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1. Introduction

1.1  Uptake, distribution and accumulation of Al in plants

Aluminium is the most abundant metal in the Earth’s crust. Bound as oxides and complex
alumosilicates, it normally exists in insoluble non-toxic form. Surface water concentrations of
aluminium ion are minimal due to insolubility of aluminium hydroxide complexes at neutral
pH. The acidification of soils and, as a consequence, soil waters, dramatically releases AF*.
The most complete analysis of aluminium chemistry in solutions with different pH was
presented by MAc DONALD and MARTIN (1988). The mole fraction of free A", referred as total
aluminium, ranges from <10®°at pH 7.0 to 1.0 at pH 4. In solutions with pH more acidic than
5.0, Al ion exists as the octahedral hexahydrate, Al(H,0)s**, often abbreviated as AP*. As a
solution becomes less acidic, Al(H,0)s>" undergoes successive deprotonations to yield
AI(OH),* and AI(OH)**. Neutral solutions give Al(OH); precipitate, which redissolves in basic
solutions, due to formation of tetrahedral AI(OH),. At pH 7.0 virtually all the soluble
aluminium ion occurs as Al(OH),. Living organisms have developed at pH 7.0 and cannot
cope with high concentration of toxic soluble aluminium form (Fov, 1984). Toxicity of soil
acidification is therefore mainly determined by biological effects of aluminium ion (Fov,
1984). Despite its ubiquity, aluminium does not exert any known function in plant
metabolism and belongs to unessential metals. Since acid soils comprise up to 40% of
worlds’ arable land, aluminium toxicity could be considered as one of the major limiting

factors of crop productivity in the world (Foy et al., 1978).

According to aluminium content in different plant organs the plants relatively tolerant to
aluminium stress could be divided into three groups Foy et al., 1978). The first group
consists of species, in which aluminium content in upper part of a plant is not different,
however the roots of tolerant varieties contain substantially less of the metal in comparison
to the sensitive ones. To this type could be attributed triticale, barley, soybean, haricot and
others. Aluminium content in the upper part of the second plant type is quite lower in
tolerant varieties compared to the sensitive one, however, in the roots the metal content is
much higher. To this group belong rice, azalea, rye, dfalfa and others. The third type
contains the plants with symplastic tolerance mechanisms accumulating aluminium in the
upper part, for example tea can accumulate 30 000 mg/kg dry weight. For wheat, rape and
oats this amount is quite a bit lower, 50mg/kg dry weight. Tea, buckwheat, mangroves,
some tropical coniferous trees and some grasses are in this group along with some others
(Fov et al., 1978).
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Aluminium (Al) penetration into roots occurs very rapidly during plant exposure to toxic AF*.
Pattern of Al uptake into plant roots was studied by the most sensitive technique in this field,
secondary ion mass spectrometry (SIMS). With use of SIMS it was shown that Al
accumulated in the cells of Zea mays root tips (0.3-0.8 mm from the apex) after already 30
min exposure to 38 uMr AP* activity (LAZOF et al., 1994). Such short period of uptake is in
agreement with the time frame of the first plant morphological changes detected, e.g.
inhibition of root growth. Aluminium was accumulated in the cells, in the cytoplasm and
vacuolar vesicles but not in the cell wall (LAzoF et al., 1994; Lazor et al., 1997). Initially Al
accumulation in the cells of the root periphery was 140 nmol per g fr. wt. Later on, during 4h
exposure, Al entered the cells in more differentiated regions of the maize roots and the rate
of accumulation was higher than in root tip. In the primary root bearing lateral roots
between 2 and 4 cm length, the rate of Al absorption after 4h of exposure was about 3 times
higher than that found in the root tip. (LAZOF et al., 1997).

It was shown by ARSHAMBAULT et al. (1996) that kinetics of aluminium uptake into wheat
roots was biphasic with a rapid, non-linear phase in the first 30min, and a linear phase for
the remainder of the uptake period of 3h. In these experiments accumulation of Al in the cell
walls contributed only 8% of total non-exchangeable pool, when concentration of AP* in

solution was less than 200pmol (moderate Al-stress).

MARIENFELD et al. (2000) as well as earlier Delhaize et al. (1993) reported, however, in the
contrast to the previous results, about much higher apoplastic vs symplastic Al
concentrations. This was documented by *°Al labelling and uptake assays in Chara cells
(RENGEL and RelID, 1997). More than 99% of absorbed Al was localized in the cell walls and
cytoplasmic concentrations were calculated to be in nM range. MARIENFELD et al. (2000)
discussed that the data from Lazof et al. (1994, 1997) may be influenced by the extended
washing of roots by citrate prior to aluminium penetration measurements. Citrate strongly

complexes and immobilises Al and possibly could influence the membrane permeability.

MANGABEIRA et al. (1999) studied pattern of Al accumulation in Vicia faba seedlings during
relatively long exposure times (24-96hours). Aluminium accumulated in the cells of root
surface and in cortical parenchyma cells of the roots. Cortex cells were disintegrated, had
damaged plasma membranes and large deposits of Al-complexes in the vacuoles. No
accumulation was observed in the vascular cylinder, as well as no detectable Al has been
found in stems or leaves of the seedlings studied. MARIENFELD et al. (2000) detected that the
radial mobility of Al was much lower in the roots of Vicia faba than in Zea mays. Aluminium

reached the stele already after 60 min of the treatment start, while it was confined to the
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rhizodermis and outer cortex in Vicia faba indicating stronger binding of Al in the cell wall of

dicots.

It has been directly demonstrated (RvAN et al., 1992) that only the terminal 2-3 mm of maize
root including the meristem and root cap needed to be exposed to Al in order to cause
inhibition of root growth. Later DE LA FUENTE et al. (1997) found that Al penetrates root hairs
and affects root hair development. Now the terminal 2-3 mm of roots and root hairs are
widely recognized as primary sites of aluminium toxicity and studied most intensively (DE LA
FUENTE et al., 1997; KOLLMEIER et al., 2000).

1.2. Mechanisms of aluminium toxicity in plants

Aluminium primarily inhibits root growth already in the first 30 minutes of exposure to toxic
concentrations, as it was mentioned above (see 1.1). Both cell division and cell elongation of
the root tips are sensitive to Al, whereas the mature parts of the root remain unaffected
(RYAN et al., 1993; KocCHIAN, 1995). The short time of action suggests aluminium-mediated
inhibition of root cell elongation, rather than division, since cell cycle in roots takes 24 hours
(KocHIAN, 1995). Al treated roots become thick and brown, inefficient in absorbing water and
nutrients (RENGEL, 1992). Another effect measurable in the first hours of exposure to toxic
aluminium is induction of callose formation in root cells (ZHANG et al., 1994; HORsT, 1995). In
experiments on Zea mays root tips and protoplasts callose formation correlated with
inhibition of root elongation, so that species tolerant to aluminium showed less Al-induced
callose accumulation in comparison to the sensitive ones (HORST et al., 1997). SIVAGURU et al.
(2000) showed that Al induced root growth inhibition is closely associated with blockage of
cell-to-cell coupling caused by Al induced callose deposition at plasmodesmata responsible

for inhibition of symplastic nutrition transport.

After longer exposure to toxic aluminium (24 h to several days), a lot of symptoms appear in
roots and shoots. For example, inhibition of cell division in plant roots (CLARKSON, 1995),
suppression of mitochondrial activity (DE LIMA and COPELAND, 1994), disturbance of cation and
especially K*-transport across plasma membrane (HUANG et al, 1992; GASSMANN and
SCHRODER, 1994), disruption in water and nutrient uptake (BALIGAR, 1993). Still the question

whether any of these effects is the primary cause of Al toxicity, remains open.

