SCREENING OF WHEAT LANDRACES FROM MADEIRA ISLAND
FOR IRON TOLERANCE

AVALIAGCAO DE CULTIVARES TRADICIONAIS DE TRIGO DA ILHA DA
MADEIRA QUANTO A TOLERANCIA AO EXCESSO DE FERRO

Ana Maria Domingues' and Miguel Angelo Pinheiro de Carvalho?

RESUMO

Desde o século quinze que ¢ tradicional-
mente cultivado trigo na ITha da Madeira. Em
sequeiro, sob condi¢des microclimaticas di-
versificadas, em terracos isolados e dispostos
em encostas ingremes, o trigo ocupa solos
acidos, sobretudo da classe dos Andossolos,
com elevada concentragdo de ferro. Nestes
solos, os 0xidos de ferro constituem o princi-
pal agente inorganico de ligagdo das particu-
las do solo, contribuindo para a estabilidade
dos agregados.

Foi realizada uma experiéncia com sessen-
ta cultivares tradicionais de trigo (landraces
de Triticum spp.) do Banco de Germoplasma,
da Universidade da Madeira, em solugdes
nutritivas com 10 (controlo) ou 600 uM Fe,
durante 5 dias, apos 2 dias de crescimento ini-
cial das plantulas. O alongamento da princi-
pal raiz primaria foi medido para cada planta
sob stress e calculada a média do incremento
relativo ao controlo (como percentagem de
Incremento Radicular Relativo ou IRR; n =
28). O IRR evidenciou ser um indicador sen-
sivel da toxicidade do ferro em trigo. Mais
de 85% do germoplasma estudado eviden-
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ciou IRR superior a 50%, enquanto o IRR
correspondente a sete landraces ultrapassou
o valor de 70%. Isto foi considerado como
indicador da maior tolerdncia ao excesso de
ferro destas landraces de trigo, as quais po-
derdo ter especial interesse na ocupacdo de
solos ricos em compostos inorganicos de fer-
ro, nas zonas tropicais e subtropicais.

Palavras-chave: Solos acidos, tolerancia ao
ferro, Triticum.

ABSTRACT

Since the fifteen century, the rainfed-cul-
tivation of wheat for grain is traditionally
performed on the Island of Madeira. Under
several microclimatic conditions and along
very sloppy mountains, the landraces are
grown on isolated terraces of Andosols with
high amounts of iron. Iron oxides are the
main inorganic binding agent contributing to
the stability of aggregates and to soil fertility
in long-term sustainable agriculture in acid
and iron-rich soils.

After a two day period of seedling initial
growth, a screening test of sixty traditional
wheat (Triticum spp.) landraces from the
ISOPlexis Genebank at the University of
Madeira, Funchal, was performed using nu-
trient solutions containing 10 or 600 uM Fe,
during five days, under controlled laboratory
conditions. The elongation of the longest pri-
mary root was measured for each genotype
and the mean root increment relative to con-
trol (as, % relative root increment or RRI;
n=28) calculated. This parameter appeared
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to be a sensitive indicator of Fe tolerance
in wheat. Over 85% of wheat germplasm
showed the RRI higher than 50%, while the
RRI of seven accessions exceeded 70%. This
indicates that those landraces are Fe tolerant
and might be of particular interest for culti-
vation under acid rich iron soils of tropical
and subtropical areas.

Keywords: Acid soils, Iron tolerance, Triti-
cum.

INTRODUCTION

In order to support the global increasing
needs for food, fodder, fibre, and bioenergy
there is a growing concern with long-term
sustainable agriculture, which is based on
low inputs and environment friendly cul-
tivation methods. Soil is the foundation of
the majority of the agricultural production
and therefore its health affects profitability
and sustainability of the agronomic produc-
tion. The quality of soils is often evaluated
by soil aggregation among other character-
istics. The major factors controlling macro-
aggregates turnover and micro-aggregates
formation involve multiple interactions of
environmental variables, such as soil micro-
organisms, fauna, plant roots, and inorganic
binding agents, mainly the iron oxides and
the calcium compounds (Six et al., 2004).
The lithosphere contains about 5% of iron. In
spite of its abundance in arable layers, in well
drained soils, most of the element is present
in insoluble mineral forms with ferric com-
pounds — with Fe (III) - that are unavailable
to plant roots (Eco-SSL, 2003). However, in
acid soils, the iron oxides and hydroxides
might be the principal component of mineral
fraction and crop production might be de-
creased due to iron toxicity.

