0.2¢ | 0.004: | 0.003( | 0.57 | 0.001( | 0.002¢
10.2( 1.07 | 0.1 | 0.27 | 0.2¢ | 0.1¢ | 0.2¢ | 0.004¢ | 0.003: | 0.6¢ | 0.001( | 0.002(
HSD 0.1€ | 0.01 | 0.06 | NS | 0.0¢ | 0.1f | 0.00: 0.00z | 0.1C NS 0.007]

Note: Data presentethasmean over Al treatment and experiments (N=H8PD is the minimum significant difference

according tok€y's Studentized Range Test. NS is not signifieari<0.05.
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Figure 11. Symptoms of Al toxicity in rambutan skisgk. A) death of leaf tips;

B) overall stunting; C) thickenaxd distorted root systems
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The reduction in leaf P and Ca agree with Matiell@l. (2008) who found that at an Al
concentration of 2.0 mM phosphorus concentratiaretesed significantly when compared to an
Al concentration of 1.0 mM and that Ca in rootsnit significantly affected by increasing
concentration of Al.

Root elongation depends on adequate concentratiGafor optimum growth. Increased
concentration of Ca in the root rhizosphere, haaenlshown to ameliorate Al toxicity (Jun-ping
et al. 2006). In this study, total content of Ceg(ife 10D) in roots was not significantly affected.
The decrease in total content of Ca in leaves eaattbibuted to Al in roots inhibiting Ca uptake

and translocation to the leaves (Delhaize and R1295).
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CONCLUSIONS AND FUTURE WORK

The results of this study revealed that even aalaminum concentration of 3.5 mM,
rambutan plants grew relatively well, confirmingathihis crop is highly tolerant to high Al as
compared to other crops. The hypothesis that raanbtdlerates high concentration of Al by
exudation of organic acids (Al exclusion mechanigmejected. Accumulation of Al in leaves,
stems and roots in this study suggests the exstefican Al-sequestration mechanism in
rambutan which may involve an Al-ligand complex @titranslocates from roots to shoots,
where it may accumulate in leaf vacuoles. Futuudiss should be directed toward finding the
ligand and mechanism responsible for conferrindp ibtolerance in rambutan. This mechanism

may be transferrable to Al-sensitive crops throgghetic manipulation.
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Appendix A. HPLC instrumentation used for organic aid analysis
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Appendix B. Calibration curves of organic acids

Oxalic acid calibration curve

7000
6000 - y=1607.7x-51.971
5000 -
4000

3000 -

Band AreamA.U./s

2000 -

1000 -

o pK ; . . . .

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
concentration (pg/g)

% oxalicacid B QC10.80pug & QC23.00ug
> LOD(H1e) > LoQ(ue)

Linear (oxalic acid)

Citric acid calibration curve
600.0
y=144.78x-12.74

R?=0.998
500.0

400.0

300.0

Band AreamA.U./s

200.0

100.0 -

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Concentration {pg/g)

< Citricacid M QC10.80pug & QC23.00pug
> LOD (ng) o LoQ (ug)

Linear (Citric acid)
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Band AreamA.U.[s

Band Aream A.U./s

Malic acid 1 calibration curve

©00.0
500.0 - y=122.42x- 8.6188
R%2=0.9954

400.0
300.0 -
200.0
100.0

0.0 T T T T T T T T 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Concentration (ug/g)
% NMalicacid 1 B QC10.80pug A QC23.00ug
> LOD (ug) o LOQ (ug) Linear (Malic acid 1)
Malic acid 2 calibration curve
350.0
oG - y=77.824x-13.042
R?=0.9996

250.0

200.0 -

150.0

100.0

50.0 -

0.0 T T T T T T T T 1
a O)g 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

% Malicacid 2
> LOD (ug)

B QC10.80pug

X

Concentration (nug/g)

Lo (us)
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A QC23.00pug
Linear (Malic acid 2)



Band AreamA.U./s

200.0

250.0

200.0

150.0

100.0

50.0

Succinic acid calibration curve

y=71.48x-12.168
RZ=0.9985
T T T T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5 2.0 3.5

Concentration (ng/g)

% Succinicacid B QOC10.80ug

> LOD({ug) *  LOQ(ug)