Another important question has to be clarified in understanding of Al toxicity mechanisms, is
it necessary for aluminium to penetrate into the cell to cause toxic syndrome (symplastic
toxicity) or it is enough to remain outside the cell blocking water and nutrient exchange

(apoplastic toxicity)?



Investigations of root apical ion transport showed that only Ca** and possibly Mg®* influx
were inhibited rapidly enough to be involved in Al toxicity (HUANG et al, 1992, KOCHIAN,
1995). Inhibition of root apical Ca’* influx correlated well with suppression of root growth. It
was also shown that micromolar activities of AF* effectively blocked Ca®" channel in
plasmalemma of root apex. In both Al-sensitive and Al-resistant cultivars, however, inhibition
of Ca®" influx was differential, so that it was affected less in Akresistant plants (HUANG et al.,
1996). The difference of responses was suggested to be the result of Al-triggered organic
acid release, resulting in Al exclusion from the root apex (RYAN et al., 1994). In another
study a growth solution containing 1.5mM AF* activity and moderate Ca’* activity (200mM)
stopped the growth of wheat roots without inhibiting apical Ca®* influx. Therefore, the
inhibition of root growth by low levels of AP* does not appear to be the result of inhibited
Ca®* influx (RvAN et al., 1994).

Another effect of aluminium stress on cell membranes is dramatic decrease of membrane
lipid fluidity (VIERSTRA and HAuG, 1978) as well as increase of plasma membrane lipid
peroxidation (CAKMAK and HoORrsT, 1991; ONo et al., 1995). In soybean cell suspension culture
under conditions of 15uM Al activity the cells showed increase in lipid peroxidation within 4h.
This effect could be suppressed by lipophilic antioxidants (RATH and Barz, 2000). Cell
peroxidase isozyme activity in general is also increased under Al stress (CAKMAK and HORST,
1991), which is common for many stresses, for example oxidative burst. Aluminium can bind
to plasma membrane outer surface where it stimulates Fe®*-induced peroxidation of
membrane lipids (OTEIRA, 1994). That is a free radical chain reaction, which can lead to a
loss of membrane integrity and affect functions of membrane proteins (HALLIWELL and
GUTTERIDGE, 1989). Enhanced lipid peroxidation is not confined to Al toxicity, but can result
from many stress factors. After set of investigations (HORsT et al., 1992; YAMAMOTO et al.,
2000; ZHENG et al., 2000) it was concluded that lipid peroxidation was a consequence rather
than a cause of Al toxicity.

Free cytoplasmic AP

activity is largely dismissed because in cytoplasm pH value is
approximately 7.5 and most of monomeric Al would be in non-toxic form. Taking into
account abundance of potential ligands, free cytoplasmic AP* is estimated to be at picomolar
or nanomolar range (KocHIAN, 1995). However, nanomolar or sub-nanomolar cytoplasmic
AP* activities could be toxic when aluminium interacts with enzymes regulated by Mg** and
Ca*. Due to size similarities between Mg** and AF* ions, displacement of Mg®* by AF* is
much more likely than AP*- Ca** interactions. For example, AF"-ATP complex binds to the

enzyme hexokinase 1000 times more strongly than does Mg**-ATP complex. This is the



10
proposed mechanism of enzyme inhibition by AP* (MARTIN, 1988). Another effect of
aluminium toxicity in the cell is dramatic decrease of RNA and protein biosynthesis (KOCHIAN,
1995).

The morphological changes induced by aluminium ion in both roots and root hairs, which
include a cessation of elongation and swelling of the root or root hair tip, points to
aluminium-induced alteration in the cytoskeleton (KocHIAN, 1995). Al caused modifications of
actin network in soybean cells (GRABskI et al, 1995) and altered polymerisation of actin
microfilaments in the distal part of the transition zone (SIVAGURU et al., 1999). Additionally, Al
caused rigidification and alteration of cytoskeleton orientation in root elongation zone of
maize (BLANCAFTOR et al., 1998; Seju and LEEg, 1998; SIVAGURU et al., 1999).

Interactions between AF" and components of phosphoinositide signalling pathway were
relatively well characterized in animal cells (BERRIDGE, 1987) and are starting to be
understood in plants (CoTE et al.,, 1993). When the results from number of laboratories are

summarised, it can be concluded that AF*

either binds a GTP-binding protein (possibly at the
Mg** binding site) or interacts directly with the phospholipase C (KocHIAN, 1995). SIEGEL and
HAUG (1983) proposed the role of Al-induced calmoduline modification in Al toxicity as well.
MA et al. (2000) suggested the involvement of extracellular calmoduline in short-term effects

of aluminium on pollen germination and pollen tube elongation.

Main sites and ways of aluminium toxicity are not clear yet. Recent studies brought some

light into the issue, however, the picture of this process is still to be understood.

1.3 Plant resistance to aluminium stress

High variability in plant natural tolerance to aluminium stress allows suggesting that several
plant species evolved certain mechanisms to survive under stress conditions. The molecular
basis of such wlerance is still poorly understood. Possible strategies of plant resistance to
the stress could be divided into two groups (DE LA FUENTE-MARTINEZ, 1999). Both resistance
strategies are intensively discussed with respect to their role and importance in Al tolerance

in plants.

1. Neutralisation of toxic Al within the cell (symplastic mechanisms).

2. Al exclusion from entry into root apex and root hairs (apoplastic mechanisms).

1.3.1. Symplastic mechanisms of plant resistance
Although little is known about components of symplastic mechanisms of resistance so far, it

was demonstrated that some plant species accumulated Al in the roots, such as some
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cultivars of azalea, cranberry, rice, triticale, and rye (Fov et al., 1978). Large amounts of Al
could also be accumulated in the aerial parts of the plants — tea, some Hawaiian grasses,
pine trees, mangrove and others — mainly in the apoplasm or vacuoles of leaf cells (DE LA

FUENTE-MARTINEZ and HERRERA-ESTRELLA, 1999).

Substantial increase of Al resistance in both alumnium tolerant and sensitive wheat cultivars
was reported by ANIoL et al. (1984) after preincubation of the seedlings with sub lethal levels
of Al for 48 hours. This work is the most widely cited one about induction of plant resistance
by aluminium stress. RINCON and GONzALES (1991) repeated almost the same experiments,
but the results for Al-induction of the tolerance were less convincing. It was demonstrated in
other works, however, that root elongation under conditions of moderate Al-concentrations
was initially inhibited but partially recovered afterwards (CUMMING et al., 1991; HORST et al,
1983; RAcTON et al, 1991). These findings present evidence for plant capability to evolve

tolerance against toxic aluminium concentrations.

Recent investigations of aluminium resistance in buckwheat (MA et al., 1998) showed that Al
was accumulated in leaf sap in complex with oxalic acid. **C nuclear magnetic resonance
study revealed only one signal, indicating that Al was bound to carboxylic group of oxalic
acid. The same signal was achieved with magnetic resonance experiment on intact roots.
The purified cell sap was not toxic to root elongation in corn as a test plant. All these results
demonstrated that aluminium tolerance in roots and leaves of buckwheat was acheved by

formation of a nonphytotoxic Al-oxalate complex with aluminium to oxalate ratio of 1:3.

It was shown that Al stress induces synthesis of some proteins in the root apex (BAsu et al.,
1984) despite that protein biosynthesis is decreased in general during the stress (KOCHIAN,
1995). The synthesis of two microsomal proteins was induced in root apex of Alresistant
wheat cultivar by 24-96 h Al exposures. Such proteins were not found in the Alsensitive
cultivar. Induction of 51-kD protein synthesis after 24h exposure to 75uM AP™ was reported
in the work of TAYLOR and co-workers (1997). This protein was accumulated in the root tips
of Al-tolerant wheat cultivar PT741 and its association with the tonoplast was demonstrated
as well. Until now, however, structures and functions of these proteins are not clear.
Transient activation of 48 kD protein kinase and irreversible repression of 42 kD protein
kinase were observed in Al resistant wheat cultivar having enhanced malate efflux after very

short Al-elicitation (OsawA and MATSUMOTO, 2001).

