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ABSTRACT

Common bean (Phaseolus vulgaris L.) is the most important legume crop in the world, providing low-cost, high quality
protein, minerals and dietary fiber for human nutrition. The crop was originated from diversity centers in America and
exhibits adaptation abilities to different environmental conditions, including soil with low pH. Acid soils occupy 30% of
the agro ecosystem areas in the world. In Madeira, acid Andosols and unsatured Cambisols are the dominant groups of
soils. Generally, under acidic and infertile conditions, besides of H" toxicity, soluble aluminium (Al) is the most impor-
tant abiotic factor limiting plant development and crop productivity. In the field, the hidden roots are also affected and
the reduction of root growth under Al stress can be clearly observed in early stages. Seedlings of fifty bean accessions
from the Archipelago of Madeira were tested under controlled conditions in the presence of 50 mM Al at pH 4.4. In gen-
eral, the tested germplasm appeared to be sensitive or very sensitive to Al toxicity. However, fifteen traditional cultivars
clearly exhibited elevated Al-tolerance, with an average root relative elongation (RRE) exceeding 50%, while top six ac-
cessions surpassed the 60% RRE mark. The Madeira bean germplasm is a valuable resource for sustainable crop produc-
tion in acid soils and it could be used as parental lines in breeding programs aimed for Al tolerance in common beans.
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RESUMO

O feijao (Phaseolus vulgaris L.) é a leguminosa mais importante do mundo, fornecendo proteina, sais minerais e fibra
dietética de baixo custo e elevada qualidade para a nutrigdo humana. A cultura foi originada em centros de diversida-
de do continente americano e exibe capacidade de adaptagdo a condi¢des ambientais diversas, incluindo a solos com
baixo pH. Os solos 4cidos ocupam 30% das areas agro-florestais do globo terrestre. Na Madeira, os Andossolos acidos
e os Cambissolos insaturados constituem os grupos dominantes de solos. Geralmente, em condicdes de acidez e infer-
tilidade, além da toxicidade do hidrogenido (H"), a presenca de aluminio soltivel (Al) na solugao do solo constitui um
dos factores abidticos mais limitantes do desenvolvimento e rendimento das culturas. No terreno, as raizes ocultas sao
também afectadas e a redugao do crescimento radicular pode ser observada muito precocemente nas plantas jovens.
Foram testadas cinquenta cultivares tradicionais de feijoeiro do Arquipélago da Madeira, sob condi¢des controladas, em
relagdo a tolerancia a 50 mM Al com pH 4.4. Das cultivares tradicionais estudadas, a maioria mostrou ter sensibilidade
moderada ou elevada a toxicidade do Al. Contudo, quinze evidenciaram tolerancia a toxicidade do Al, expressa pela
média do alongamento relativo da raiz principal (RRE) superior a 50%, enquanto seis alcangaram valores acima de 60%.
O germoplasma de feijao da Madeira constitui um recurso valioso em agricultura sustentavel em solos acidos e podera
contribuir para o melhoramento genético da cultura relativamente a tolerancia ao Al.
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Introduction

Plant biodiversity offers more than 50000 edible
plant species, but from the 7000 domesticated spe-
cies only 250 are generally consumed by mankind.
Many of these crops were domesticated in the
Vavilov’s centers of diversity (Vavilov, 1987). Com-
mon bean was originated in America, from where
the crop was disseminated throughout the world
by the Portuguese and Spanish settlers. Since the
beginning of the Portuguese Discoveries in the XV
century, the initially uninhabited Atlantic Islands,
including the Archipelago of Madeira, were conver-
gence points for plants from the entire globe, and
among them, an undetermined number of bean spe-
cies and varieties.