Frequently, the economic constrains of
farmers and the edaphoclimatic context con-
fine soil neutralization practices or even may
require the maintenance of acidic soil con-
ditions. The ‘“adapt-a-plant concept” (Foy,
1993) emphasized the need for the plant

genetic approach in solving the limiting soil
conditions, particularly the acid soil infertil-
ity affecting large areas all over the world.
In acidic pedogenesis, aluminous and ferric
organic complexes have a protective effect
against biodegradation of soil organic mat-
ter components (Boudot et al., 1989). The
occupation of forest acidic and iron rich
soils (with pH ranging from 3.6 to 5.8) by
agriculture, combined with the use of local
rocks for road veneers critically advised for
the exemption of fields liming (Craw, 2005).
Because of the acid soil pH neutralization,
in the limed fields there was an important
reduction of mineralised As and Hg in situ,
sub-superficially, principally in the C ho-
rizon enriched with iron oxyhydroxides,
but there was a very significant raise in the
concentration of the soluble forms of these
toxic elements in the percolation waters with
increased ecological problems down stream
(Craw, 2005).

The micronutrient is essential to all living
organisms, as iron is necessary for many en-
zymatic systems and its absence can affect
cellular respiration, photosynthesis, carbon
and nitrogen metabolism (Chatterjee et al.,
2006). But the excess of soluble iron might
induce plant stress and affect agronomic
yields (Chatterjee et al., 2006). In early stud-
ies, Hoffer and Carr (1923) reported the de-
velopment of seedling-blight and root rots
in corn plants grown in acidic soils rich in
organic matter, but containing low levels
of calcium and phosphorus. The observed
brownish-purple discolorations and disinte-
grations of nodal tissues of stalks were as-
sociated with aluminium and iron accumula-
tion in the tissues. The use of limestone alone
proved to be harmful, but the application of
available phosphates produced stronger and
more resistant plants to the described physi-
ological injuries (Hoffer and Carr, 1923).

Often crop plants suffer from iron defi-
ciency or toxicity, because soil soluble iron
levels generally change from values near 200
mg kg! to 300 g kg! or more. Normally, the
concentration of iron in plant tissues must
vary between 50 to 250 mg kg dry weight
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(De Varennes, 2003). Monocotyledons show
higher Fe*" tolerance than dicotyledons, as
measured by the relative growth rates (RGR),
under iron excess in nutrient solutions. These
observations were consistent with the higher
iron concentrations on sites where the Fe-
tolerant ecotypes occurred (Snowden and
Wheeler 1993). The Graminaceous plants
(species from the family Poaceae) have a
strategy to the efficient uptake of Fe?* with
phytosiderophores (Guerinot and Yi, 1994).
However, the soil ferric compounds submit-
ted to low potential redox (ranging between
110 to 80 mV or lower) are reduced to fer-
rous chemical forms, which are much more
soluble, increasing the ferrous ion (Fe?*) con-
centration in soil solution to phytotoxic lev-
els. To face these problems plants developed
special mechanisms to iron import (Guerinot
and Yi, 1994) or exclusion (Wu et al., 1998),
which are genetically expressed. Wu et al.
(1998) greatly contributed to the clarification
of the genetic basis of Fe tolerance in rice
(Oryza sativa). They examined lines derived
from the cross between Azucena (a Fe-toler-
ant japonica variety) and IR-64 (an indica
variety moderately sensitive to Fe), using the
leaf bronzing index and the relative decrease
in shoot dry weight, after 28 days growing
in hydroponics with 4.47 mM Fe (at pH 4.5)
to evaluate their response to iron presence.
Physiological strategies of rice plants adap-
tation and the agronomic management prac-
tices to cope with Fe excess were reviewed
by Becker and Asch (2005). Also, several
symptoms and nutritional disorders associ-
ated with high Fe*" concentration in leaf tis-
sues under categorized agro-ecological envi-
ronments of rice were described (Becker and
Asch, 2005).

Transient water-logging conditions in
acidic soils prone to root hypoxia and mi-
croelements toxicities induced reduction of
shoot weight and elevated tissues content of
Al, Mn and Fe of 21 days old wheat plant
tops (Khabaz-Saberi et al., 2006). Camargo
et al. (1995) evaluated Triticum durum in-
breeds for Fe toxicitiy in hydroponic culture.
The young plants were screened after twelve

days in nutrient solutions containing 10, 90,
180 and 360 uM Fe, using as evaluation cri-
teria the longer primary root growth (Camar-
go et al., 1995).