Two 51 kD proteins were discovered to be induced by aluminium in resistant wheat cultivar

cv PT741 (HamILTON et al., 2001). The protein sequences were homologous to B subunit of
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H*-ATPase and also a and b-subunits of mitochondrial ATP-synthase. Both enzymes were
elicited by aluminium in dose-dependent manner only in resistant PT741, but not in the other
ones. It is suggested that the proteins are responding specifically to Al stress with ATP

required for its activity supplied by ATP synthase to maintain energy balance within the cell.

The ability to maintain undisturbed flux through the pentose phosphate pathway seems to
play an important role in the mechanism of aluminium tolerance. This pathway provides
intermediates such as pentoses, erythrose-4-phosphate and NADPH. These intermediates are
involved in the synthesis of amino acids, nucleic acids and coenzymes, which, in their turn
could be involved in the process of plant resistance. Rapid increase of activity for the two
enzymes of pentose phosphate pathway was suggested to participate in aluminium
resistance of wheat (SLAsKI et al., 1996). The activity of glucose-6-phosphate dehydrogenase
and 6-phosphogluconate dehydrogenase increased after already 6 hours of exposure to
100uM AR* but only in root tips (terminal 5mm of the roots) of Al-tolerant cultivars. No

differences in both enzymes’ activity were detected in root tips of sensitive cultivars.

Small metal binding peptides, i.e. phytochelatins play very important role in plant defence
against heavy metal stresses (GRILL et al.,, 1985; RAUSER, 1990; FENIK et al., 1995). In this,
like in many other ways, aluminium toxicity stays somewhat apart from heavy metal toxicity
phenomenon, however, detailed connection between these stress reactions is very much
unclear. One from Al-induced genes, walil (found in wheat, SNOWDEN and GARDNER, 1993),
showed some homology with metallothionein-like proteins, however, other indications on the

role of metallothioneins have not been not reported so far.

1.3.2. Apoplastic mechanisms of plant resistance

There are several hypotheses that explain plant resistance by apoplastic mechanism
involving Al exclusion from the root apex. Such hypotheses were suggested due to the
differences in Alaccumulation between sensitive and tolerant plant genotypes. In nearly
isogenic wheat lines, differing in Akresistance, Al-sensitive genotypes accumulated 3- to 8-
fold more Al in the root apex, the critical site for Aktoxicity (DELHAIZE et al.,, 1993; RINCON
and GONZzALES, 1992; TIcE et al., 1992). No differences were registered in Al content of the
tissues from the root upper part between resistant and sensitive genotypes (RINCON and
GONZALES, 1992).

Some physiological mechanisms were proposed to explain Al exclusion from entry into plant
roots, such as the ones based on alteration in rhizosphere pH, low cation exchange capacity

of the cell wall, AR*-efflux across the plasma membrane (KocHIAN, 1995) but most of the
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hypotheses are highly speculative. Relatively well-documented ones are release of organic
acids acting as Al-binding ligands (MIYASAKA et al., 1991; PeLLET et al., 1995; MA et al., 1997;
MA et al., 1998; ZHENG et al., 1998; LI et al., 2000; YANG et al., 2000) and Al-induced
alteration of rhizosphere pH (TAYLOR, 1991).

The potential role of organic acid exudation in aluminium resistance was initially proposed by
MiYAsAKA et al (1991). In that work increased organic acid exudation was reported in Ak
tolerant snap bean cultivar under stress conditions. The root systems of the tolerant plants
released 70 times as much citrate in the presence of Al as the plants of Alsensitive cultivar
grown under the same conditions. The most complete analysis of the possible role for
organic acids as Al-resistance mediators comes from the work by DELHAIZE and co-workers
(1993). Using near-isogenic wheat lines differing at the Aktolerance locus (Alt-1), it was
found that malate exudation from the root apex in tolerant wheat lines upon Al treatment is
10-fold higher in comparison to the sensitive varieties. The amount of malic acid excreted
was dependent on Al concentration and Aktolerance trait cosegregated with high rates of
malate excretion, so that it was proposed that Altl locus in wheat encoded the component of

aluminium tolerance mechanism based on Al-induced malate efflux from the root apex.

In resistant to Al stress soybean cultivar Suzunari citric acid exudation was induced by
exposition to 15uM Al already after 6h. The exudation of citric acid was 2-fold higher from
the roots of resistant cultivar than of the sensitive one, Shishio, after 6 hours of stress and
2.7-fold higher after 24 hours. Fourteen days of phosphate deficiency did not elicit citrate
exudation, while application of Al to Rdeficient plants rapidly induced citrate excretion in

both cultivars, confirming the specificity of the response to Al.

Al-activated anion channel was found in plasmalemma of the protoplasts isolated from roots
of the Al-tolerant wheat genotype ET8, containing Altl gene (RvaAN et al, 1997). In the
recent work by PINEROS and KoOCHIAN (2001) Al activated channels were studied in the
protoplasts isolated from the terminal 5 mm of the root apex of aluminium resistant maize
hybrid. The study performed using patch-clamp techniqgue showed that acidification of
extracellular environment stimulated inward K* currents while inhibiting outward K* currents.

P

Addition of extracellular AF* inhibited the remaining K outward currents, blocked inward K*

ones and caused activation of an inward CI" current (anion efflux). Further studies revealed
the existence of Al-dependent anion channels, which were highly selective for anions over

I3+

cations. Such channels were activated by AF" in isolated membrane patches indicating that

the machinery required for AF* activation and probably the whole root response is localized
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into root cell plasma membrane. AP*-activated anion channel may also be permeable to

organic acids mediating Aktolerance response, for example citric acid.

The investigations of ZHANG et al. (2001) provide the evidence that the difference between Al
induced malate efflux from roots of tolerant and sensitive wheat cultivars lies in differing
ability of AP* to activate malate permeable channels and cation channels for sustained

malate release.

The type of organic acid actually involved in the process of plant resistance is dependent on
the plant specie. Malic acid was released upon aluminium induction in wheat (Triticum
aestivum, BAsu et al, 1994; PELLET et al., 1996), oxalic acid in taro (Colosalia esculenta L., MaA
et al., 1998a) and buckwheat (Fagopyrum esculentum Moench. cv Jianxi, ZHENG et al., 1998)
and citric acid in maize (Zea mays, PELLET et al., 1995), Cassia tora L. (MA et al., 1997) and

soybean (Glycine max cv Suzunari, YANG et al., 2000).

The method of modified vibrating microelectrode was used to show that wheat alr-104
mutant had a 2-fold increase in net H™-influx in the root tip, which led to increase in pH of
0.15 points (DEGENHARDT et al., 1998). This mutant did not show an increased exudation of
organic acids and its increased resistance disappeared after addition of the buffer preventing
the change of pH. It has been concluded that the resistance has been mediated by
alkalinization of the rhizosphere. Changes of rhizosphere pH were also found along root tips
of aluminium-tolerant wheat cultivars, however, with no evidence of such changes in

aluminium resistance mechanisms (M1YASAKA et al., 1989; PELLET, 1996).