Common bean (Phaseolus vulgaris L.) is the most
important legume crop in the world, due the excel-
lent nutritional characteristics and inherited ability
to adapt to different environmental conditions. The
seeds can be easily stored and transported, in dry
conditions at room temperature, for extended period
of time and thus they provide nourishment during
food scantiness. Beans are a low-cost source of high
quality protein (20-25% in dry weight basis) and di-
etary fiber. Dry beans are rich in calcium, iron, potas-
sium, selenium, molybdenum, and other minerals,
as well as vitamins. Proteins are rich in the essential
amino acids, such as leucine (and isoleucine), pheny-
lalanine, threonine, histidine, valine, and particularly
lysine, but have reduced levels of methionine and
cysteine. On the other hand, cereals have high lev-
els of these sulphur-rich amino acids, but have low
lysine content. Therefore, the beans are the perfect
combination with cereals in balanced diets for hu-
man nutrition (Ribeiro et al., 2007). More recently,
there is renewed interest for the consumption of local
pulses, in particular common bean, because it is more
ecologically efficient and has lower fat content com-
pared with animal protein sources, especially meat
products which mass production releases higher lev-
els of greenhouse gases with negative effect on global
warming. On the other hand, beans contain several
secondary metabolites that are considered anti-nu-
tritional factors but, generally, these negative effects
can be easily neutralized by proper cooking proce-
dures and rational consumption, and are currently
marketed as functional foods and nutraceuticals in-
gredients (Campos-Vega et al., 2010).

The CIAT (Centro Internacional de Agricultura
Tropical/ International Center for Tropical Agricul-
ture) maintains the world’s largest collection of Pha-
seolus germplasm and supports important efforts
towards the bean improvement for the small-scale

farmers. The use of high-yielding bean varieties
bearing resistance to pests and diseases and toler-
ance to abiotic stress factors, and the efficient use
of well adapted symbiotic N, fixing-bacteria, could
overturn the productivity declines and contribute to
eradication of malnutrition and poverty, specially
in developing countries, within the Millennium De-
velopment Goals (Ishitani et al., 2004; Hillocks et al.,
2006; Manrique-Carpintero et al., 2007).

Acid soils occupy 30% of the agro-ecosystem areas
(von Uexkiill and Mutert cited by Domingues et al.,
2004). In acid soils, soluble aluminium (Al) toxicity
has been identified as one of the most important lim-
iting factors to plant growth and production. In low
input subtropical agrosystems, plant performance
and yields depend on the genetic mechanisms of
Al resistance and the early response to the presence
of Al in root medium (Barcelé and Poschenried-
er, 2002). In common bean, Cumming et al. (1992)
found that the three week treatment with 10 mM
Al induced shoot and root growth enhancement of
the Al tolerant cultivar Dade (111.2% and 126.8% of
control, respectively), while decreased the growths
in the cv. Romano (70.7 % and 39.0 % of control, re-
spectively). In sustainable agriculture, the approach
to cope with Al toxicity should be the use of selected
genotypes, within broad gene pool diversity, and
the optimization of nutrients cycling (Hillocks et
al., 2006). Breeding programs for particular edapho-
climatic conditions must be realized in the proper
environmental context, over the course of several
years to achieve crop yield stability and to overcome
climate changes (Ceccarelli, 2009). Furthermore, the
good efficiency of the Mendelian genetic breeding
can be greatly enhanced by incorporating function-
al, comparative and structural molecular genomics
(Ishitani et al., 2004), as criteria in marker assisted
selection (MAS) of parental germplasm.

There are strong indications that common bean was
initially introduced to Madeira in the 17* century
from Brazil and other South America countries (Sil-
va et al., 2010). For centuries, the Madeira farmers
cultivated beans or intercropped beans with maize
in isolated terraces constructed along the sloppy
hills, with acid and very acid, Al and Fe-rich soils.
Successive introductions by the settlers and a posi-
tive selection for the most adapted individuals to
the climatic and edaphic conditions secondarily in-
creased the crop diversity (Freitas et al., 2011). As a
consequence, a great number of local bean varieties
showing ability to tolerate biotic and abiotic stress,
and exhibiting high yield stability, are still found to-
day in the region. Based on the morphological and
agronomic characteristics (Freitas et al., 2011) and
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the phaseolin pattern data (Silva et al., 2010), the
beans accessions from Madeira can be classified as
landraces; closely related to the Andean races iden-
tified by Singh et al. (1991). Probably in the preva-
lently acid Andosols and unsatured Cambisols of
Madeira Archipelago, the Al phytotoxicity effects
(Taylor, 1988) might occur, but only when soil or-
ganic matter levels are low (Madeira et al., 1994). Ac-
cordingly, in low input agriculture, under soil acidic
conditions at pH 4.4, the decomposition products of
organic residues decreased Al concentration in the
soil solution, diminishing Al in exchangeable cati-
ons, furnishing plant nutrients (N, P, Ca, Mg, K) and
attenuating the metal toxicity effects to bean and
maize (Wong et al., 1995). The presence of 50 mM
Al at pH 4.5 in nutrient solution allowed the identi-
fication of Al resistance in common bean genotypes
using the percent inhibition of primary root elonga-
tion, percent increase of average root diameter, total
root length per plant and total number of root tips
per plant (Manrique-Carpintero ef al., 2007).

