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Five different cDNAs (termed walil to wali.5 for wheat Auminum 
induced) whose expression was induced by AI stress have been 
isolated from the root tips of AI-treated wheat (Triticum aestivum 
L.) plants. Four of these genes were induced 24 to 96 h after AI 
treatment, and their expression is reduced when the AI is removed. 
Each of these four genes was induced by inhibitory levels of AI in 
two wheat cultivars-Warigal, an AI-sensitive cultivar, and Waalt, 
an AI-tolerant cultivar. lhe fifth gene (wali2) showed a complex 
bimodal pattern of induction and was induced by AI only in the 
sensitive cultivar. Comparison of the nucleotide sequences of these 
clones to those in the sequence data bases showed that walirl is 
homologous to phenylalanine ammonia-lyase and walil is homol- 
ogous to a group of plant proteins that are cysteine-rich and have 
homology to metallothioneins. wali2 encodes a nove1 protein with 
a repeating motif of cysteine amino acids. The remaining two wali 
clones (wali3 and walifi) encode related, cysteine-rich proteins that 
show no significant homology to any known sequences. 

A1 is the most abundant metal in the earth’s crust, com- 
prising approximately 7.5% by weight (Haug, 1984). In soils 
with a pH of 25, A1 is predominantly bound as insoluble 
oxides and complex aluminosilicates. However, as soil pH 
drops there is a release of ionic A13+ and a reduction in the 
availability of exchangeable cations such as Ca2+, Mg2+, and 
K+. Ionic A1 can be toxic to plants at micromolar concentra- 
tions (Kinraide and Parker, 1989). 

Low pH values (below 5) occur naturally in many volcanic 
and tropical soils. In addition, the amount of acidity intro- 
duced by fertilizers and “acid rain” has outstripped the buf- 
fering capacities of soils in many areas, leading to toxic levels 
of A1 (van Breemen, 1985). There is a need to improve 
agricultura1 output on these infertile soils and also to under- 
stand the causes of forest dieback on acid soils. This situation 
has spurred a large body of research into the mechanisms 
and physiology of A1 toxicity in plants and resulted in breed- 
ing programs aimed at producing Al-tolerant varieties (see 
reviews by Foy et al., 1978; Taylor, 1991). 

The phenotypic effect of A1 toxicity is an inhibition of root 
elongation and subsequent inhibition of plant growth (Clark- 
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son, 1965). However, in spite of the large amount of research 
on A1 toxicity, there is no consensus on the physiological 
mechanism(s) of A1 toxicity or tolerance in plants (Taylor, 
1991). Hypotheses on the target of A1 toxicity range from the 
root cap of the plant (Bennet et al., 1987), to the plasma 
membrane (Kochian et al., 1991), or to direct binding of A1 
to the plant’s DNA (Matsumoto et al., 1977). Moreover, little 
is known about the molecular response of plant roots to Al. 
Attempts have been made using two-dimensional gel electro- 
phoresis to identify proteins that are induced by A1 treatment 
in wheat (Triticum aestivum L.) roots (Delhaize et al., 1991; 
Picton et al., 1991; RincÓn and Gonzales, 1991). Severa1 
protein “spots” have been identified that are induced by Al, 
but none have been further characterized. Czarnecka et al. 
(1984) found that the expression of the soybean heat-shock 
clone pCE54 was increased in hypocotyls in response to A1 
as well as to Cd, Ni, and K. However, in these experiments 
A1 was added to the hypocotyls at pH 6.0. At this pH the 
leve1 of phytotoxic A1 would have been low, and the induc- 
tion may have been due to factors other than A1 toxicity. 

In this paper we report the isolation and characterization 
of five genes whose expression is induced in wheat root tips 
by treatment with Al. We monitor the changes in expression 
of these genes in response to A1 stress using two related 
wheat lines that differ by a single dominant gene for A1 
tolerance. 

MATERIALS AND METHODS 

Plant Material 

Wheat (Triticum aestivum L.) cultivars Warigal (A1 sensi- 
tive) and Waalt (A1 tolerant) were used in this study. Waalt 
is an Al-tolerant segregant derived from Warigal (Larkin, 
1987). The growth of Warigal roots is almost completely 
inhibited by 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPM Al, whereas this concentration of A1 does 
not inhibit Waalt root elongation significantly (Picton et al., 
1991). Waalt root growth is inhibited by 100 PM Al. 