Aluminium also binds in apoplastic spaces to the cell wal pectin molecules or negatively
charged components of the cell wall on the root epidermal and cortical cells (DELHAIZE et al.,
1993; MARIENFELD et al., 2000; ScHMOHL and HORST, 2000; ScHMOHL et al., 2000). The free
carboxylic groups of demethylated pectin molecules bind toxic aluminium ion complex. In the
work of ScHMOHL et al. (2000) pectin methylesterase (PME) treatment of Zea mays
suspension cultured cells modulated diminished aluminium resistance. In addition, transgenic
potato plants overexpressing PME proved to be more sensitive to aluminium than both
aluminium tolerant and sensitive cultivars. From the presented results could be concluded
that pectin matrix in the apoplast of root apical cells may play an important role in mediating
stress signals to cytoskeleton of the cells. High aluminium accumulation in the root apoplast
appears to be characteristic for Al sensitivity ®RINCON and GONZzALES, 1992; ScHMOHL and
HoRrsT, 2000).
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1.4. General and molecular genetics of Al tolerance; genes induced by aluminium stress

The genetics of Al resistance has been studied in several crop plants with particular
emphasis on wheat. In experiments on crossings of 25 aneuploid lines of Chinese Spring
wheat cultivar (ANIOL A., 1990) it was shown that Al tolerance is controlled by at least three
different factors. These factors were located on chromosomes 5As, 2Dl and 4DIl. In some
cases, tolerance to Al could be controlled by major dominant and several minor dominant
genes (e.g. Altl locus; DELHAIZE et al., 1993). Major genes for tolerance to Al in rye located
on 3R, 6RS and the other minor genes on 4R (ANIOL and GUSTAFSON, 1984). Aluminium
tolerance in maize is a dominant trait and is controlled at a single locus by a multiple allelic
series (RHUE, 1978), which was shown by screening of F, hybrids and backcross populations
for aluminium tolerance. After series of experiments genetic control of aluminium tolerance

in general is considered to be a dominant, multigenic trait.

Along with field and greenhouse crossings and analyses, studies on the genes involved in
aluminium stress have been performed since 1993, when the first five genes up-regulated by
aluminium in plants were found by SNOWDEN and GARDNER (1993). These genes, walil-wali5,
were isolated from a cDNA library constructed with use of RNA of root tips from Al-stressed
wheat. Alinduction of the gene expression was followed in time frame from 0.5 to 96 hours.
Wali2 was the earliest gene to be induced already after 0.5 h of exposure to 10uM AF™. The
induction of wali 1 and wali 3 started from 24 hours of exposure and reached maximum at
about 48 hours. Wali4 and wali5 were expressed at 24-96 and 48-96 hours, respectively.
Among all the studied genes walil and wali3 demonstrated the highest expression level.

Wali4 as well as wali5 were expressed in quite small amount.

In order to evaluate possible role of isolated genes in aluminium resistance, database search
for homologies at the level of encoded proteins was performed (SNOWDEN and GARDNER,
1993). Walil (7.4 kD) had homology with metallothionein-like proteins; wali2, encoding 37.5
kD protein was without any significant homology in the database. Wali4 had homology to
phenylalanine ammonialyase. Wali3 and wali5 showed 62% of nucleotide identity to each
other, however no significant homology of predicted amino acid sequence to any known

protein in the database.

Another two genes up regulated by aluminium, wali6 and wali7, were found in the same
cDNA library, (RICHARDS et al., 1994). Their expression started after 1 day of exposure to
inhibitory Al concentration with peak at day 2 for wali6, while the expression level gradually
increased for wali7 with maximum at day 4. Wali6 encoded a small protein that was related

to the previously isolated wali3 and wali5 genes (see above). All three polypeptides had a
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hydrophobic leader sequence and showed homology to Bowman-Birk proteinase inhibitors
(IKeNAKA and NORIOKA, 1986). The reading frame encoded by the nucleotide sequence of
wali7 is incomplete. However, comparison to a “stem-specific’ gene from Nicotiana tabacum
(SEURINCK et al., 1990) suggests that it may lack only the first nucleotide in ATG initiation

codon.

Isolation of 4 cDNA clones, corresponding to the genes induced not only by Al stress (50 to
200uM of AICkL), but also by acid stress and phosphate (Pi) starvation in suspension cultured
tobacco cells was reported by Ezakl and co-workers (1995). The two of them, pAL139 and
pAL111, showed the most profound difference in expression level between plants subjected
to acid stress and Pi starvation alone or together with Alstress particularly after 10 hours of
treatment. pAL141 showed the same induction during Al-stress as by Pi starvation and
pAL142 demonstrated only slight difference between putative two stresses. All cDNA
fragments showed high homology with the members of the group of auxin down-regulated
genes with glutathione-S-transferase activity (par genes, TAKAHASHI et al., 1989). Later the

same group isolated another gene, GDP-dissociation inhibitor, pAL546 (EzAkI et al., 1997).

The complete Sali 5-4a and Sali3-2 cDNA sequences from Al-tolerant cultivar of Glycine max
(Peking) were isolated by RHAGLAND and SoLIMAN (1997). They were up regulated by elevated
levels of soluble Al (75uM APF™) in the terminal 5mm to 1cm of the roots after 2 days of
treatment. Sali5-4a was nearly identical (99%) in nucleotide sequence and identical (100%)
in predicted amino acid sequence to auxin down-regulated gene ADR6 from Glycine max
(DATTA et al., 1993). Sali3-2 was 88% and 81% homologous in nucleotide sequence and

amino acid sequence, respectively, to the same gene.

Several genes were discovered to be up regulated by aluminium in Arabidopsis thaliana
(RICHARDS et al., 1998). The corresponding mRNAs were induced early in Al treatment by
50uM AP*. Transcripts of pEARLI8 and pEARLI1 were induced already within first 15 minutes
after treatment start, the transcripts of aldolase, pEARLI2 and pEARLI4 were induced a bit
later (30min to 4h) and for longer period. Another group, “late induced genes” included
glutathione-S-transferase, peroxidase, pEARLI5 and blue copper-binding protein. Delhaize et
al. (1999) found that a newly cloned phosphatidylserine synthase gene transcript level is

enhanced in response to 8h aluminium stress by 10uM AP* in wheat roots.

All the genes found to be up regulated by Al stress are summarised in Tablel (see above)
together with the two ones published only in the Internet by MeNossI et al. (1997), accession

number AF031083 and GAMAS (1998), accession number Y18226. In general, the genes
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represented in the Tablel are either the genes of general plant stress response, e.g. wali4
coding for phenylalanine ammonialyase or the genes of unknown or not identified functions,
e.g. Wali2.

Tablel. Known genes up regulated by Al stress.

No| gene name plant function or homology and reference

1 Walil® Wheat Metallothionein-like proteins from several plants
(SNOWDEN and GARDNER, 1993).

2 Wali2 Wheat No sufficient homology, unknown function (SNOWDEN
and GARDNER, 1993).

3 Wali3, Wheat 51 to 54% amino acid similarity to Bowman-Birk Ser

Wali5, proteinase inhibitors from several plant species
Wali6 (SNOWDEN and GARDNER, 1993; RICHARDS et al., 1994).
4 Wali4 Wheat Clone encoding part of phenylalanine ammonialyase
(SNOWDEN and GARDNER, 1993).
5 Wali7 Wheat No sufficient homology, unknown function (RICHARDS et
al., 1994).

6 pAL139, Tobacco Strong similarity with glutathione S-transferase gene
pAL141, family from many plant species (EzAki et al., 1995).
pAL142

7 pAL111 Tobacco Identical to auxin-regulated parA gene (EzAKI et al.,

1995; TAKAHASHI ET AL, 1989).
8 Zmall Maize Gene coding for protein with expression restricted to
root tip (MENoSSI et al., 1999).
9 Mtn29 Barrel Gene induced during nodule development GAMAS et
medic al, 1996).
10 Sali 5-4 Soybean High homology to auxin down regulated gene ARD6
Sali3-2 from soybean (DATTA ET AL, 1993; RHAGLAND and
SOLIMAN, 1997).
11| pEARLI1 | Arabidopsis | Unknown function, (RICHARDS et al., 1998).
12| PpEARLI2 | Arabidopsis | Unknown function, no homology (RICHARDS et al.,
1998).