In the present work, we developed an inexpensive,
precise, and non-destructive method to test seed-
lings of bean in diluted nutrient solutions of pH 4.4,
under controlled conditions, during 72 hours. This
screening test mimics conditions of many unfertile
acid soils around the globe and maximizes the dis-
crimination of Al tolerance behavior of the bean tra-
ditional cultivars from Madeira based on root elon-
gation under Al stress.

Materials and Methods

Fifty traditional cultivars of Madeira beans (Phaseo-
lus vulgaris L., tribe Phaseoleae, family Fabaceae),
accessions from the germplasm collection of the
ISOPlexis Genebank at the University of Madeira
in Funchal (at 32° 38’ N and 16° 54" W), have been
screened for aluminium tolerance. The seeds were
scarified with soft sand-paper, disinfected for 15
minutes with sodium hypochlorite (a solution
containing 5 g active choride per liter), washed ex-
tensively with distilled water, and germinated be-
tween cotton and moistened filter paper in the dark
at 22 °C, for 4 days. The seed size categories were
grouped, according to the weight of one hundred
seeds (Voysest cited by Freitas et al., 2011), as: large
(>40 g/ 100 seeds), medium (25-40 g/ 100 seeds) and
small (< 25 g/ 100 seeds). All local cultivars exhibit-
ed large seeds, except for the ISOP 480, Feijao Preto,
with medium size seeds (Table 1.)

Uniform seedlings with radicle length between 1.5
and 7 cm were selected, placed on the floats and
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fixed with cotton in the area of the neck. Seedlings
were kept for one day in complete nutrient solu-
tion (Slaski et al. cited by Domingues et al., 2004).
After, floats with plants were transferred to contain-
ers with treatment solution containing 1000 mM
Ca(NO,),.4H,0, 300 mM Mg(NO,) ,.6H,O, 300 mM
NH,NO,, with the addition of 50 mM AICl,.6H,O
in the experimental variants. During the treatment
period, potassium, phosphorus, sulfate, iron, boron
and other micronutrients were not included in the
diluted solutions to minimize the direct and indirect
reduction of the phytotoxic effect of the Al ions. All
nutrient solutions were replaced by fresh ones after
46 hours. Each container with 15 liters of constantly
aerated treatment solution housed 120 plants, in-
cluding 2-4 plants of each accession. Four contain-
ers, one with 0 mM Al (control) and three with 50
mM Al, with the pH of solutions strictly maintained
at pH 4.40 + 0.20 by addition of diluted HCI, were
used in the 72 hours experiments (Figure 1). The
photoperiod was 10 hours of daylight, with constant
light intensity at the leaf level, provided by natural
light supplemented with fluorescent and incandes-
cent lamps. The temperature of the nutrient solution
ranged from 20° + 2° C during the night and 262 + 2°
C at daytime.

The primary root of each plant was manually meas-
ured at 0, 24, 48 and 72 hours of experimental treat-
ment, corresponding to the L0, L24, L48 and L72
lengths, expressed in mm, with accuracy of 0.5 mm.
The absolute root elongation (E) was calculated for
each plant, in the given time periods and expressed
as mm of elongation (E24 = L24-L0; E48 = L48-L0;
and E72 = L72-L0). The average of the absolute elon-
gation (AE) of root in control solution was calculat-
ed for the time periods considered for the experi-
ments - AE24, , AE48 , and AE72 (for each acces-
sion n = 14).