A landrace is an autochthonous variety
with a high capacity to tolerate biotic and
abiotic stress, resulting in a high yield sta-
bility and an intermediate yield level un-
der a low input agricultural system (Zeven,
1998). Wheat landraces from Madeira are
traditionally rainfed cultivated in small and
isolated terraces along steep hills. Five ma-
jor soil types of volcanic origin compose
the agricultural land on the main island of
the Archipelago, including Andosols, Ver-
tisols, Cambisols, Phacozems, and Lepto-
sols. But Andosols comprise 60% of the
total land area (Madeira et al., 1994). They
have acid or very acid conditions and of-
ten are aluminium and iron rich soils. The
continuous cultivation of wheat ancient
cultivars (Triticum spp) in acid Al- and
Fe-rich soils for the last six hundred years,
induced the adaptation of plant germplasm
to the edaphic conditions present on the Is-
land (Gananga et al., 2007). On the other
hand, these Madeiran landraces are physi-
ologically adapted to moderately pluvious
winter and warm conditions therefore they
do not demand seed vernalization to ger-
minate, neither long photoperiod to flow-
ering.

The aim of the present work was to char-
acterize iron tolerance of wheat landraces
from the Archipelago of Madeira. The
identification of new sources of iron toler-
ance among these wheat genotypes can be
particularly interesting for plant breeding,
once the iron toxicity is very frequent in
acid soils in tropical and subtropical re-
gions.

MATERIAL AND METHODS

Sixty wheat landraces (7riticum spp.), ac-
cessions designated by ISOPs from the Iso-
plexis Germplasm Bank, University of Ma-
deira, at Funchal, Portugal (Table 1), have
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been screened for their iron tolerance. Four
Portuguese traditional wheat cultivars, from
the Unidade de Recursos Genéticos, Ecofi-
siologia ¢ Melhoramento de Plantas (Instituto
Nacional de Recursos Biologicos/ LN.R.B.,
Elvas, Portugal), and one Brazilian wheat,
the inbreed line IAS-58/4/KAL/BB// 3/
ALD“S”/5/BOW “S”, were used as standards.

The wheat landraces were collected from
several locations across the Archipelago of
Madeira located between latitude 32° 39" N
and 32° 51° N, and longitude 16° 47" W and
17° 14"W.

Some preliminary experiments were per-
formed with eight traditional wheat cultivars,
relevant phytotoxic levels of Fe in solution (0
to 2000 uM of Fe) and different duration of
exposure to toxic Fe, to optimize the crite-
ria for the screening. In one of these experi-
ments, after the initial growth for two days
in the complete nutrient solution, the young
plants were transferred to treatment solutions
during the following eight days (Figure 1
and 2). Wheat seedlings were exposed to 10
(control), 400, 600 and 1000 uM of Fe in nu-
trient solution. Root length was measured in
the beginning and three, five and eight days
after the start of the Fe treatment (Figure 1).
In this previous trial, fresh biomass produced
by the plants was weighted after ten days
(Figure 2). The young plants are more prone
to metal stress than the old ones; so the ear-
lier plant stages are usually used than later
stages to evaluate the phytotoxicities.

In the present work, all seeds were care-
fully disinfected for eight minutes by im-
mersion in 5% sodium hypochlorite and
rinsed with abundant distilled water. Seeds
were germinated for three days at 25° C in
trays lined with cotton, imbibed in distilled
water and covered with filter paper. The
selected uniform seedlings were grown hy-
droponically on floats in complete nutrient
solution, with adjusted pH 4.3 and follow-
ing composition, expressed as puM (Slaski
et al., 1996): 1000 Ca(NO,),.4 H,0, 300
Mg(NO,),.6 H,0, 300 NHNO,, 100 K ,H-
PO,, 100 K,SO,, 400 KNO,, 2 MnCl,.4
H,0, 6 HBO,, 0.5 ZnSO,4 HO, 0.15