Crowth Conditions 

Wheat seeds were surface sterilized in 1.5% hypochlorite 
for 10 min, then rinsed three times with sterile distilled water. 
The seeds were spread over stainless-steel grids (approxi- 
mately 100 seeds per grid), placed on damp filter paper in a 

Abbreviations: MLP, metallothionein-like protein; PAL, phenyl- 
alanine ammonia-lyase; pI, isoelectric point. 
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sealed container, and germinated in the dark in a controlled 
environment clhamber on a cycle of 16 h at 22OC, 8 h at 
18OC. After 48 h, the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgrids covered with the germinated seeds 
were placed over plastic pots containing 300 mL of Ruakura 
growth mediurn (0.1 m~ MgS04, 0.3 m~ KN03, 0.2 m~ 
NaCl, 0.15 mM NH4N03, 5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp~ FeC13, 5 PM NH4H2P04, 5 p~ 
HJBO~, 1 ph4 ZnSO4, 1 ph4 MnS04, 0.2 p~ cuso4,  0.2 PM 

CoCl2, 0.5 m~ Caso4, adjusted to pH 4.3 with HCl). This 
low-ionic strength medium approximates soil solution com- 
position (Edmeades et al., 1985). The seedlings were replaced 
in the same chamber maintained on a cycle of 16-h days (190 
rmol m-'s-' light, 65% RH, 22OC) and 8-h nights (18OC, 
85% RH). After 2 d the seeds were transferred to larger pots 
containing 1 L of medium, which was changed daily there- 
after. The growth medium was continuously aerated using 
an aquarium pump connected via plastic tubing to 22-gauge 
needles inserted into the sides of the pots. 

Experimental treatments were started approximately 7 d 
after germination. For AI treatments, aliquots of a 2 0 - m ~  
stock solution of A12(S04)3 were added to Ruakura medium 
to give final concentrations of 5 or 50 p~ A12(S04)3. These 
conditions will be referred to as the 10- and 1 0 0 - p ~  A1 
treatments, respectively. The seedlings remained in the A1 
medium for 0.5 to 96 h. To simulate recovery from Al, 
seedlings were grown in medium containing AI for 24 h; the 
roots were gently rinsed in Ruakura medium without Al, and 
they were grown for a further 4 to 96 h in AI-free medium. 
Cd treatments were camed out by adding Cd to the medium 
to a final concentration of 250 ~ L M  from a 2 5 0 - m ~  stock 
solution of CdCl,. Plants were then grown with Cd in the 
medium for a further zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 h. For heat-shock treatments, grids 
of seedlings were transferred to pots containing medium 
heated to 42OC. These plants were then grown for an addi- 
tional4 h while the medium was maintained at 42OC. 

To harvest samples, the seedlings were removed from the 
medium and gently blotted zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdry and root tips (3-5 mm from 
the apex) and leaf tissue were cut off and immediately frozen 
in liquid nitrogen. To reduce the effect of pot-to-pot variation 
in the time-course experiment (Fig. l), approximately 30 
seedlings were collected from each of three different pots for 
each time point. Tissue taken from seedlings in the other 
treatments were collected from one pot only. Tissue was 
stored at -8OOC until required for RNA isolation. 

, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

cDNA Library Construdion 

Total RNA was isolated from the root tips of wheat cv 
Warigal treated for 2 d with 10 PM A1 using a phenol/SDS 
method (Ausubel et al., 1987). Poly(A)+ RNA was isolated 
on an oligo(dT) cellulose column using an mRNA purification 
kit from Pharmacia. A cDNA library was constructed using 
a ZAP-cDNA synthesis kit from Stratagene in the vector X 
ZAPII. A second library was made in the pSPORT 1 vector 
using the Superscript Plasmid System from GIBCO BRL. 

lsolation of cDNA Clones 

The primary amplified X ZAPII library was screened by 
differential hybridization with cDNA probes synthesized 
from poly(A)+ RNA from control Warigal roots (no Al) and 