The individual values of relative growth rate (rgr)
were calculated in the three periods and expressed
as mm mm™ day [rgr24 = E24/L.24; rgr48 = E48/(L48
x2); and rgr72 = E72/(L72 x3)]. The average of rela-
tive elongation rate (RER) of every accession was
calculated for the time periods considered (average
values RER24, RER48, and RER72), for both control
and stressed plants.

The individual values of the Al treatment absolute
root elongation were divided by the accession aver-
age elongation in the control solution, expressed as
percentage of the root relative elongation in the Al
treatment for each plant, after 24, 48 and 72 hours
of treatment (individual values in the time period
considered i, as rre i =Ei/AEi, x100). Data were ana-
lyzed and reduced for statistical purposes to twenty



plants for each accession by the elimination of ex-
treme values, and the average of the root relative
elongation (RRE, n=20) was calculated for each time
period — RRE24, RRE48, and RRE72.

The existence of significant differences among ac-
cessions was determined by one-way ANOVA us-
ing the Statgraphics Program. Homogeneous sub-
sets were established by the LSD test, which sorted
the accessions in statistical classes of decreasing Al-
tolerance (Table 1).

Results

Several previous experiments were performed
under similar conditions to establish the best dis-
crimination among the bean accessions. In a pre-
liminary experiment, we determined that bean
seedlings were able to increase the initial solution
pH adjusted to 4.3 by 0.2 points, after 12 hours in
the absence of Al, but the change was smaller under
Al stress (data not shown). Another preliminary ex-
periment performed on 12 accessions revealed that
the root relative elongation of plants decreased ex-
ponentially with increasing concentrations of Al in
the root medium after 24 to 72 hours (Figure 2-A)
and, the plants exhibited severe root damage in the
treatment 120 mM Al at pH 4.3 + 0.2 (Figure 2-B).
In these exploratory experiments, the symptoms of
Al toxicity in bean roots were clearly visible as re-
duced length of the primary and secondary roots,
scanty ramification, apices swelling, and brownish
color. Without Al, the roots remained white and sec-
ondary ramification was abundant at pH 4.3 + 0.2.
The primary root from the stressed plants exhibited

significant reduction of total length after 24, 48 or
72 hours in presence of 50 mM Al, when compared
with the control plants. These results reflect the sen-
sitivity of the root apices to grow under Al stress, as
referred by Taylor (1988), because the use of control
with the nutrient solution at the same pH conditions
of the experimental variant allow us to discard the
influence of H' toxicity. The root inhibition was re-
versible after 50 mM Al treatment, because during
regrowth in a complete nutrient solutions (approx.
at pH = 4.4) for 24 hours, the primary roots contin-
ued to grow and developed exuberant secondary
ramification (data not shown).

Among the four variables tested for Al tolerance the
average of relative root inhibition after 72 hours of
treatment (RRE72) permitted the best discrimination
of the screened germplasm. The Table 1 shows fifty
traditional bean cultivars from Madeira arranged in
the decreasing order of Al tolerance evaluated by
the inhibition of primary root elongation (RRE72)
in presence of Al in the root medium. Additional
information about the seed shape and size is also
provided to illustrate the variability among the bean
accessions.

Fifteen traditional bean cultivars from Madeira clear-
ly exhibited Al-tolerance with RRE72 above 50%. But
only six accessions exhibited statistically superior
Al-tolerance, with RRE72 above 64% (ISOPs 460, 463,
749, 773, 800 and 828). The majority of the accessions
were classified as sensitive with RRE72 ranging from
25 to 50%. A great variability in the response to Al
stress was observed among and inside the traditional
cultivars, with the most resistant ISOP 800 having
RRE72 of 74.15%, while the most sensitive ISOP 778
had merely 16.61% RRE72 (Table 1).

Figure 1 — Common bean plants were kept floating in recipients containing 15 L of nutrient solutions (left) and root elongation
was measured after 72 hours treatment with 0 and 50 mM Al (right).
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Table 1 - List of fifty common bean traditional cultivars from Madeira (ISOP accessions) with seed shape (**), average value of
relative root elongation (RRE, as percentage of control) and statistical class of tolerance to 50 mM Al stress (*?).