CuSO,.5 H,O, 0.1 Na,MoO,2 H,O, 10
FeCl,.6 H,0, and 10 Na,EDTA. The initial
period of seedling growth in complete nutri-
ent solutions (at pH= 4.3) prevented major
interferences associated with the inductive
mechanisms of root uptake and allowed the
minimization of different germination vig-
our of the seeds of the different wheat geno-
types. After two days, the plants were trans-
ferred to treatment solutions containing (in
uM) 2900 NO,, 300 NH,*, 1000 Ca*, 300
Mg*, 100. 65 SO,* and the micronutrients
(34 CI, 20.20 Na*, 10 Fe*, 6 BO,*, 2 Mn*,
0.50 Zn*", 0.15 Cu*", and 0.10 MoO,*). Iron
was introduced in treatment solutions by
adding the proper volume of a Fe stock con-
taining 200 mM FeCl,.6 H,O and 200 mM
Na,EDTA. Potassium was not included in
order to avoid amelioration of toxic effects
by reducing excess Fe uptake and by allevi-
ating physiological injuries (Cakmak, 2005).
Phosphorus was also omitted to prevent pre-
cipitation of iron phosphates in treatment
solutions. All treatment solutions were con-
tinuously aerated and maintained at pH 4.1
+ 0.2. About 33 ml of solution was available
per plant and renewal of the total volume of
nutrient solutions was done, so that variation
of ionic conductivity was less than 10 %. So-
lutions pH, conductivity (mS), and total dis-
solved solids (TDS, equivalent to ppm KCI)
were measured twice to four times per day
with a Cyberscan PC300 potentiometer.

Temperature of air and water bath was
controlled at 23 + 3°C, while air relative hu-
midity was kept low at 50 to 60 %. The ir-
radiance at leaf level was 150 uM m? s and
was provided by fluorescent Phillips lamps
TL 40w/54 for 16 hours per day.

For the evaluation of iron tolerance, the
length of the longest primary root of each
plant was measured with accuracy of 0.5 mm
at the end of two days in complete nutrient
solution (initial value) and at the end of the
treatment period (final value). The relative
root increment (RRI) was calculated as the
ratio between the absolute increment of root
length after Fe treatment (n= 28) and the aver-
age increment of root length of control plants
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Figure 1 - Mean root growth of six wheat cultivars expressed by root length, in mm. The seedlings were
grown in a complete nutrient solution for two days and than transferred to iron excess in the root media.
The measurements were made successively on the second, fifth, seventh, and tenth days of a preliminary
experiment. The arrow indicates the beginning of treatment with nutrient solutions containing 10 (control),

400, 600 or 1000 UM of soluble iron, and the bars represent mean standard error (total number of plants for

each point n=18).

of each wheat accession (with total number of
control plants n= 14), expressed as percent-
age. The relative elongation rate of the pri-
mary root (RER) of seedlings of each acces-
sion was also calculated for both modalities,
control and excess iron, during the period of
treatment, expressed as mm mm-' day'.

The screening was performed with two
factors, accessions and Fe treatments, and
seven blocks. Each block consisted of three
randomized vessels with treatment solutions,
including one control (10 uM Fe) and two
containing 600 uM Fe. Each vessel included
two plants of the selected accessions.

Analysis of variance and definition of ho-
mogenous statistical groups with least signifi-
cance difference at P =95 % (a < 0.05), were
performed to compare the wheat accessions
using the STATGRAPHICS program.

RESULTS

Sixty traditional wheat landraces have
been screened for their tolerance to the ex-

cess of iron in root media. The root relative
increment (RRI) was found to be statistically
significant criterion to measure the iron tox-
icity by the inhibition of root elongation of
wheat seedlings under iron stress (Table 1).
In a previous experiment performed with
six wheat accessions, three days treatment
with 1000 uM provoked about 50% reduc-
tion of mean root elongation of five days old
seedlings. And the treatment with 600 pM Fe
induced about 50% reduction of mean root
elongation of seven (to ten) days old seed-
lings, during five (to eight) days of treatment
(Figure 1). However, the different acces-
sions showed more differential behaviour in
the 600 uM Fe relative to 1000 pM Fe. The
exposure to 600 uM Fe for five days treat-
ment was identified as optimal conditions to
better discriminate Fe resistance among the
Madeiran landraces, because after that the
rate elongation of plant roots decreased (Fi-
gure 1). The duration of the experiment was
short and it was easy to perform. For longer
periods of treatment with older plants, the
nutrient solutions evidenced more quickly
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Figure 2 — Mean root and shoot fresh biomass produced by seedlings after ten days of a previous experiment
(see legend of Figure 1). Values of root to shoot ratio are presented inside brackets for each iron treatment.

changes in pH and conductivity, so they had
to be substituted more often. The results for
root length, absolute root elongation and
root increment relative to the correspondent
control (RRI) after five days treatment with
600 uM Fe were statistically different among
accessions. To compare distinct accessions
exhibiting different germination vigour in
the period considered, the percentage of RRI
showed to be a parameter more independent
than the others.