from Warigal roots treated for 2 d with 10 PM AI. The cDNA 
was 32P-labeled using a Random Primers DNA Labeling 
System from GIBCO BRL. Duplicate plaque lifts were per- 
formed on Colony/Plaque Screen membranes from DtiPont- 
New England Nuclear. The membranes were prehybridized 
at 65OC for 2 to 4 h in 1% SDS, 1 M NaCI, 10% dextran 
sulfate. Denatured salmon sperm DNA (100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApg mL-') and 
the denatured cDNA probes were then added, and the mem- 
branes were hybridized for 16 to 18 h at 65OC. The mem- 
branes were washed twice with 2x SSC at room temperature 
for 5 min, twice with 2X SSC, 1% SDS at 65OC for 31) min, 
then fmally with 0.1X SSC at room temperature for 20 min. 
Putative differential clones (150 from a screen of 55,000 
plaques) were rescreened using a large plaque assay (hleeks- 
Wagner et al., 1989). Clones that appeared differential after 
rescreening (43 of 150) were then replated at low density and 
again rescreened. Plasmids were rescued from candidate 
phage by superinfection with the R408 helper phage as 
recommended by Stratagene. Plasmid DNA was pnrified 
from the clones using standard procedures (Sambrook et al., 
1989), dot blotted onto Hybond-N+ membranes (j4mer- 
sham), and rescreened. A total of 11 clones were selected for 
further analysis. 

Northern Analysis 

Total RNA (10 pg) samples were denatured with glyoxal 
and DMSO and electrophoresed through sodium phosphate 
agarose gels as described by Sambrook et al. (1989), crxcept 
that sodium iodoacetate was omitted from the gel. After 
electrophoresis, the RNA was transferred to Hybond-N+ 
membranes (Amersham) by capillary transfer using 0.05 M 

NaOH as the transfer buffer. Probes were prepared from 
cDNA inserts isolated from agarose gels and labeled i I S  de- 
scribed above. Hybridizations were performed as described 
in Virca et al. (1990). The filters were washed twice with 2X 
SSC for 15 min and twice with 2 X  SSC, 0.1% SDS lor 20 
min at 85OC. Filters were stripped by immersion in boiling 
0.1% SDS and reprobed up to seven times. To estimate the 
relative loading of RNA in each lane of the blots, the mem- 
branes were also probed with the 1.2-kb Sal1 to BamHI 
fragment from the plasmid pTA250.2, containing a portion 
of the wheat 26s rRNA gene (Appels and Dvorák, 1982). 

DNA Sequencing 

Subclones were generated using standard techniques (Sam- 
brook et al., 1989) and random deletion subclones werle also 
made using the procedure of Lin et al. (1985). Plasmid DNA 
for sequencing was prepared using the Magic Minipreps DNA 
Purification System (Promega). DNA was sequenced by the 
dideoxynucleotide chain-termhation method (Sanger et al., 
1977) using an Applied Biosystems Catalyst robotic worksta- 
tion and 373A DNA sequencer. The computer prograins of 
Devereux et al. (1984), comprising the Genetics Computer 
Group (GCG) package version 7.1.1-Unix installed on a 
Silicon Graphics 4D-30 workstation, were used for the align- 
ment and analysis of sequence data and the searching of 
sequence data banks. 
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Aluminum-Induced Genes in Wheat Roots 857

RESULTS

Isolation of Al-lnduced Clones

A cDNA library was constructed in X ZAP II using mRNA
isolated from root tips of the Al-sensitive wheat cultivar
Warigal that had been grown in the presence of 10 /*M Al for
2 d. This library was differentially screened for clones whose
expression was increased or induced by Al treatment. A total
of 11 clones were selected for further characterization by
northern hybridization. Three of these proved to be false
positives and one was a complex clone; these were not
pursued further. The remaining seven clones all showed
induction by Al and were initially characterized by sequenc-
ing of their 5' and 3' ends. Five different genes were repre-
sented by the seven clones; two of the genes (wali2 and
wali3) were each represented by two highly homologous,
although not identical, clones. The initial sequencing and
northern analysis revealed that none of the clones isolated
were full length and that all contained multiple cloning
adaptors at their 5' ends. Hence, a new root tip cDNA library
from Al-treated Warigal plants was constructed in the vector
pSPORT 1. For each of the five induced genes, homologous
clones were isolated from the pSPORT library and the longest
representative of each was analyzed further. These clones
were named walil to waliS (for wheat aluminum induced).
Most of these clones appeared to be nearly full length (as
judged by comparison with the size of the induced mRNA in
the northern analyses), with the exception of wali4. Longer
*a>fl/i'4-like" clones that hybridized to the original X isolate
were identified, but these showed lower homology to the
original clone, and the shorter, more homologous clone was
chosen for sequencing. The sizes of the five wall clones are
summarized in Table I.

Al Induction of the cDNA Clones

Figure 1 shows transcript levels of the wall genes in the
root tips of Warigal plants treated for varying lengths of time
with Al. The comparison includes root tips from plants that
were treated with Al for 24 h and then allowed to recover in
medium without Al for varying lengths of time.