ISOP Common name Seed shape RRE (%) Tolerance class
800 Feijao Vara 1 74.15 a
828 Feijao Amarelo 4 68.88 ab
463 F. Corno de Carneiro 3 68.76 ab
749 Feijao Vaginha 4 64.86 abc
773 Feijao Gordo 2 64.77 abc
460 Feijao Vergalheiro 3 64.65 abed
670 F. Branco Rasteiro 4 59.46 bede
757 Feijao 2 58.17 b-f
760 Feijao Vaginha 4 54.01 c-g
798 F. Riscado de Vara 3 53.96 c-g
770 Feijao Vermelho 2 52.82 d-h
497 Feijao Touquinho 2 52.76 efgh
508 Feijao Milheiro 1 52.63 efgh
744 Feijao (rasteiro) 2 50.59 e-i
824 Feijao Rajado 2 50.02 e-i
478 Feijao Filipe 2 49.61 e-i
713 F. Vaginha Grossa 4 49.04 e-i
755 Feijao Valinho 1 48.31 e-i
480 Feijao Preto 4 48.00 e-j
806 F. Corno de Carneiro 3 47.97 e-j
748 Feijao Rajado 1 47.54 f-j
505 F. Corno de Carneiro 3 47.30 f-j
809 F. Vagem Vermelha 4 47.04 f-k
521 Feijao Faial 3 46.90 f-k
849 F. Corno de Carneiro 3 46.72 f-k
730 Feijao Boneco 1 46.23 g-k
743 Feijao (rasteiro) 3 45.43 g-1
514 Feijao Algarve 3 45.19 g-m
534 Feijao Vaginha 3 45.15 g-m
489 Feijao Rasteiro 2 44.71 g-n
668 Feijao Preto 5 43.70 g-0
829 Feijao de Pé 3 43.17 g-p
777 Feijao Catarino 2 41.45 h-q
679 F. Vassoura Rasteiro 1 41.30 h-q
764 Feijao Rasteiro 3 40.13 i-q
726 F. Vassoura Rasteiro 4 40.10 i-q
541 Feijao Manteiga 2 39.72 i-q
492 Feijao Fava 3 36.44 jq
822 Feijao de Pé (rasteiro) 1 36.16 j-q
459 Feijao Canadiano 1 35.41 k-r
732 Feijao Vaginha 3 35.26 k-r
722 Feijao Acores 3 34.09 I-r
724 Feijao Vermelho 3 33.42 m-r
519 Feijao Touquinho 1 33.26 n-r
528 Feijao Faial 1 32.63 opqr
719 Feijao / Bean 1 32.31 opqr
731 F. Rasteiro (Vassoura) 1 31.46 pqr
761 Feijao Alfarroba 1 30.04 qr
712 Feijao Vaginha 1 24.18 s
778 F. Vagem Vermelha 2 16.61 S

(*") The seed shape category was classified, according to (Puerta-Romero, 1961), as: 1- spherical, 2- elliptical, 3- short reniform,
4- medium reniform and 5- long reniform. All accessions exhibited large seeds, except for the ISOP 480 which had medium size seeds.
(*?) Accessions from statistical classes with the same letters are not statistically different at the significance level 95% (a < 0.05).
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Figure 2 — (A) Graphical representation of the average root relative elongation (RRE, % of control) of plants from twelve tra-
ditional bean cultivars of Madeira, after 24, 48 and 72 hours of treatment with 0, 20, 40, 60 and 120 mM Al. (B) Root of a
common bean plant with irreversible damage after treatment with 120 mM Al at pH 4.3.

Discussion

In soils of volcanic origin, particularly those located
at higher elevations, agriculture in Madeira Island
frequently faces challenges associated with unique
edaphoclimatic conditions (Gananca et al., 2007).
The Archipelago of Madeira has temperate climate
strongly influenced by oceanic and orographic con-
ditions, which define warmer microclimatic spots
adequate for cultivation of the cold sensitive bean
crop. The high annual precipitation, often exceed-
ing 2000 mm per annum in the mountains, enforces
soil lixiviation and water erosion. The majority of
FAO soil groups on the Island are acid, character-
ized by low concentration of exchangeable bases (as
K, Ca*, and Mg?), with high levels of Al and iron
compounds, and deficit of exchangeable phospho-
rus, especially in deeper soil.

