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Ab stract

Alu mi num (Al) re sis tance of 57 Madeiran wheat cultivars was
eval u ated us ing callose con tent in root tips and root elon ga tion
as mark ers. Al in duced callose for ma tion was a very sen si tive
in di ca tor of Al dam age de tect ing wide range of genotypic dif -
fer ences ex ist ing in the Madeiran wheat germplasm. A weak,
yet pos i tive cor re la tion (R2=0.285, P<0.05) be tween callose
con tent and root elon ga tion was found.

In tro duc tion

Tox ic ity of alu mi num (Al) is con sid ered to be a
ma jor growth and yield lim it ing fac tor on min eral
soils with pHs be low 5.0 (Anioł 1990, Foy 1992).
Soil acid ity is a se vere ag ri cul tural prob lem af fect -
ing about 40 % of the world’s ar a ble land (Haug
1984), in clud ing north-cen tral part of con ti nen tal
Por tu gal. Un der acidic con di tions, monomeric alu -
mi num spe cies are re leased to soil so lu tion from
soil min er als and from polycationic, non-toxic alu -
mi num com plexes that ex ist at neu tral pH. Once in

soil so lu tion, sol u ble alu mi num ions can be taken
up by roots and con se quently ad versely af fect plant
growth. The first ob serv able symp tom of alu mi -
num tox ic ity is re duc tion of root growth (Foy
1992). The abil ity of roots to con tinue elon ga tion in 
the pres ence of Al ions in nu tri ent so lu tion is of ten
used to eval u ate alu mi num re sis tance of crops (Foy
1992). Us ing root elon ga tion tests fa cil i tated by the
erio chrome cyanine stain ing method, we have re -
cently found that sev eral old wheat cultivars from
the At lan tic Is land of Ma deira ex hib ited en han ced
re sis tance to Al com pared to a cultivar com monly
used as a stan dard for Al re sis tance (Pinheiro de
Car valho et al. 2003). The his tory of wheat cul ti va -
tion on the Is land of Ma deira be gan in the fif teenth
cen tury, when the first va ri et ies were in tro duced
from the Por tu guese main land fol lowed by ma jor
in tro duc tions of wheat from the Ca nary Is lands,
Azores, North Af rica and South ern and North ern
Eu rope (Pinheiro de Carvalho et al. 2003).
Cultivars adapted to acid soils pre dom i nant on the
is land were re tained by farm ers for cul ti va tion. For
de cades, lo cal farm ers who op er ated on small plots, 
of ten lo cated in re mote and iso lated moun tain val -
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leys have been us ing their own stocks of wheat
seeds that were ap par ently in tro duced to the is land
cen tu ries ago. Re cently, we were able to col lect and
to pre serve Madeiran wheat germplasm from ex -
tinc tion due to low prof it abil ity of tra di tional farm -
ing meth ods. These cultivars could even tu ally
serve as do nors of genes con trol ling Al resistance
in breeding programs around the world provided
that their superior resistance is convincingly
validated using sensitive, widely accepted
screening me th ods.

In re cent years, Al-in duced callose de po si tion in
root api cal meristems has been pro posed as a rapid
phys i o log i cal marker for the as sess ment of Al tox -
ic ity even be fore in hi bi tion of root elon ga tion
could be mea sured (Wissemeier et al. 1987, Zhang
et al. 1994, Wissemeier and Horst 1995). It has
been dem on strated that this sen si tive tech nique al -
lows for mea sure ment of Al-trig gered in hi bi tion of
maize root growth as early as 30-90 min utes af ter
ex po sure of plants to Al in nu tri ent so lu tion
(Llugany et al. 1994). Callose for ma tion has been
suc cess fully used as an in di ca tor of genotypic dif -
fer ences in re sponse to Al in nu tri ent so lu tion in
wheat and maize cultivars (Ślaski et al. 1996, Horst
et al. 1997).

This com mu ni ca tion pres ents our ef forts to wards
the eval u a tion of the Madeiran wheat germplasm
for Al re sis tance us ing callose for ma tion and root
elon ga tion as pa ram e ters of Al injury.