The expression of walil increased dramatically after 24 h
of Al treatment and continued to rise up to 96 h, when
treatments stopped (Fig. 1). During recovery from the Al
treatment (for up to 96 h), the expression of walil decreased
to nearly basal levels. The expression patterns of waliS and
waliS were similar to those of walil except that the expression

Table I. Characteristics of the wali clones

Sizes (in bp) of cDNA inserts are taken from the nucleotide
sequences [excluding poly(A) residues]. Sizes of mRNAs have been
estimated from northern hybridizations.

0 0.5 2 4 24 48 96 24 24 24
r4 r24r96

Clone Insert Size mRNA Size Homology

walil
wali 2
wali3
wali4
wali 5

558
1163
564
634
520

700
1300
700

2700
700

Cys-rich,

waliS
PAL
wali 3

metal-regulated proteins

walil

wali2

waliS

wali4

waliS

rRNA

Figure 1. Northern hybridizations showing a time course of wali
gene induction by Al. Lanes contained 10 /ig of total RNA extracted
from the roots of wheat seedlings that were either untreated (0),
treated with 10 MM Al for 0.5, 2, 4, 24, 48, or 96 h, or Al treated for
24 h, followed by recovery in Al-free media for 4 (r4), 24 (r24), or
96 h (r96). The membrane was successively hybridized with 32P-
labeled cDNA isolated from each of the wali clones and a 26S
wheat rRNA probe (from pTA250.2). The rRNA probe served to
estimate relative loadings of RNA in each lane.

of these two genes reached a maximum after 48 h of Al
treatment. wali4 had a lower level of induction, with the
maximum occurring after 24 h. In contrast to these four
genes, walil had a complex pattern of induction, with a
transient peak of expression after 0.5 h of Al treatment and
a second increase after 24 h. The expression of walil mRNA
did not return to pretreatment levels even after a recovery
period of 96 h. The time course patterns above, including the
bimodal induction of walil, were seen using RNA isolated
independently from two lots of plants grown on separate
occasions.

Specificity of the Al Response

A second series of northern hybridizations was performed
to determine whether higher levels of Al are required to
induce the wali genes in the more tolerant wheat cultivar,
Waalt (Fig. 2). In roots of the sensitive cultivar, Warigal, all
of the genes except walil showed increased expression levels
with increasing concentrations of Al. However, in Waalt,
expression of walil, -3, -4, and -5 was induced only at the
inhibitory concentration of Al (100 /J.M). A reduction in tran-
script abundance of these four genes was observed in Waalt
at the lower concentration of Al (10 HM); at this level of Al,
Waalt seedlings showed no reduction of root growth (Picton
et al., 1991). We do not know whether the reduction seen in
this experiment occurs consistently.

walil showed a different pattern of induction from the
other four genes. The level of expression of walil was in-
creased in Warigal after 2 d of treatment with 10 /tM Al, but
reduced after 2 d in 100 ^M Al. In addition, the expression of
walil was not significantly affected in Waalt at 10 HM Al
(in contrast to the reduction in expression found for the
other four wali clones) and was reduced at the higher Al
concentration.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lp

h
y
s
/a

rtic
le

/1
0
3
/3

/8
5
5
/6

0
6
7
7
3
6
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

7
 A

u
g
u
s
t 2

0
2
2



858 Snowden and Gardner Plant Physiol. Vol. 103, 1993

Wgroot Wtroot Wg leaf Wg root

10 100 0 10 100 0 10 100 h/s Cd

B
walil

wali4

rRNA

0 10 100 0 10 100 0 10 100 h/s Cd

Wgroot Wtroot Wg leaf Wgroot

Figure 2. Northern hybridization of the wali clones to total RNA
isolated from wheat plants after different treatments. Lanes con-
tained 10 \i% of total RNA extracted from either the roots or leaves
of the sensitive wheat cultivar Warigal (Wg) and the tolerant cultivar
Waalt (Wt). Plants were treated with 0, 10, or 100 MM Al for 48 h,
or with 250 MM Cd for 4 h, or heat shocked (h/s) at 42°C for 4 h.
Two separate gels (A and B) were electrophoresed and alkali blot-
ted, and the membranes were successively hybridized with 32P-
labeled cDNA isolated from the wali clones indicated and a 26S
wheat rRNA probe (from pTA250.2). The rRNA probe served as a
control to estimate the relative lane loadings of RNA on each
membrane.