13| pEARLI4 | Arabidopsis | 20% identity to extensin (RICHARDS et al., 1998).

14| pEARLI5 | Arabidopsis | Reticulate oxidoreductase (RICHARDS et al., 1998).

15| pEARLI8 |Arabidopsis | 98% identity with EST clone h36573 with unknown

function (RICHARDS et al., 1998).

16 BCB Arabidopsis | Blue-copper-binding protein (RICHARDS et al., 1998).

17| Peroxidase |Arabidopsis | Peroxidase (INTAPRUK et al., 1994; RICHARDS et al.,
1998).

18 GST Arabidopsis | Glutathione-S-transferase (RICHARDS et al., 1998).

19 Aldolase | Arabidopsis | Homologous to EST clone t43001 (RICHARDS et al.,
1998).

20 TaPSS1 Wheat Phosphatidylserine synthase (DELHAIZE et al., 1999).

1.5. Acquisition of Al-tolerance by over expression of transgenes in yeast and plants

Up to now two attempts have been published of functional analyses of genes involved in

aluminium stress and study Alresponsiveness of transgenic organisms.

DE LA FUENTE et al. (1997) performed ectopic expression of the gene for citrate synthase from

Pseudomonas aeruginosa under control of constitutive 35S promoter from cauliflower mosaic
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virus (CaMV). Nicotiana tabacum L. var. xanthi was chosen as a test plant as it is convenient
for plant transformation and sensitive to aluminium toxicity. Seedlings from transgenic plants
showed about 10-fold increase of citrate content in the root tissues and up to 4-fold increase
in citrate exudation in comparison to wild type. They possessed some degree of increased
tolerance to Al. Transgenic tobacco was able to germinate under conditions of high (300uM
AICk) aluminium concentration but no root system development was observed. Under
control conditions, however, root formation took place. Lower aluminium activities (50 to 75
puM) allowed germination with slightly affected root growth but severely impaired root hair

development.

LoPez-Buclo et al. (2000b) found that the plants overproducing citrate yielded better root
growth as compared to the wild type under conditions of aluminium stress. The same plants
also gave more biomass and had better developed root system under Pi-starvation

conditions (Lopes-Buclo et al., 2000a)

However, DELHAIZE et al. (2001) characterized the same transgenic plants and after a set of
tests concluded that cytoplasmic expression of bacterial citrate synthase gene in plants is

unlikely to be a robust and reproducible way to mediate aluminium tolerance.

Ezakl et al. (1999) expressed several plant genes in Saccharomyces cerevisiae to test if it
confers Al-resistance. Al-sensitivity tests showed that expression of two of 12 studied plant
genes, the Arabidopsis gene for blue copper binding protein (AtBCB) and the tobacco one for
the GDP dissociation inhibitor (NtGDII) resulted in enhanced Al tolerance. Determinations of
total content and localization of Al ions in the corresponding transformants suggested that
the BCB gene product functions in restricting Al uptake while the product of the NtGDII gene
may promote release of Al ion after uptake. All the other genes (see Table 1) identified in
different groups as Al-induced (DATTA ET AL, 1993; SNOWDEN and GARDNER, 1993; RICHARDS et
al., 1994; Ezaki et al., 1995; GAMAS et al., 1996; RHAGLAND and SOLIMAN, 1997; RICHARDS et
al., 1998; MeNossI et al, 1999) did not induce yeast cells’ tolerance to Al. The authors
speculated that their role could be in protecting the plants during the stress, not conferring

Al tolerance.

In order to verify if the genes mediating aluminium resistance in yeast will play the same
role in plants, Arabidopsis thaliana plants were transformed with several genes up regulated
under aluminium stress conditions (EzAkI et al., 2000). An Arabidopsis blue-copper-binding-
protein gene (AtBCB), a tobacco gluthathione S-transferase gene (parB), and a tobacco GDP

dissociation inhibitor gene (NtGDI1) conferred a degree of resistance to Al showing
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significantly higher root growth of transgenic plants under conditions of 200uM AICEk in
comparison to the wild type. The increase of the root growth was about 1.5 times higher
than in the controls. When 300uM AICL was used, the difference between control and

transgenic plants was not observed.

Expression of phosphatidylserine synthase gene from wheat conferred increased resistance
to aluminium toxicity in yeast but high level of transgene expression in Arabidopsis and
tobacco led to appearance of necrotic lesions and was not associated with increased Al

tolerance in transgenic plants (DELHAIZE et. al., 1999).

Until now the expression of Al up-regulated genes in plants did not lead to really enhanced
aluminium tolerance of transgenic plants or contributed to the functional analysis of the

genes involved in the tolerance mechanisms.
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2. Scientific Goals of the Work

Despite isolation of some genes and proteins, molecular biology of plant response to
aluminium toxicity is not clarified so far. The goal of this work was to study the genes

involved in molecular processes of plant resistance to aluminium toxicity in soybean.

Two main directions of the investigations have been chosen. The first one involved testing
candidate genes, which have been chosen during literature search for genes up regulated
during aluminium stress in plants. Another direction was search for cDNA fragments
corresponding to the genes induced upon the stress by the method of DD RT -PCR. Marathon
PCR has been applied as the method for cDNA fragment prolongation and further
verification. In order to obtain the full protein coding sequence of putative genes, cDNA
library construction from the root tips and suspension cultured cells from tolerant soybean
under stress conditions was necessary with further library screening using the fragments

obtained after Marathon PCR.

As a basic selection principle for the genes studied in all the methods applied comparison of
aluminium tolerant and sensitive cultivars under stress conditions as well as comparison with
non-stressed control was used. The genes showing transcript enhancement as compared to
both non-stressed controls and sensitive aluminium stressed samples were favoured through

all gene search process.

In order to study the role of corresponding genes in the tolerance mechanisms,
overexpression of the best candidate protein coding cDNA fragments have been done in
yeast and in thale cress (Arabidopsis thaliana) plants with subsequent characterization of
transgenic plant responsiveness to aluminium, Al penetration into stressed roots and

distribution of Al-elicited callose accumulation.

This study was a part of a BMBF-funded project within the framework of German-Indonesian

cooperation.



3. Materials and Methods

3.1 Materials

3.1.1. Chemicals and Enzymes
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AGS GmbH, Heidelberg, Germany

Qualex Gold Agarose.

Amersham Pharmacia Biotech,

Uppsala, Sweden

a->*P-dCTP(3000Ci/mM), a->*P-dATP(3000Ci/mM),
a->*P-dCTP, Bind-Silane, RepelSilane, Restriction
Endonucleases: BamHI, EcoRI, EcoRV, Hindlll,
Ncol, Notl, Kpnl, Pstl, Sacl, Sall, Scal, Smal, Xbal,
T4 DNA Ligase, Shrimp Alkaline Phosphatase.

Boehringer Mannheim, Mannheim,

Germany

Bovine Serum Albumine.

Clontech Laboratories, Inc., Palo
Alto, California, USA

Advantage Polymerase Mix.

Difco, Detroit, USA

Bacto-Agar, Bacto-Trypton, Bacto-Yeast Extract,
BeTek-Agar.

Duchefa, Netherlands

Murashige Scoog Medium, modified 4, Myo-Inosit,

Nicotine acid, Pyridoxin x HCI, Thiamine x HCI.

Karl Roth GmbH, Germany

Ampicillin, Kanamycin, Ca(NO3),x4H,0,
MgSO4x7H,0, KNOs, KH,PO,4, Na,HPO,, NaCl.

Life Technologies GmBH, New York,
USA

Super Script Reverse Transcriptase.

MBI Fermentas, Vilnius, Lithuania

Desoxynucleotidetriphosphates, Klenow Enzyme,
ATP.