Al and Fe ions can form complexes to a considerable
extent with humic substances, as the superficial ho-
rizons are rich in organic matter and continuously
developed at least down to 40 cm depth (Madeira
et al., 1994). As a result of terrace construction, par-
ticularly in Andosols, the resulting fields probably
have disturbed pedon with the deeper and very acid
soil layers mobilized to the top. Therefore, that an-
thropogenic activity most likely increased the selec-
tion pressure for H', Al, and Fe tolerance of bean -
the “orphan crop”, traditionally managed by small
farmers (Ceccarelli, 2009).

The octahedral hexahydrate trivalent cation (Al
(H,0)*, abbreviated as Al**) is the most toxic, sol-
uble monomeric form of Al prevailing in aqueous

solutions below pH 5.0. As the solution pH rises,
ATPP* undergoes successive deprotonations to less
phytotoxic Al ions and Al(OH),, which precipitates
near neutral pH. When the solution pH rises from
pH 4.2, to 5.0 the distribution of molar fractions (ex-
pressed as percentage) of soluble forms AI**, AIOH*
and Al(OH)," change (Martin, 1988) - Table 2.

Several authors (Martin, 1988; Rangel et al., 2005;
Poschenrieder et al., 2008) reported that toxicity of
the hydrogen ion (H,O" or, proton, H") interferes
with chemical activities of the Al ions and can mod-
ulate their toxic effects on plant roots. Among the
edible legume crops (from Fabaceae), the sensitivity
to H" increased in the order pea (Pisum sativum) <
soyabean (Glycine max) < common bean (Phaseolus
vulgaris), ranging from 84% to 35% of relative root
elongation, when solution pH was changed from
6.0 to 4.05 (Lazof and Holland cited by Rangel et
al., 2005). The authors suggested that screening of
bean for Al tolerance should be done using the root
recovery from Al stress approach, whereas others
(Rangel et al., 2005; Manrique-Carpintero et al., 2007)
proposed the evaluation of root elongation in treat-
ment solution at pH 4.50, in the presence of 5 mM
Ca*" and 0.5 mM K*. However, high concentrations
of these cations reduce Al ionic activity in aqueous
solutions and its uptake by the roots. Besides, as a
consequence of proton toxicity, the primary root is
often shorter, but the number of secondary (and ter-
tiary) roots is higher, as a compensation response
of the plant to maintain the nutrients uptake. In the
present screening, the induction of root ramification
was observed both in 0 and 50 mM Al treatments;
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however secondary roots were much longer with-
out Al presence in the solution. In addition, in the
unsatured soils of Madeira Island, the bean plants of
any traditional cultivars have to cope simultaneous-
ly with high H* and Al concentrations to produce
stable yields. Al phytotoxicity effects could occur
only when soil organic matter levels are sufficiently
low (Madeira et al., 1994). For these reasons, the pre-
sent work was performed in diluted solutions with
the pH value near 4.4, approximately equivalent to
40 mM H" in solution.

In common bean (Cumming et al., 1992), the re-
sumption of root elongation was accompanied by
increased rates of root respiration and a larger pro-
portion of metabolic energy from root respiration
was allocated to maintenance processes against Al
toxicity in the Al tolerant genotype Dade. Hence,
maintenance of constant aeration of root medium
is essential for proper screening for Al tolerance in
hydroponics.

Table 2 - Distribution of mole fractions of soluble monomeric
Al forms, as percentage, at selected pH values.

Solution pH NG AIOH”" Al(OH),"
42 95.0 0.05 0
4.6 90.0 9.5 0.5
5.0 75.0 20.0 5.0

The observed brownish color of the roots was prob-
ably a result of production and accumulation of
phenolic compounds. The formation of these com-
pounds is induced under Al stress, due to their
implication in complex formation with Al or sta-
bility, increase of the Al-organic acid anion com-
plexes used to neutralize metal toxicity (Barcel6 and
Poschenrieder, 2002).