A QC23.00ug

Linear (Succinic acid)
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Appendix C. ICP-OES 7300 DV instrument used for mieral content analysis
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Appendix D. Calibration curves for various elementsletermined in the study
by ICP-OES

Phosphorous (P) calibration curve

30000
25000 -
v=11802x+ 623.02
2=
— 20000 R 0.9966
]
=<
=
= 15000
‘&
=
=}
=
- 10000
5000
8] T T T T 1
o] 5 10 15 20 25
Concentration {ug/g)
+ Phosphorous B Qc3pug LOD (pg)
= LOQ(ug) } QC 14 ug Linear (Phosphorous)
Potassium (K) calibration curve
1200000
y=3794.2x+ 2040,
2 _
1000000 R*=0.993
800000 - ®
”
<
=
= 600000 -
‘&
=
i
=
400000 -
200000 -
o] T T T T T T 1
a 50 100 150 200 250 300 350
Concentration (ug/g)
4 Potassium M QC75ug LOD (1g) =< LOQ (ue) K QC 225 ug Linear (Potassiumy)
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Intensity {c.p.s.)

Calcium (Ca) calibration curve
4500000 -

4000000 - y=20182x+ 129023
R?=0.9964

3500000

3000000

2500000

2000000

Intensity (c.p.s.)

1500000

1000000

500000

o . ‘ ' ' '
a 50 100 150 200 250
Concentration {(ug/g)

* Calcium m QCA40 ug LOD ug > LOoQue £ QC 145 ug Linear (Calcium)

Magnesium (Mg) calibration curve
12000000 -

10000000 v =208889x+ 260862

R2=0.9953

8000000
6000000
4000000

2000000

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0

Concentration {ug/g)

<+ Magnesium m QCl2us LOD (ug)
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Iron (Fe) calibration curve

100000 -
90000 - y=14756x+ 1763.5
RZ =0.9984
80000
70000
-
4 60000
=
= 50000
‘S
=
£ 40000
=
30000
20000
10000
a T T T T T T 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Concentration (ug/g)
* lron m QCO0.75ug LOD (ug) > LoQ(ue) £ QC3.75ug Linear (lron)
Manganese (IVIn) calibration curve
250000
200000 ~ y=191980x+3182.1
2 =0.9987
i
& 150000
=
=
=
=
< 100000 |
£
50000 -
a T T T T T 1
0.0 a.2 0.4 0.6 a.8 1.0 1.2
Concentration {ug/g)
+ Manganese B QCo0.25pug LOD (pg)
= LOQ (ug) ¥ QC 0.65 ug Linear (Manganese)
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Intensity {c.p.s.)

Intensity (c.p.s.)

4000 -

3500

3000

2500

2000

1500

1000

500

Zinc (Zn) calibration curve

v =4457x+ 134.19

* Zinc

45000 -

40000 |

35000 -

30000 -

25000 -

20000 -

15000 -

10000 -+

5000 -

l QCO0.15ug

0.4 a.5

0.6

Concentration (ug/g)

LOD (1g)

< LOQ (1)

QC 0.6 ug

Boron {B) calibration curve

y=38141x-244.4

R? =0.9974

Linear (Zinc)

% Boron

m QCO0.25ug

.6

Concentration {ng/g)

LOD (ug)

= LoQ((ue)
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QCO.5 ug

Linear (Boron)



Intensity (c.p.s.)

4000

3500

3000

2500

2000

Intensity {c.p.s.)

1500

1000

500

450000

400000

350000

300000

250000

200000

150000

100000

50000

Molybdenum (Mo) calibration curve

i y=4266x- 47.502
R? = 0.9967
T T T T T T T T 1
0.0 a.1 0.2 .3 0.4 0.5 0.6 0.7 0.8 0.9
Concentration {ng/g)
+ Molybdenum B QCO0.15ug LOD (g)
> LoQ(ue) . QCO0.5 ug Linear (Molybdenum)
Aluminum (Al) calibration curve
= y=102283x-91.889
R? = 0.9995
< T T T T T T T T !
0.0 a.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Concentration (ug/g)
<+  Aluminum Bl QC0.85ug LOD (pg)
= LOQ (ug) ¥ QC 2.75 ug Linear (Aluminum})
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Appendix E. Block digestion and distillation unit Kjeltec 2100 used for total
nitrogen analysis
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