Merck Eurolab GmbH, Hanover,

Germany

Formamide, Sodium Dodecylsulfate, AICk, H3BOs,
Acrylamide, Ammonium Persulfate, TEMED, -
Mercaptoethanol, Urea, HsPO,, KOH, NaOH.

Perkin Elmer Applied Biosystems,
Foster City, California, USA

AmpliTaq Polymerase, Stoffel Fragment.

Serva Electrophoresis GmbH A
Novex Company, Heidelberg,

Germany

CuSQO4x5H,0, (NH;)sM0;0,4x4H,0, MnCl,x4H,0,
ZnS0O,x7H,0, CaCl, x 2H,0, FeS0O, x 7H,0,
Na,EDTA x 2H,0O, NH,NOs.

Sigma-Aldrich Chemie GmbH,

Deisendorf, Germany

Ethidium Bromide, IPTG, X-Gal, Tetracycline,

Rifampicin, Carbenicillin.

TaKaRa Biomedical, Japan

PyroBest polymerase




3.1.2. Kits and Ladders
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Amersham Pharmacia Biotech,

Uppsala, Sweden

Megaprime DNA Labelling Kit, FlexiPrep Kit.

Clontech Laboratories, Inc.,
Palo Alto, California, USA

Marathon cDNA Amplification Kit.

DYNAL, Oslo, Norway

Dynabeads mRNA Purification Kit.

Eurogentech, Seraing, Belgium

Mass Ladder

Macherey-Nagel, Duiren,

Germany

NucleoSpin Extract Kit

MBI Fermentas, Vilnius,

Lithuania

1kb Ladder

Millipore GmbH, Eschborn,

Germany

Dyalysis Filters, Type HA, 0,45um.

QIAGEN GmbH, Hilden,

Germany

QIAGEN Plasmid Midi Kit, QIAquick Gel Extraction Kit,
QIAquick Nucleotide Removal Kit.

Stratagene, La Jolla,
California, USA

PCR-Script Cloning Kit, ZAP Express cDNA Synthesis Kit
and Zap Express cDNA Gigapack 111 Gold Cloning Kit.

3.1.3. Oligonucleotides for different PCR applications

63end Express2 | 5-GATTTTGGATGGTTTCATACTTCAAAAGGCGGCCGCATA-3'
63stExpress 5'-AATCCATGGCGCCGCCTCCCAAGCCAGTGCC-3"
AP1 5'-CCATCCTAATACGACTCACTATAGGGC-3"

AP2 5'-ACTCACTATAGGGCTCGAGCGGC-3'

Coli PEPC End 5'-GCCGGTATTACGCATACCTGCC-3"

Coli PEPC St 5-ATGAACGAACAATATTCCGC-3'

Mals255 5'-GGAAGCAT(AT) "AGGGC(AT) "ACTGTTC-3"
Mals280 5-CCATTC(AT) "GTGGG(CT) "TTGAA(CT) TG-3'
TA22L 5'-GCTGTACAGAAGCACCTGTGCAATTCGCC-3"
TA22s 5'-GCACCTCTGCAATTCGCC-3*

TA52L 5'-CCAAAGAAGTTACATCTTGTTAAACATTGG-3"
TA52s 5'-CATCTTGTTAAACATTGGC-3'

T1oNA 5-TTTTTTTTTTTTN A-3..

T1.NC 5-TTTTTTTTTTTTN C-3".

T1.NG 5-TTTTTTTTTTTTIN G-3',

Wali11 5-GC(AT) "ACATN N CAACACGT -3*

Wali12 5-GAA(CT) " (AT) (AT) " (AG) "GGTTGCAGG-3'
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Walidvl 5-TTCTTGTGGAGCACGCCT -3

Wali4v2 5-TGCAATCTTTGGCATTGG-3'

"~ any nucleotide, A, C, G or T.” - A or T nucleotides.” - A or T nucleotides” -Cor T
nucleotides™ - A or G nucleotides

3.1.4. Fluoresceine Labeled Primers for Sequencing

M13 Reverse 5'-CAGGAAACAGCTATGAC-3

M13 Universal 5-GTAAAACGACGGCCAGT -3
131RI 5-GGCCTTGCGGCGCCGTTTCG-3
131bbRII 5-GTTCGGGAAGCACGGTTTGG-3*
131BBR2 5-CAGCTTCTAGATGAGG-3
131bbUl 5-GGTGCTCATCGTGACTCACC-3'
131bbuU2 5-GGATTTGAGGATAAGTCG-3*

58 1b2rF 5-CCGTTACAAGGAAATTGAGAATGG-3
58 1b2uF 5'-CTAGTACACACCCAAAAATTC-3
58 1b2RlII 5-CCAGGACCTCCTTACAGG-3*

58 1b2UlI 5-CCTTATCAATAAAACCATG-3

58 1b2R2 5-GCTCCCTCGATGTGCTTC-3*

58 1b2U2 5-GGAGGTCAAGTGCTAAGTG-3'
63 2a3rF 5'-GGACGAATCATACCGACAAG-3*
63 2a3uF 5-CCCACGAAATCAGTGTTCTTCC-3
63 2a3R2 5-CCATTTGTACTACTCAGG-3

63 2a3U2 5-CTGATACACATAAGCGCC-3

3.1.5.Vectors and Plasmids

Vector Bacterial Plant Reference
marker marker

PBI121 Kan' Kan' Stratagene, La Jolla California, USA
PBIN 19 Kan' Kan' Bevan et al. 1984
PBK-CMV Kan' -- Stratagene, La Jolla California, USA
PCR-Script SK+ Amp' -- Stratagene, La Jolla California, USA
PS5'UT Amp' Kan' Hirsch et al.
| -ZAP Express’. Kan' - Alting-Mees et al, 1992
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3.1.6. Bacterial and Yeast Strains

E coli strains
Strain Genotype Reference
HB101 F leuB6 proA2 recA 13 thi-1 ara-14 lacY1 galk2 xyt | ATCC Bacteria
5 mtl-1 rpsL20 supE44 hsdS20 and
Bacteriophages,
19" edition, 1996
XL1 Blue RecAl endAl gyrA96 thi-1 hsdR17 supE44 relAl Stratagene, La
lac[F* proAB lacl9ZDM15 Tn10(Tet)]". Jolla California,
USA
XL10 Gold Tet'D (mcrA) 183 D(mcr CB-hsdSMR-mrr)173 end | Stratagene, La
Al supE44 thi-1 recAl gyrA96 relAl lac Hte [F Jolla California,
proAB laclZDM15 Tn10 (Tet’) Amy Cam'] USA
XL1 Blue MRF' D(mcrA)183, D(mcrCB-hsd SMR-mrr)173, endAl, Stratagene, La
SUpE44, thi-1, recAl, gyr A96, relAl, lac[F' proAB Jolla California,
laclZDM15 Tn10(Tet")] USA
Agrobacterium tumefaciens strains
Strain Reference
C58C1 [pGV2260] BRIDGE and SUMMERFELT, 1990
Gv3101 VAN LABEREKE et al., 1974

Saccharomyces cerevisiae strain

Strain Genotype

Reference

Inv Sc2 MATa his3?l leu2 trp-298 ura3-52

Ezakl et al., 2000

3.1.7. Plant Material

We used in our Al stress experiments soybean lines: Glycine max cv Tambora and Glycine
max cv Wilis (tolerant to Al stress); Glycine max cv Malabar and Glycine max cv Lumut
(sensitive to Al stress). The lines Glycine max cv Wilis and Glycine max cv Lumut were used

in cell suspension culture work. As host plants for gene transfer experiments we have chosen

Arabidopsis thaliana ecotype Columbia (Col-0).