The root biomass accumulation was af-
fected by Fe stress, but lesser than the root
elongation. The shoot biomass accumulation
showed inconsistent trends, so, the root to
shoot ratio significantly decreased after eight
days under Fe stress in comparison with con-
trol plants (Figure 2).

Some of the young wheat plants suffered
to some extent from H" toxicity (at pH 4.1 +
0.2), which possibly affected the root growth.
In few plants, the apical two mm of some of
the thin and weak roots were white vitreous
and lost their positive geotropism, or became
dark and necrotic.

The distribution of individual values of
RRI from wheat plants (n= 28) of four lan-

draces are shown in Figure 3 to illustrate
the genotypic differences in response to Fe
excess present in solution, under the experi-
mental conditions.

The ISOP 0245 appeared to be the most
Fe tolerant accession. Four individuals from
this landrace showed more than 96.6 % RRI
and 33% exceeded 83.3 % RRI (Figure 3a).
Sampled individual plants showed normal-
like distribution in the variability of their re-
sponse to Fe stress, which is consistent with
the population landrace adaptation to this
limiting factor. Inside all wheat landraces
there were significant differences among
individuals. Particularly pronounced was the
variability found in the ISOP 0082 (Figure
3b): three individual plants had values that
were higher than 96.6% RRI, twenty-four
plants belonged to four continuous classes of
RRI between 43.3 and 83.3 % RRI, and only
one plant exhibited 12.4 % RRI; but this ac-
cession showed globally good tolerance to
Fe excess (62.6 % mean RRI in Table 1). The
normal-like distribution is disrupted in ISOP
0118 and skewed towards lower RRI values
and over half of individuals ranked below
43.3% (Figure 3c). While the ISOP 0101 did
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Table 1 - Mean relative root increment (RRI, as percentage of control) of wheat seedlings exposed to 600
uM of soluble iron for five days. Sixty wheat landraces from the Madeira Archipelago (designated by ISOP’s
number and cultivar common name), four cultivars from the region of Alentejo (Portugal), and one inbreed
line from Brazil are ranked according to the increasing order of RRI values and assigned to statistical

homogenous groups (n=28; P=0.95).

Wheat RRI Wheat RRI
Trigo Amazonas 265 a (cont.)
0101 T. da Mata 30.9 ab 0239 T. Branco do Cabo 574 m-u
0107 T. Vermelho 35.8 bc 0103 T. Cana Roxa 579 m-v
Trigo Castico 369 ¢ Trigo Anza 58.0 m-v
0248 T. Barbudo 40.0 ¢ 0117 T. Rapado 584 n-v
IAS inbreed 41.0 cd 0108 T. Arroz 58.5 n-v
0118 T. Rapado 46.2 de Trigo Sorraia 58.8 o-v
0278 T. Leacock 471 ef 0099 T. Russo 58.9 o-v
0076 T. Serra 47.2 ef 0083 T. Barbela 59.1 o-v
0111 T. Galhoto 47.6 efg 0183 T. Vermelho 59.4 p-v
0241 T. Novo 48.5 e-h 0087 T. Leacock 60.8 q-w
0246 T. Mais Largo em Cima 49.9 e-i 0106 T. Preto 61.1 r-w
0122 T. Rocha 50.3 e-j 0238 T. do Cedo 61.8 s-x
0079 T. Cabeiro 50.7 e-k 0084 T. Pardo 61.9 s-x
0104 T. Galhoto 514 ek 0054 T. Branco 62.3 r-y
0093 T. Canalha 51.5 e-m 0115 T. Rapadinho 62.5 t-x
0211 T. Serra 52.0 e-m 0082 T.Vermelho 62.6 t-x
0073 T. Galhoto 528 f-o 0263 T. Amarelo 63.3 u-x
0119 T. Raposinho 534 gp 0080 T. Preto 63.4 u-x
0097 T. sem Preganas 53.8 h-q 0100 T. Mouro 63.5 u-x
0072 T. Branco 54.0 i-n 0208 T. Rapado 65.3 v-y
0112 T. Douradinho 54.8 i-q 0105 T. Branco 66.2 w-y
0110 T. Rapado 551  i-r 0240 T. Branco Ribeirinha 66.4 w-y
0094 T. Douradinho 55.6 i-s 0077 T. Vermelho 67.3 xyz
0113 T. do Porto Santo 55.7 i-s 0085 T. Leacock 67.4 xyz
0116 T. Rapado 55.7 i-s 0242 T. de Trés Meses 67.6 xyz
0181 T. Raposo 56.0 j-s 0098 T. Peladinho 70.9 yzp
0092 T. Branco 56.1 j-t 0109 T. Branco 72.6 zBa
0074 T. Rapado 56.2 j-t 0078 T. Leacock 73.2  zBo
0243 T. Cana Roxa 56.5 k-t 0244 T. Marquis 738  Ba
0120 T. Raposo 56.6 k-u 0121 T. Vermelho 74.8 PBa
0102 T. Branco 572 l-u 0089 T. Rapado 754  Ba
0096 T. Preto 573 l-u 0245 T.Branco (S. Amparo) 78.0 o