As other cross pollinated crops, beans generally
show great genetic variability and phenotypic plas-
ticity assisting its adaptation to different edapho-
climatic conditions. As expected, these traditional
bean cultivars were characterized by different mor-
phological, agronomic or biochemical descriptors
and markers (Silva et al., 2010; Freitas et al., 2011).
Similar variability was observed with respect to
Al tolerance (Table 1). For example, the ISOPs 724
and 770, both Feijao Vermelho, collected in S. Vi-
cente and Porto Moniz, in the North of Madeira Is-
land, with large size seeds and variegated red coat,
mainly composed by the Contender phaseolin type
(Silva et al., 2010), exhibited respectively 33% and
53% RRE72. Among the five Feijao Vaginha culti-
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vars, the Al-tolerant ISOP 749 with approximately
65% RRE72 was statistically superior to the ISOPs
712 and 732 with 24 and 35% RRE72, respectively
(Table 1, a £ 0.05).

In an earlier work (Domingues et al., 2004), forty
four traditional maize cultivars from the ISOPlexis
Bank were screened for Al tolerance. When submit-
ted to 100 mM Al treatment, at pH 4.3 the values
of RRE72 ranged from 82% to 25%. Maize exhibited
higher Al tolerance than beans, but also great vari-
ability within the traditional cultivars. In Madeira’s
traditional agricultural system, the bean intercrops
with the maize benefits the bean production, as
maize roots might rise the pH and exudate organic
acids that complex Al ions more actively than beans.
Also, the symbiosis with N,-fixing bacteria becomes
more important to satisfy the crop N needs. As a
consequence of N, fixation, there is an acidification
trend in soils bearing legume species. Therefore, in
bean improvement programs selection for proton
and Al tolerant Rhizobium spp. should also be con-
ducted (Graham et al., 2003; Hillocks et al., 2006). In
well drained fields, the surplus of ammonia (NH,")
released by the legume roots is oxidized to nitrate
(NO;), and the anionic N uptake by the roots of
other crops induces the pH rise in the rhizosphere,
which in turn causes precipitation and detoxifica-
tion of soluble Al outside of the roots (Taylor, 1988).
Moreover, the inclusion of land covering crops and
polyculture are advisable, principally in sustainable
agro-ecosystems with less inputs and in situations
of high water erosion risk, as proven by the ances-
tral companion plant system of maize-bean-squash
(Hart cited by Graham et al., 2003).

Generally, the holistic strategy of several physi-
ological processes contributes to the successful per-
formance of potentially Al tolerant genotypes (Tay-
lor, 1988). The germplasm screened by the RRE72
(Table 1) should be further studied to determine
the physiological mechanisms of Al tolerance and
to find molecular Al tolerance markers (Ishitani ef
al., 2004). Verification of the data generated by this
screening test ought to be conducted in toxic Al rich
soils to evaluate pods or grain yield since for toler-
ance using root elongation indices as a single crite-
rion might be misleading in bean genotypes, which
accumulate high amounts of Al in the shoots (Mas-
sot et al., 1992). Due to the potential of allocation of
Al into the shoot, a proper selection of the cultivars
must be performed to avoid the accumulation of Al
in the seeds, as beans are used as staple food. The
nutritional characterization of these traditional cul-
tivars might reveal valuable traits in future investi-
gations.



Conclusions

In spite of a considerable individual variability, the
Al tolerance indices based on the present method-
ology of root relative elongation discriminated well
the traditional bean cultivars of Madeira.

Using the RRE72 index, six traditional cultivars
among the selected fifty bean accessions from Ma-
deira with statistically higher Al tolerance (the
ISOPs 460, 463, 749, 773, 800 and 828) among the
selected fifty from Madeira Island were identified.
This germplasm is a very valuable resource for sus-
tainable crop production in acid and Al toxic soils
of the region. These traditional cultivars maintained
in the ISOPlexis Gene Bank at the University of Ma-
deira could also serve as donors of tolerance genes
in bean breeding programs worldwide.
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