3.1.8. Media

Bacterial Media
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E. coli strains were grown in LB(Luria -Bertrani) medium (SAMBROOK et al., 1989) at 37°C. A.
tumefaciens was grown in CPY medium (0.1% yeast extract, 0.5% trypton, 0.5%
saccharose, 2mM MgSO,, pH 7.2) at 28°C or in YEB medium (0.5% beef extract, 0.1% yeast
extract, 0.5% peptone, 0.5% saccharose, 2mM MgSO,).

| ZAP cDNA library was plated on NZY medium (SAMBROOK et al., 1989).

Media for plant transformation

LS medium (LINSMAIER AND SCOO0G, 1965); MS Medium (MURASHIGE AND SCOOG, 1962).

CPY medium (HORSCH ET AL., 1985): 0.5% casein peptone, 0.1% yeast extract, 0.5%
Saccharose, 2mM MgSOQ;,.

Modified Hoagland solution: (5mM Ca(NQOs)., 1ImM MgSQO,4, 5mM KNOs;, 1mM KH,PO, with
micronutrients: 50uM H3BOs, 0.3uM CuSO,4, 0.1uM (NHz)sM0;0,4, 4.5uM MnCl,, 3.8uM
ZnS0,).

3.2. Methods

3.2.1. Plantlets in water culture: growth conditions and Al treatment

The appropriate soybean seeds were germinated for 3 days in the dark on the paper wet by
1mM CaCl, with aeration, then the root tips were removed to enhance growth of secondary
roots. After that the plantlets were placed into modified Hoagland solution (5mM Ca(NOs),,
1mM MgSO,, 5mM KNO3z;, 1mM KH,PO, with micronutrients: 50uM HzBOs, 0.3uM CuSOy,,
0.1uM (NH4)6M0;024, 4.5uM MnCl,, 3.8uM ZnS0,) for the next 4 days in the green house
with aeration. Subsequent Al stress experiment was performed by titering solution pH to 4.2
by 37% HCI and applying AICk in final concentration 300uM for 4, 24 or 48 hours. After Al
treatment the plantlets were removed from the green house, roots washed with cold water,
root tips (approximately 1-2cm from the end of the roots) were cut on ice, frozen in liquid

nitrogen and stored at —70°C till RNA isolation (not more than two weeks).

3.2.2. Plant suspension culture and Al treatment

Suspension cultured cells were obtained from Dr A. Tewes, IPK, Gatersleben. Al treatments
were made according to STAsS and HORsT (1995). Seven-day-old cultured cells were washed
twice with a solution containing 2% sucrose and 500uM CaCl,, pH 4.3. Then they were
resuspended in the same solution with a density of 3g cells per 100 mL. Aliquots of 10mL of
this cell suspension were immediately pipetted into 250 mL Erlenmeyer flasks, containing 90

mL of the same solution supplemented with AICk to final concentration of 100uM. The cells
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were incubated for 4 hr with horizontal shaking (140 rpm, r=12.5 mm) and collected for
further RNA isolation.

3.2.3. RNA isolation

RNA extraction has been performed with guanidine hydrochloride method (LOGEMANN et al.,
1987). Plant material has been frozen in liquid nitrogen, grinded to a fine paste. 3ml Z6
Buffer (8M guanidine hydrochloride; 20 mM MES; 20 mM EDTA, pH 8.0; 50 mM G-
mercaptoethanol) and 3ml phenol: chloroform: isoamyl alcohol (24:24:1) per g of material
have been added and this mixture centrifuged 30 min at 4°C, at maximal speed. 0.7 volume
ethanol and 0.2 volumes 1M acetic acid have been added to the upper phase after
centrifugation and incubated on ice for 30min. After centrifugation 15 min at maximum
speed the pellet has been washed two times by precooled 3M sodium acetate (pH 5.2) and
RNA has been pelleted by centrifugation 15 min on maximum speed at 4°C. The pellet has
been washed by cold 70% ethanol, dissolved in DEP water and stored at —70°C. Quality and
quantity of RNA have been verified by denaturing RNA agarose gel electrophoresis according
to SAMBROOK et al. (1989).

3.2.4. RT-PCR

To find the most conservative regions in the gene targeted for RT-PCR, search for
homologies has been made with BLAST internet resource on the DNA and protein level.
Primers were constructed inside such conservative regions and alignment on DNA level was
used to avoid too high primer degeneracy. Ampli Tag DNA polymerase (Perkin Elmer Applied
Biosystems) was used for RT -PCR. The conditions of amplification were standard according

to producer's manual. Products of PCR were resolved on 1% agarose gel.

3.2.5. Differential Display RT -PCR; reamplification and cloning of chosen cDNA fragments

DD RT-PCR was made in general according to Liang et al. (1993). For 3'-end poly-A nested
primers were used T;;NA, T;;NG and T;;NC. Random 11-mers were used as 5'-end ones.
PCR conditions were used exactly according to Liang et al.(1993). **P-a-dCTP was used in
amplification reaction as a radioactive label. All PCR reactions were made twice with the
same cDNA sample. 3ul aliquotes of amplification products were resolved on 6% acrylamide
sequencing gel. After exposing the gel to the autoradiographic film, the bands of interest
were positioned with use of the film, cut out and incubated in TE buffer at 37°C 4-5 hours.
This mixture was used for the band reamplification. Reamplified bands were cloned into PCR

Script SK™- cloning vector (Stratagene).
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3.2.6. Marathon cDNA amplification
Marathon cDNA amplification was made with use of Clontech Marathon cDNA amplification
kit and Advantage Polymerase (Clontech). The primers for Marathon PCR were made with
use of sequence information of either Differential Display bands or appropriate sequences
found in Etrez Nucleotide Sequence Search:
(http://www.ncbi.nlm.nih.gov/Entrez/nucleotide.html).
Typical PCR reaction included: 94°C, 3min, 30 cycles of: 94°C, 5sec; 68°C, 4 min; then 68°C,
3 min. Touch down approach was also applied in several cases, which is highly
recommended to reduce background. PCR scheme with touch down looked like this: 94°C, 2
min; 10 cycles of: 94°C, 30 sec; 63°C (65°C a 68°C were applied according of primer
melting temperature), 30sec; 68°C, 2 min, subsequently 30 cycles of: 94°C, 30 sec;
60°C(63°C or 65°C were applied according of primer melting temperature), 30sec; 68°C, 2
min, then at the end 68°C, 5 min. The products of PCR reaction were resolved on 1%

agarose gel.

3.2.7. Cloning and sequencing

Standard methods of restriction analysis, gelelectrophoretic resolution of nucleic acids and
proteins were made according to protocols by SAmBROOK et al.(1989). PCR fragment
isolations were made by NucleoSpin Extract Kit (Macherey-Nagel). Plasmid DNA isolations
were made by FlexiPrep kit (Amersham Pharmacia Biotech). Midi preparations of plasmid
DNA were made by Plasmid Midi kit (Qiagen), some purifications were made by QlAquick
PCR Purification kit (Qiagen). E. coli strains XL-1 Blue, XL-10 Gold and HB101 were
transformed with use of heat shock method according to HANAHAN (1988). Cloning of PCR
fragments was performed with use of PCR-Script Cloning kit (Stratagene), according to the
producer‘'s recommendations. DNA sequencing was done according to SANGER et al. (1977)
and CHEN and SEEBURG (1985) with use of automated A.L.F.- sequencing equipment in
sequencing laboratory (S. KONIG, IPK, Gatersleben). DNAMAN Sequence Analysis Software,
Version 4.1 (Lynnon BioSoft) was used for sequence analysis and editing. Homology search
for nucleic acid and protein sequences was made by BLAST (Basic Local Alignment Search
Tool, ALTSCHUL et al., 1990; http://www.ncbi.nlm.nih.gov/BLAST/ ).