exhibit the highest susceptibility to excess of
iron in the growing media with all individuals
clustered in two classes comprising the RRI
values lower than 43.3% (Figure 3d).

Figure 4a shows the distribution of indi-
vidual values of root absolute elongation
(mm) of all landraces (n= 1820) during five
days of treatment with 600 uM Fe. These val-
ues ranged from 3 to 102 mm, within eleven

statistical classes of 10 mm intervals. Only
4.9% of the individuals showed root elonga-
tion shorter than 20 mm and about 53% have
grown more than 40 mm under Fe stress
(Figure 4a). Besides the genotypic toler-
ance to Fe excess, this parameter depends on
the seed germination vigour of the different
genotypes and particularly of the duration of
experiment. The frequency of individual RRI
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(%) distributed among eleven discrete class-
es, expressed as number and as percentage of
total (in brackets), is presented in Figure 4b.
The RRI criterion reflects the roots response
to Fe stress and in comparison with absolute
root elongation is less dependent on the rate
of root potential growth without stress (and
on the experiment duration), and allowed
different wheat genotypes comparisons. It
revealed that over half of wheat individu-
als sampled from the accessions of Madeira
exceeded 50% RRI and allowed very large
range from 3.6% to 141.9% RRI (respec-
tively, from one plant from ISOP 0112 and
another one from ISOP 0077). Additionally,
ten extremely tolerant individuals (RRI over
110%) and nine sensitive ones (RRI less than
16.6%) have been identified (Figure 4b).

Table 1 presents all wheat samples tested
(the Madeiran landraces, the Portuguese cul-
tivars and one Brazilian inbreed line) ranked
by to the increasing order of the mean RRI.
The majority of accessions exhibited RRI be-
tween 50 and 70% RRI suggesting an inter-
mediate tolerance to Fe excess of the wheat
germplasm from Madeira.

For instance, with the common designa-
tion of Trigo Vermelho (Red Wheat), we
identified five ISOPs including 0107, 0183,
0082, 0077, and 0121 were characterized
by different RRI of 35.8%, 59.4%, 62.6%,
67.3% and 74.8% respectively. From these
landraces, the ISOP 0121 (Table 1) was the
most tolerant among them, revealed by the
highest mean relative root increment. The
ISOP 0082 (Table 1 and Figure 3b) was
not significantly different from the ISOPs
0077 and 0183, as all three exhibited inter-
mediate tolerance. But statistical significant
difference was found between the last two
landraces. The ISOP 107 was the Red Wheat
statistically most susceptible to Fe toxicity
(Table 1).

Among the seven wheat landraces com-
monly designated as Trigo Rapado (Table 1),
the ISOP 0208 was significantly superior to
the ISOPs 0074, 0110, 0116, and ISOP 0118
(Figure 3c; and with 46.2% RRI, in Table 1),
while statistically the most Fe-tolerant Trigo

Rapado was the ISOP 0089 (75.4% RRI).
The seven accessions with RRI exceeding
70 % might be considered as the most Fe-
tolerant, and ISOP 0245 (Trigo Branco do
Sitio do Amparo; Figure 3a) was significant-
ly more Fe-tolerant than ISOP 0098 (Trigo
Peladinho) as revealed by the RRI indicator.