Ma te rial and Meth ods

Ex per i ments were car ried out us ing 57 Madeiran
wheat cultivars ob tained from the ISOPlexis
Germplasm Bank at the Uni ver sity of Ma deira,
Funchal (http://www.uma.pt/Investigacao/Ccbg/
/swebs/germoplasma/in dex.html). Two cultivars,
Maringa (from Brazil) and Katepwa (from Can ada) 
were used as stan dards for Al re sis tance and sen si -
tiv ity, re spec tively. Seeds were sur face ster il ized in
5 % so dium hypochlorite and ger mi nated over night 
at 25 °C. Three sets of twenty sprouted seeds of
each ge no type were placed on a raft float ing on a
sur face of aer ated nu tri ent so lu tion con tain ing (in
µM) 2900 NO3, 200 NH4, 100 PO4, 800 K, 1000
Ca, 300 Mg, 101, SO4, 34 Cl, 60 Na, 10 Fe, 6 B, 2
Mn, 0.15 Cu, 0.5 Zn, 0.1 Mo and 10 EDTA (Ślaski

et al. 1996) and grown for 4 days in a growth cham -
ber at 23 °C. For Al ex po sure, seed lings were trans -
ferred to fresh nu tri ent so lu tion con tain ing (in µM)
2900 NO3

-, 300 NH4
+, 1000 Ca2+, and 300 Mg2+,

with 100 or 200 µM Al sup ple mented in form of
AlCl3 x 6H2O for 72 h. Alu minium ac tiv i ties in nu -
tri ent so lu tion were cal cu lated us ing the pro gram
GEOCHEM-PC ver sion 2.0. Speciation anal y sis
pre dicted that the free ac tiv ity of Al3+ was 1.59 ×
10-5 M and 1.58 × 10-5 M for the 100 and 200 µM
treat ment so lu tion, re spec tively. The two so lu tions
dif fer dra mat i cally in the amounts of pre cip i tated
hydroxyl form of Al: 6.47 × 10-5 mol·L-1 and 1.65 ×
10-4 mol·L-1 for 100 and 200 µM so lu tion, re spec -
tively (Pinheiro de Carvalho et al. 2003). Alu -
minium so lu tion was re placed daily to min i mize
pH fluc tu a tion and Al de ple tion. In all treat ments,
the pH of nu tri ent so lu tions was mea sured ev ery 12
h and ad justed to 4.3 with 0.1 N HCl, if nec es sary.
The length of the lon gest root of each seed ling from 
one of the three seed sets was mea sured af ter 0, 24,
48, and 72 h of Al treat ment. The in crease in length
of roots dur ing 72 h was used to rank the Madeiran
wheat cultivars to en sure full ex pres sion of geno -
typical dif fer ences in re sponse to Al ex po sure.

1,3-β-D-glucan (callose) con tent was mea sured af -
ter 24 h ex po sure to Al us ing the method de scribed
by Zhang et al. (1994). Thirty freshly ex cised root
tips (5 mm long) orig i nated from 20 seed lings taken 
from the re main ing two seed sets were placed in
micro cen tri fuge tubes con tain ing 95 % eth a nol for
at least 1 h. The al co hol was sub se quently de canted
and 200 µl of 1 M NaOH was added to the tubes.
The root tis sue was ground in tubes for 20 s us ing a
Tef lon pes tle mounted to an elec tric drill. To avoid
cross con tam i na tion, the pes tle was rinsed with 800
µl of 1 M NaOH af ter each grind ing. Sam ples were
placed in a wa ter bath at 80 °C for 15 min to
solubilize callose and cen tri fuged at 15 000 g for 4
min. The supernatant (400 µl) was in cu bated with
800 µl 0.1 % an i line blue, 420 µl 1 M HCl, and 1180 
µl glycine-NaOH buffer (pH 9.5) for 20 min at 50
°C and for 30 min at room tem per a ture. Callose
con tent was es ti mated us ing an Aminco-Bow man
spectro fluorometer with ex ci ta tion at 398 nm and
emis sion at 495 nm. Pachyman (Calbiochem, La
Jolla, CA, USA) was used as an ex ter nal stan dard
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and callose con tent was ex pressed as mg Pachyman 
equiv a lent (PE) per g root fresh weight.

All ex per i ments were run in two du pli cates for
each ex per i men tal vari ant. Ex per i men tal re sults
rep re sent the mean val ues of these du pli cates. The
ex per i men tal stan dard de vi a tion of per formed
mea sure ments was lower than 15 %. Data were
ana lysed us ing SAS sys tem for Win dows ver sion
8.0 (SAS In sti tute Cary, NC) soft ware. A one way
anal y sis of vari ance (ANOVA) with mean sep a ra -
tion by the Fisher’s Least Sig nif i cant Dif fer ence
(LSD) was per formed to study the dif fer ences be -
tween cultivars ex posed to Al. Pearson cor re la tion
be tween root elon ga tion and callose con tent at 100
and 200 µM was de ter mined, as well as their sta tis -
ti cal sig nif i cance. Cor re la tions were con sid ered si -
g nif i cant at P val ues be low 0.05. The sta tis ti cal
anal y ses and data treat ment were pre formed us ing
soft ware pro gram Ex cel and SPSS 10.0 for Win -
dows.