The wali genes differed in their basal levels of expression
between the two wheat cultivars (Fig. 2). walil had a de-
creased level of expression in Waalt relative to Warigal,
whereas the other four genes had slightly higher expression
levels in Waalt.

Wheat roots were also treated with toxic levels of Cd or
heat shocked to determine if the wali genes were induced in
response to these stresses. For all of the wali genes, expression
levels were down-regulated by both Cd stress and heat-shock
treatment (Fig. 2). A control hsp70 heat-shock probe was
induced by the heat-shock treatment but remained at basal
levels after the Cd treatment (data not shown).

Leaf tissue from plants whose roots had been stressed with
Al was also examined to see if the wali genes are expressed
in other tissues (Fig. 2). walil was the only gene of the five
that had detectable expression in leaves. There was no in-
duction of walil in leaves by Al; transcript levels appeared
to decrease slightly in response to the Al treatment.

Nucleotide Sequences of the wali Genes

The nucleotide sequences of the five wali clones was com-
pleted over both strands.

walil encodes a 7.4-kD protein with a calculated pi of 4.3.
The walil sequence has homology to six plant genes that
have been referred to as "metallothoinein-like," isolated pre-
viously from Mimulus guttatus (de Miranda et al., 1990),
Pisum sativum (Evans et al., 1990), Hordeum vulgare (Oku-
mura et al., 1991), Arabidopsis thaliana (K. Takahashi, unpub-
lished; GenBank data base), Glycine max (Kawashima et al.,
1991), and Zea mays (de Framond, 1991). Figure 3 shows a
comparison of predicted protein sequences of the wheat walil
gene with these six genes. The proteins all contain a central
hydrophobic region separating two Cys-rich domains, each
containing three Cys-X-Cys motifs. (One of the motifs in the
Arabidopsis and soybean genes has the sequence Cys-Gly-
Gly-Cys.) These regions also show similarity to metallothi-
onein genes from other eukaryotes (de Miranda et al., 1990;
Evans et al., 1990).

walil encodes a 37.5-kD protein with a calculated pi of 5.3
and has no significant homology to any other sequences in
the data base. It has no obvious leader sequence. The putative
protein contains 24 Cys residues (of 347 amino acids), 16 of
which are aligned into four Cys-X3-Cys-Xio-i4-Cys-X3-Cys
motifs (Fig. 4).

waliS and waliS have 62% nucleotide identity to each other,
but show no close relationship to any other sequences in the
data base. The sequence of waliS contains two open reading
frames that could encode proteins of 9.5 or >14 kD. However,
wali3 has a stop codon in the larger of these two frames. On
this basis we have identified the 9.5-kD open reading frame
as the gene product of both genes. The homology between
the two genes extends throughout this reading frame. The

arabidopsis
soybean
pea
mimulus
maize
barley
wheat
Consensus

arabidopsis
soybean
pea
mimulus
maize
barley
wheat
Consensus

M S C C G G N > 3 > 3 SG i K i 3' MYPDL..GFSGETTTTETF

M Y P D L . . S Y . T E S T T T E TL
KRSSGL. .SYS.EMETTETV

. M Y P D M . . . . . . E T N T T V TM
3KKYPDL.EETSTAAQ..PTV
3KMYPDL.EEKSGATMQVTVI
GKMYPDLTEQGSAAAQVAAW

KMYPDL-E-YS-ET-TTETV

VLGVAPAMKNQYEASGESNN . AESD . A J K
VMGVAP.VKAQFEGAEMGVP.AEND.G
ILGVGPA . KIQFEGAEMSAA. SEDG . G
IEGVAP.LKMYSEGSEKSFG.AEGGNG
VLGVA P EKKAA P EFVEAAAE SGEAAHG
VLGVGSAKVQ.. . .FEEAAEFGEAAHG
VLGVAPENKAGQ..FEVAA..GQSGEG
VLGVAPA-KAQFEG-E--A——E-G-G

;SD. <

;SN< <
;SG> <

DN
;SN.K

E^P

!<!.;