DISCUSSION

The Fe*'-toxicity syndrome rises together
with plant nutritional disorders, which are
usual in acid soils (Marschner, 1991), particu-
larly toxicities of Al and Mn, and deficiencies
of P, Ca, Mg, Zn, and SiO,. So, the symp-
toms alone are difficult to identify in many
plant species. In field conditions, the soybean
plantlets developed precociously an overall
impaired physiology in very wet, acid and
Fe*'-toxic soils, but the visible shoot symp-
toms of toxicity disappeared completely when
the soils were well aerated (Bataglia and Mas-
carenhas, 1981). In the fields, the expression
of Fe?*-toxicity symptoms required the uptake
by roots and its acropetal translocation via
xylem flow into the leaves (Becker and Asch,
2005). Frequently, these include accumulation
of iron in necrotic spots on fully developed
leaves and leaf bronzing of rice (De Varennes,
2003; Eco-SSL, 2003).

Many authors screen metal tolerance by
the root response to metal excess in hydro-
ponics (Camargo et al., 1995). In this work,
the selection of iron concentration to root
media was supported by the observation of
morphological features in the preliminary
experiments, besides the preliminary results
stated. The iron stress led to diminished up-
take of water and nutrients (data not shown).
After ten days of growth in control medium
(with 10 uM Fe added), the healthy and
vigorous plants had bright green leaves and
the roots were long, firm, white coloured
and exhibited abundant secondary ramifica-
tion. The vigorous plants grown with 400
puM Fe in root media had slightly chlorotic
leaves and shorter primary and secondary
roots. The 600 uM Fe treatment was more
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Figure 3 - Histograms of relative root increment (RRI, as percentage of control) of four Madeiran wheat
cultivars (a) 0245 Trigo Branco do Sitio do Amparo, (b) 0082 Trigo Vermelho, (¢) 0118 Trigo Rapado, and
(d) 0101 Trigo da Mata, with the frequency values (total number of plants n= 28 for each landrace) distributed
by statistically defined intervals. In each interval of values considered the lower limit is excluded, while the
upper limit is included. Plants were grown for five days in nutrient solution containing 600 uM of soluble

iron.

debilitating to wheat plants, which showed
speckled yellowish green leaves with rare
necrotic tips and, generally, white to orange
coloured, shorter and feeble roots, that occa-
sionally get broken easily. Under 1000 and,
especially 2000 uM Fe treatments, the leaves
had intense intervein chlorosis, resembling
light greenish yellow marbling, numerous
plants showed apical necrosis and some ex-
hibited dehydration symptoms. The roots
were remarkably shorter and had orange
coloured apices. According, other authors

(Eco-SSL, 2003) also referred that the root
apices showed intense orange coloured sur-
faces, possibly due to Fe?" oxidation to Fe*
promoted by the rice roots.

All accessions showed lower RER (as
mm mm™ day') in the Fe excess treatment
compared to the control, but the genotype
discrimination by this criteria was poor (data
not shown). During the five days treatment
with 10 and 600 uM Fe the mean values
of RER of all tested accessions were 0.342
(ranging from 0.079 to 1.340) and 0.188
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Figure 4 - Distribution of (a) root absolute increment (in mm) and (b) relative root increment (RRI, as
percentage of control) of sixty-five wheat genotypes, by statistically defined intervals. Plants (n= 1820) were
grown during five days in nutrient solution containing 600 pM of soluble iron. Values of frequency percentage

are presented in brackets for each column.

(0.020-0.673), respectively. Drastic reduc-
tion of RER was observed in response to Fe
treatment in the most Fe-susceptible ISOP
0101 (0.235 to 0.084) while only slight de-
crease in RER (0.219 to 0.174) was recorded
in the most Fe-tolerant ISOP 0245. However,
in a two weeks experiment with wetland
plant species, Snowden and Wheeler (1993)
found negative correlations between the tol-
erance to iron stress (expressed as RGR, as
g g' day') and few other variables as: the
relative growth rates in control nutrient so-
lutions, the soil fertility and the extractable
phosphorus concentrations of original sites

of plant collection. In that short experiment,
the root fresh biomass of young wheat plants
from control was statistically the highest
compared with that from all other treatments
undistinguished among accessions, which in-
dicated that the Fe toxicity affected mainly
the roots. The shoot biomass from control
plants tended to be lower than that from the
plants submitted to excess Fe in root media
(Snowden and Wheeler, 1993). Iron is a re-
quired nutrient for plant normal growth and
the ferric iron supplied to nutrient solutions
could be efficiently uptaken by roots using
ferroxidases or phytosiderophores (Guerinot
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and Yi, 1994), and than transported to shoots
and transformed into bioactive molecules or
become stored, within a well regulated iron
metabolism of Graminaceous plants. In ac-
cordance with these authors, apparently
Fe accumulation have occurred at the root
surface and a putative surplus of Fe uptake
could have induced locally oxidative stress,
which affected the root growth. And, possi-
bly the allocation of seed reserves and of de
novo biosynthesized molecules priority into
shoots might be involved in the inconsist-
ent trend of increased shoot growth of wheat
plants submitted to Fe excess treatments for
a few days (Figure 2).