Re sults and Dis cus sion

In duc tion of callose for ma tion in root tips trig gered 
by Al var ied among the Madeiran wheat ge no types. 
Callose con tent in the Al treated roots ranged from
0.4 to 4.8 mg Pachyman equiv a lent per g fresh
weight in re sis tant and sen si tive ge no types, re spec -
tively (Fig. 1). Eight out of 57 ge no types tested at
100 µM Al and 2 ge no types tested at 200 µM Al
formed less callose than cv. Maringa, a rec og nized
stan dard for Al re sis tance. On the other hand, only
6 ge no types ex posed to 200 µM Al ac cu mu lated
more callose than the Al-sen si tive stan dard cv.
Katepwa. These re sults may in di cate that the
Madeiran germplasm could be a valu able source of
genes con trol ling Al re sis tance in wheat. In gen -
eral, the amounts of callose de po si tion at 100 µM
Al were cor re lated (R2= 0.433, P<0.05) with those
found at 200 µM Al (Fig. 1, in set). A de tailed anal y -
sis of callose con tent in root tips of the Madeiran
wheat germplasm re vealed an in ter est ing dif fer -
ence in re sponse to Al treat ment with 100 and 200
µM Al. As ex pected, the ge no types clas si fied as
Al-re sis tant (low callose con tent) at 100 µM Al
formed more callose when ex posed to 200 µM Al.
Such find ings have been re ported pre vi ously
(Llugany et al. 1994, Ślaski et al. 1996, Horst et al.

1997). An op po site trend, how ever, was ob served
among Al-sen si tive ge no types where less callose
was de pos ited in roots treated with 200 µM than
100 µM Al (Fig. 1). We could spec u late that this
phe nom e non might sug gest a com plex ity in mech a -
nisms con trol ling Al re sis tance in wheat. Based on
stud ies us ing ditelosomic lines of wheat, Anioł
(1990) con cluded that sev eral ma jor genes, mi nor
mod i fy ing genes and genes con trol ling sup pres sion 
of Al re sis tance can be iden ti fied in hexaploid
wheat. He also sug gested that ex pres sion of some
genes from the D ge nome could be trig gered only
by higher Al con cen tra tions in the me dium. Fur ther 
stud ies of the Madeiran wheat germplasm are cur -
rently un der way to ver ify this hy poth e sis. In pre vi -
ous stud ies, we eval u ated sev eral Madeiran wheat
ge no types for Al re sis tance us ing the eriochrome
cyanine test (Pinheiro de Carvalho et al. 2003). We
were able to iden tify two ma jor types of re sponse to 
Al stress, as ge no types were ei ther Al-re sis tant or
Al-sen si tive both at 100 and 200 µM Al, while only
very few ge no types were clas si fied as in ter me di ate. 
Us ing the callose test as a marker of Al re sis tance
no dis tinct type of re sponse could be iden ti fied but
a grad ual tran si tion from very re sis tant to ex -
tremely sen si tive ge no types was ob served (Fig. 1).
Again, this may in di cate that the callose test was
more sen si tive that the eriochrome cyanine one and
thus in the pres ent study we man aged to doc u ment a 
whole spec trum of re sponses of the Madeiran
germplasm to Al treat ment. In ter est ingly, the
callose test has iden ti fied ISOP 0076 line as the
most Al-re sis tant ge no type, while this line ranked
only as the 5th most re sis tant ac cord ing to the
eriochrome cyanine test. Callose de po si tion in root
api ces of the Madeiran wheats cor re lated with the
Al in duced in hi bi t ion of root elon ga tion
(R2=0.285, P<0.05) (Fig. 2, in set). The pat tern of
re sponse to lower and higher Al con cen tra tions
among the sen si tive and the re sis tant ge no types re -
sem bled that ob served in callose de po si tion. Ge no -
types highly re sis tant to Al at con cen tra tion of 100
µM ap peared to be sub stan tially (over 50 %) more
sen si tive to Al at con cen tra tion of 200 µM while the 
ge no types clas si fied as ex tremely Al-sen si tive at
100 µM Al ex hib ited slightly better per for mance at
200 µM Al (Fig. 2). In con clu sion, we found that Al
in duced callose de po si tion in root tips was a sen si -
tive and fast marker eval u at ing Al re sis tance in the
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Madeiran wheat germplasm. We were able to de tect 
very sen si tive ge no types as early as af ter 6 h of ex -
po sure to Al (data not shown). The callose test ap -
peared to be su pe rior to the elon ga tion test since it
al lowed us to over come the high genotypical vari -
abil ity fre quently af fect ing the re li abil ity of mea -
sure ments of root elon ga tion at the seed ling stage.
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