IK

PL0P&NS-

Figure 3. Alignment of the deduced amino acid sequences of the
wheat walil clone and the other known plant MLPs. The conserved
Cys residues are highlighted by black boxes. Caps (represented by
dots) have been introduced into the sequences to maximize the
alignment. The consensus sequence was generated using the
PRETTY program. The plant sequences were obtained from the
GenBank and SwissProt data bases as follows: barley (Hordeum
vulgare), accession number X58540 (Okumura et al., 1991); Arabi-
dopsis thaliana, X62818 (K. Takahashi, unpublished); pea (Pisum
sativum), P20830 (Evans et al., 1990); Mimulus guttatus, P20238 (de
Miranda et al., 1990). Also included are the maize (Zea mays; de
Framond, 1991) and soybean (C/ycine max; Kawashima etal., 1991)
sequences.
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CTTGTGAGCCGTAGCAAATTAGTTCAACACCAACCAGCTAGCCATGGGTATGTGTTCCGA 
M G M C S D  

CAAGAAGCGTAGCAGCCCTGGGGTTGCTCTGTGGTGTGTAGTCCTGGGCATAGCCCTGCT 
K K R S S P G V A L W C V V L G I A L L  

CGTCGTCGACGCGGCGTGAAGGTCGTGCGAGAGCC~TTGGCTGAAGAGCA 
V V D A A G S E G R A R A G Q L A E E H  

T’ZCGGATGCAGCCTACTGCTCCGCCTTGTGCAAAGGCCGGTCGCAGTCGGACTTCGGACC 
G D A A Y E S A L C K G R S O S D F G P  

GTGTTACAATGAGTGCTTGTACGGGAGGGTGACAGGACAAGAAGAAGCAAGAGGAGCTGG 
a Y N E P L Y G R V T G Q E E A R G A G  

TGGAGTTGGAGGGCCAGCTGGTCTCCTGGAGATGCCGACGAAACGCGTTGGACGGGAGGA 
G V G G P A G L L E M P T K R V G R E E  

AGAAGAGAAGACAAAGCAAGGGGACGCCACCGTCCGTTTGAGCGACCCAGTCTGGTGCTA 
E E K T K Q G D A T V R L S D P V W % Y  

CGACGCTTGCCGTGAACATCCAGAATTGGACTACAACCAATGCGTCAATGATTGCTACGC 
D A C * R E  H P E L D Y N O C V N  D h ‘ Y A  

T G A G A A T A T G C C G G A C G C C G C A T G G C T G G T G G A  
E N M P D A A W L V A H G G T G G E E A  

AAGAGGAGGAGTGGTTGATGTCCCAATGGGGGTGGTGCAGCATGAGGCTGCTGCAGGTGC 
R G G V V D V P M G V V Q H E A A A G A  

ACTGTCACGGGGCAACTGCGATGAGTATTGCCGCAAACACTATGATGAAGGCTCCCCCGG 
L S R G N C D E Y E R K H Y D E G S P G  

GTACAGGCACTGCCAGTATATGTGCCCACGTCTGAGGGTCCACGGGGTAGCAGAAGGAGA 
Y R H ~ C O Y M C P R L R V H G V A E G E  

-GAGGAGGAGCTGTTGATGGGCTGACAGTGGTGGGGWACCCCACTGCGACTG 
E A R G G A V D G L T V V G K P H C D W  

GTTCCGCGACTGTAGTGTAACGCCATGCGTCTGGCGATGTGGGAAGAGGGTGCAAGAGGA 
F R D C S V T P C V W R C G K R V Q E E  

GGACAATGAAGGAACAAGAACAGGAGCGCTCAATGTCCTGGCGGCTGCGCGGCATGAGGT 
D N E G T R T G A L N V L A A A R H E V  

TGCTGTAGGAGCATGTTCGTCGACTGTGTACGTGCAATCATGCTATGCCTGTTGCCAAAG 
A V G A C S S T V Y V Q S 2f Y A C TC O R 

GGAGGTTACTAGAGATCCGGATTTCGACTGGTATGCTTGCATTCGCAGTTGCGACGACAA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
_E V T R D P D F D W Y A 42’1 R S G ’ D  D K 

AGATGCTATCCCAATCAAGAAGGAGCGAGAGAACAAGAAGGACGGCGTAGTCCCGCCGGT 
D A I P I K K E R E N K K D G V V P P V  

GAAGTAGTCGTTCGTAGTGAGCTTATACTAGCGTGTTTCCTTTC--T~TGTGC 
K *  

C G T G C A G T G A A T C C G T C A C A G T P  1190 

Figure 4. Nucleotide and deduced amino acid sequence of the 
wali2 cDNA clone. Cys residues that are arranged in the Cys-X3- 
C~S-X ,~ . ,~ -C~S-X , -C~S motif are highlighted in gray, and the motif is 
underlined. 

putative proteins these genes encode have 66% amino acid 
identity (Fig. 5), are slightly basic (pI = 8.2 for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwali3 and 7.9 
for wali5), and include a hydrophobic string of 20 residues 
at the N terminus. Both are relatively rich in Cys (10 residues 
out of 89 or 90), a11 of which are conserved between the two 
proteins. 