Curiously, among the most Fe-suscepti-
ble wheat genotypes (with RRI lower than
43.3%) we found the ISOP 107 and the Bra-
zilian inbreed IAS-, which were found very
Al-tolerant (Domingues et al., 2006). Under
acid soil conditions containing high amounts
of iron and aluminium soluble compounds,
these genotypes would suffer from Fe?* tox-
icity, during the rainy season, but this ag-
ronomic constrain could be overcome with
good soil drainage. Particularly in iron-rich
soils and rainfed conditions of extensive
crops, probably, plants of Fe-susceptible
genotypes would have shallow roots, im-
paired water and nutrient uptake, and yield
reduction.

The RRI biotest is a non-destructive,
macro-visual method that might be used
with large number of accessions. As for alu-
minium screening (Domingues et al., 2006),
it provides fast, reproducible, and inexpen-
sive results, and consents the best discrimi-
nation among precise mean values of many
genotypes, since the controlled experimental
conditions were maintained. However, the ag-
ronomic value of potentially interesting mate-
rial needs be confirmed under field conditions
containing toxic levels of the metal.

Wheat germplasm from Madeira seems to
be well adapted to the prevalent high levels
of aluminium and/ or iron present in the acid
and very acid soils (Gananga et al., 2007).
The results obtained in this work indicate that
at least the most tolerant seven accessions

could be used as a source of Fe tolerance
in wheat breeding programs to tropical and
subtropical regions with Fe-toxic soils. ISOP
098 (Trigo Peladinho) collected in a field
with the soil pH 4.3 was found to be Al-toler-
ant in a previous experiment (Domingues et
al., 2006). Also, Camargo and collaborators
(1995) found tolerance to different metals
(Al, Mn, and Fe), alone or combined, in 7riti-
cum species. The ISOP 098 could be includ-
ed in the plant breeding of new wheat cul-
tivars for regions suffering from phytotoxic
levels of Al and Fe in acid soils. The most
promising plants of wheat accessions after
submitted to Fe excess screening could be
transplanted and grown to maturity for grain.
The descendents originated by the self-pol-
linated Fe-tolerant individuals would inherit
the particular character of maintaining roots
increment under Fe toxic conditions. Finally,
further cereal breeding programs must be im-
plemented by the crosses of this potentially
Al- and Fe-tolerant germplasm with other
most desirable inbreeds, exactly in the prop-
er agricultural environment, during several
years, to select new high yield cultivars im-
proved for the locally prevalent abiotic and
biological constraints (Foy, 1993).

CONCLUSIONS

The assessment of the mean relative root
increment (RRI) of wheat seedlings exposed
to 600 uM Fe for five days allowed a good
evaluation of the degree of Fe tolerance and
good discrimination among landraces from
the Archipelago of Madeira. Fifty-three per-
cent of all individuals tested exceeded 40
mm of root elongation under experimental
conditions, but remarkable heterogeneity for
Fe tolerance was found inside some wheat
landraces of Madeira.

The seven ISOPs 0078, 0089, 0098, 0109,
0121, 0244, and 0245 were the most Fe-tol-
erant and were characterized by more than 70
% of mean RRI (Table 1). They correspond
to about 12 % of the landraces studied, while
85 % of all ISOPs showed more than 50 % of
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mean RR, which indicates there was found
good tolerance to Fe excess in root media in
the majority of wheat germplasm collected
on the Island. The ISOP 098 should be con-
sidered for development of new cultivars for
regions suffering from phytotoxic levels of
Al and Fe in acid soils.

This work constitutes a first evaluation of
iron tolerance from wheat landraces in Por-
tugal, and it should proceed by confirming
the superior performance of the Madeiran
wheat landraces in field trials with iron
enriched soils. Also, research is needed to
identify the physiological and genetic basis
of this trait in wheat. This screening indi-
cates that some landraces are Fe tolerant and
might be of particular interest for cultivation
under acid rich iron soils of tropical and sub-
tropical regions.
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