The putative protein encoded by the wali4 gene is homol- 
ogous to the enzyme PAL. The wali4 clone contains sequences 
that correspond to the C-terminal 129 amino acids of the 
PAL protein. Over this region the wheat PAL protein is 
homologous to other plant PAL genes currently in the data 
base, with amino acid identities ranging from 63% (e.g. 
tomato [Lycopersicon esculentum], accession number M90692, 
Lee et al., 1992) to 68% (e.g. sweet potato [Ipomoea batatas], 
accession number M29232, Tanaka et al., 1989). 

DISCUSSION 

Five cDNA clones (walil-wali5) representing four different 
gene families have been identified on the basis of their 

induction by A1 stress in wheat roots. Previous protein analy- 
sis of Waalt and Warigal identified a single protein (Q/q, 
molecular mass of 26 kD, pI of 6.5; Picton et al., 1991) that 
was consistently induced following A1 treatment. None of 
the proteins encoded by the wali genes correspond in size to 
this protein. The three wali genes whose mRNA accumulated 
to the highest levels, walil, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-3, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-5 (Figs. 1 and 2), encode 
proteins too small to have been observed in the protein work 
(<20 kD; see Picton et al., 1991). 

Four of the five wali genes had similar patterns of induction 
by A1 (walil,  -3, -4, and -5). A11 four showed simple induction, 
retumed to near basal levels when the roots were removed 
from medium containing Al, and were induced in both cul- 
tivars tested (Waalt and Warigal). The response to A1 treat- 
ment of the fifth gene, wali2, was notably different. wali2 
had a complex bimodal induction pattern and its expression 
did not return to basal levels after remova1 of Al. Induction 
was seen in only one of the two cultivars tested (Warigal) 
and then at only the lower of two A1 concentrations tested. 
For these reasons we will consider primarily the other four 
wali genes in the discussion below. 

Higher levels of A1 were required for induction of the four 
wali genes in the tolerant cultivar compared with the sensitive 
cultivar (Fig. 2). This result supports the conclusion that 
induction of these wali genes is a specific response by the 
roots to the inhibition of growth by Al. It also suggests that 
these four genes may be induced in response to A1 in other 
wheat cultivars. Homologs of walil (de Miranda et al., 1990; 
Evans et al., 1990) and wali4 (Ohl et al., 1990) have been 
shown to be induced (or repressed) in response to varying 
concentrations of metal ions and other environmental stresses 
in other plants; thus, it seems likely that they might also be 
induced by A1 treatment in different species. 

The genes walil, -3, -4, and -5 did not show induction 
within 4 h of the introduction of A1 stress, but were induced 
by 24 h (Fig. 1). Thus, they fit the category of ”late” induction 
and probably are not induced as part of the initial, primary 
response of the root to Al, but rather are downstream effects. 
The bias toward late genes probably arises from our use of a 
cDNA library constructed from root tips treated for 2 d with 
Al. 

Somewhat surprisingly, a11 four wali genes were induced 
to higher levels by 100 PM A1 in the sensitive cultivar Warigal 
than they were at 10 PM Al. The lower concentration of A1 is 
sufficient to halt root elongation almost completely in Warigal 
(see Picton et al., 1991). Therefore, it appears likely that the 

wali3 i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMKSSTLLVILILQAVLVMGILSQANAE . FPKCCDNCRFFSGAVVCD 
l l : . . l  . I I I I I / I I I I I : I I : . I I :  I I I I I : I I I  1 1 1 .  I I I  

wali5 i MKGTKLAAILILQAVLVMGLLSHWADFFPKCCNNCRSFSGVDVCD 

wali3 DAGPKCRDGCVNCRWQTSPKKTFRCADARAD.DGTPCKPCKKH* 8 9  

wali5 DAHPKCPQGCSACRWSTSPEM.WRCADMKSTVDGTCGGPCKKY* 90 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.  Alignment of the deduced amino acid sequences of wali3 
and wali5. Identities, conservative changes, and similar changes are 
indicated by vertical lines, colons, and dots, respectively. Dots 
within the sequences indicate gaps that were introduced to maxi- 
mize the homology between the two sequences. 

I I  I I I . : I l  . I I I I  1 1 1 . .  : I I l  : . .  1 1 1 . .  I I I l . I  
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four zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwali genes are not responding to the cessation of root 
growth per se, but to some other effect of the A1 treatment. 
For example, the more severe treatment with 100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ L M  AI 
affects the abdity of the root tip to recover and continue 
growing if A1 is removed (S.J. Picton and K.D. Richards, 
unpublished data) and also has a more drastic effect on 
protein synthesis (Picton et al., 1991). 

Expression kvels of a11 five wali genes were reduced after 
4 h of exposure to Cd stress or to heat shock (relative to 
untreated controls). The pattern of AI-induced changes in 
protein synthesis (Picton et al., 1991), combined with the fact 
that none of the wali clones corresponded to known heat- 
shock genes, suggests that the plant's reaction to A1 stress is 
different from that to heat shock. Recently, it has been shown 
that heat-shock genes corresponding to hsp70 and hspl7 are 
not induced by A1 stress (K.D. Richards, personal communi- 
cation). It remains possible, however, that the wali genes may 
be induced by other environmental or nutrient stresses in 
plants. 

The only function attributable to any of the Al-induced 
genes at this stage is to wali4, which encodes a protein with 
high homology to PAL. PAL expression in plants has been 
shown to be regulated developmentally and by various en- 
vironmental stresses such as wounding, HgC12, UV light, and 
funga1 elicitors (see Ohl et al., 1990, and refs. therein). Many 
of the plant metabolites synthesized via pathways down- 
stream from PAL, including flavonoids and anthocyanins, 
have high affinity for A1 (Taylor, 1991). A reduction in the 
effective cellular concentration of one or more of these com- 
pounds due to sequestering by AI may lead to the induction 
of PAL. Another possibility is that the root thickening or the 
'browning" that occurs in the presence of A1 requires the 
biosynthesis of lignin, tannins, or other downstream products 
of the PAL enzyme. 

wali2, -3, and -5 are nove1 genes with no significant ho- 
mology to any sequences found in the data base. A11 three 
genes are relatively rich in Cys amino acids. The Cys amino 
acids in wali3 and -5 display no obvious pattern. However, 
the periodicity of the Cys's in the protein encoded by wali2 
(Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4) is reminiscent of Cys2Cys2 Zn fingers, although con- 
served amino acids present at other locations in the Cys2Cys2 
Zn finger motifs are not present in wali2, and the precise 
spacing of the Cys pairs differs (Glover, 1989). 

walil is homologous to a group of Cys-rich plant proteins 
that are similar to animal metallothioneins and that are 
termed MLPs. rt is highly unlikely that MLPs bind Al, since 
A1 coordination by proteins involves carboxyl groups rather 
than sulfhydryl groups, and it has been shown that animal 
metallothionein does not bind AI (Putterill and Gardner, 
1988). Since the barley MLP gene is induced in Fe-deficient 
growth conditions (Okumura et al., 1991), and since the Fe3+ 
and AI3+ ions are very similar (e.g. Martin et al., 1987), one 
possibility is that A1 may induce Fe deficiency in wheat roots. 
However, lowered Fe concentrations have not been observed 
consistently in wheat roots or leaves after long-term treat- 
ment with A1 (Wheeler et al., 1992). Another possibility is 
that A1 might induce walil by interfering with the plant's 
normal pathways for uptake or homeostasis of other metal 
ions. For example, it is known that the MLP gene from 
Mimulus decreases in abundance in response to Cu, Cd, and 

Zn (de Miranda et al., 1990), and in vivo experiments suggest 
the MLP may bind to these ions (Tommey et al., 1991; Evans 
et al., 1992). However, the only ion consistently altered by 
A1 treatment of wheat roots is Mg (Wheeler et al., 1992), and 
a possible role for Mg in regulation of MLPs has not been 
investigated. 

This paper describes the first characterization of genes 
induced in plants by AI. In the future we plan to :identify 
other genes that are induced earlier in response to A1 toxicity, 
because the expression of these genes is likely to represent a 
primary response to the A1 stress. We also aim to eijtablish 
the function of the wali gene products, and experiments are 
in progress to determine the site of expression of these genes 
in the plant. Understanding the role of the wali genes in 
plants may aid our understanding of the mechariism of 
toxicity of the A13+ ion in acid soils. 
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