3.2.8. Reverse Northern and Northern Blotting

Reverse Northern Blotting was performed according to Clontech protocol for hybridization
with cDNA. cDNA synthesis was done with use of Super Script RNaseH Reverse
Transcriptase (Gibco BRL), according to protocol of producer in total volume of 80 pl. 27ul of
reaction mixture were used in random prime labelling reaction performed with use of
Megaprime DNA Labelling Kit (Amersham). **P-a-dCTP and *?P-a-dATP were used both for
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labelling reaction. Labelled cDNA probe was purified by NucTrap columns (Stratagene).
Hybridization was performed in Church buffer CHURCH and GILBERT, 1984) at 60°C with
membranes containing 10 pg of appropriate cloned Differential Display fragments or purified
PCR products after Marathon cDNA amplification. Washing procedure included: 4 times, each
20 min, in 2x SSC; 1% SDS at 60°C and 2 times, each 20 min, in 0.1x SSC; 0.5% SDS at
50°C.

Northern blotting was made according to standard protocol of SAMBROOK et al. (1989) with
some variations. 100ng to 1ug of DNA probe were labelled either by random prime labelling
method with use of Megaprime DNA Labelling Kit (Amersham), or, in case of small
Differential Display fragments, by 3‘-end labelling procedure with use of Klenow enzyme
(MBI Fermentas). Labelled DNA fragments were purified by NucTrap columns (Stratagene).
Hybridization was made in Church buffer (CHURCH and GILBERT, 1984) at 60°C. After
overnight incubation the membranes were washed by 2x SSC; 0.1% SDS, 2 times 20
minutes each and 2-3 times, 20 minutes as well by 1x SSC; 0.1% SDS. In any case the
results of hybridizations were analysed with use of Phosphor Imager BAS 2000, Fujix and

Tina 2.09 software (Raytest Isotopenmefgerate GmbH).

3.2.9. cDNA library construction and screening

cDNA library was constructed with use of | -ZAP Express cDNA synthesis kit. 75ug of RNA
extracted from aluminium treated (see 2.2.1.) root tips of Glycine max cv Tambora and 75ug
RNA extracted from aluminium treated suspension cultured cells of Glycine max cv Wilis were
used for cDNA synthesis. Gigapack 111 Gold Packaging Extract was used for packaging. The
library was amplified and screened by purified PCR fragments obtained by Marathon cDNA
amplification. Approximately 100 ng of each fragment were used for screening.
Hybridizations were made in Church buffer (CHURCH and GILBERT, 1984) at 60°C. The clones

obtained in screening were subjected to in vivo excision and subsequent sequencing.

3.2.10. Yeast transformation and characterization of Al responsiveness of transgenic yeast

A Yep-type vector, pYES2 was used for the introduction of full protein-coding fragment into
yeast strain Inv Sc2. Transformation was performed according to GIETZ et al.,, 1992.
Exponentiatphase cells grown in LPM medium at pH 4.0 supplemented with 2% glucose
were centrifuged and resuspended in LPM medium with 2% galactose or 2% glucose and
grown for 9 hours to initiate the gene expression. Then the part of the cells was diluted 1:10
in LPM medium and placed in diluted and undiluted form in drops onto LPM agar adjusted to
pH 4.0 containing aluminium chloride in concentrations of 0, 1, 5, 7.5 and 10mM. The results

of the cell growth were analysed after overnight incubation.
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3.2.11 Construction of expression plasmids for over expression in plants

The structural genes from the clones 318 and 633 were amplified with use of plasmid DNA
as a template by high fidelity PyroBest DNA polymerase (TaKaRa). The primers were
designed to obtain corresponding full protein coding sequences in frame for protein synthesis
with restriction sites Smal in the beginning and Notl in the ends of the sequences. The PCR
products were resolved on 1% agarose gel, purified with use of NucleoSpin Extract kit
(Macherey-Nagel) and cloned into the plasmid pRTRA7/3 (kind gift from S. Miroshnichenko,
IPK, Gatersleben) containing Cauliflower Mosaic Virus 35S promoter, c-myc-tag for detection
of foreign protein expression and poly-A region sequence for enhancement of expression in
transgenic plants. After recombinant plasmid verification by restriction analysis partial
restriction was made with use of Hindlll restriction enzyme. Vector plasmid pBIN19 was also
restricted by Hindlll and dephosphorylated to block self-ligation according to SAMBROOK et
al., 1989. The constructs consisting of the CMV 35S promoter, structural gene (either 318 or
633), c-myc-tag and poly-A region were cloned into pBIN19 in Hindlll sites. After restriction

verification recombinant plasmids were ready for plant transformation.

3.2.12. Plant transformation and characterization of transgenic plants

The plant transformation was performed according to CLouGH and BENT (1998) using
Arabidopsis thaliana cv Columbia as a host for transgene expression. F; transgenic lines were
selected on MS agar containing 30ug/ml kanamycin. Kanamycin resistant seedlings were
transferred to soil and grown to maturation. Kanamycin resistant progeny in F, were selected

in the same way.

The test for aluminium resistance was performed on 4 to 7 day old seedlings. They were
transferred to Hoagland solution, pH 5.7 for the control or pH 4.0 as acidic stress control and
Hoagland solution, pH 4.0 supplemented with different concentrations of aluminium chloride
(in the range of 50 to 300uM).

Morin staining experiment as a test for aluminium penetration into the roots of transgenic
and wild type plants was performed according to LARSEN et al. (1996). The seedlings were
treated by 200uM aluminium chloride in Hoagland solution, pH 4.0 for 2h, washed in 5mM
NH,OAc, pH 5.0 for 10 min and stained in 100uM morin (Fluka) in 5mM NH,OAc, pH 5.0 for
1h. After washing in 5mM NH;OAc, pH 5.0 for 10 min stained roots were visualised under
fluorescence microscope (Zeiss, Axioplan 11) using fluorescence filter for DAPI-FITC-

Rhodamine fluorescence.
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Evaluation of stress induced callose biosynthesis has been performed using aniline blue
staining (SCHMOHL et al., 2000). The seedlings were subjected to aluminium stress for 48
hours under conditions of 200uM aluminium chloride in Hoagland solution, pH4.0. After the
treatment roots were cut, immediately washed in tridest for 5 min and stained by animline
blue for 2-3 minutes with subsequent wash in tridest for 5 min. The wild type and transgenic
plants were stained and washed in parallel to ensure the uniformity of staining procedure.
After staining the roots were visualized under fluorescence microscope using the same filter

combination as for morin staining procedure.
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4. Results

4.1. Influence of aluminium stress on root morphology and suspension cultured cells
The aim of the work was to study gene activities responsible for stress resistance of soybean

under conditions of moderate aluminium stress. We tried to restrict the plant response to

this specific stress.

Fig. 1. Influence of aluminium treatment on root tip morphology.

A - control root of soybean cv Tambora (tolerant). B - the root of soybean cv Tambora (tolerant) after
the treatment with 300uM AICI; for 48 h. C - the root of soybean cv Tambora (tolerant) after the
treatment with 1000uM AICI3 for 48 h.

The red arrows show the root meristem undergoing the changes already after the treatment by
300uM AICl3. Morphology of the meristem changes but not so dramatically as in case of the treatment
by 1000uM AICI3. After this treatment the form of the root changes dramatically and the root
meristem shape clearly visible in control disappears. The green arrow shows root swelling which is
typical for the roots after 300uM aluminium treatment. The bars in the upper left corners are 1000um

long.
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Therefore the experiments were performed to evaluate root shape changes dependent on
AICk content in the nutrient solution in order to find the lowest stressor concentration
causing the first morphological changes of the root tips in comparison to the untreated
control. 300uM AICk induced the first visible alterations of the root tip shape, disruption of
the meristem zone and swelling of the main roots (Fig. 1B). 1000uM AICk caused severe
damage of the root tip shape, completely destroying the normal structure of the meristem
zone clearly visible in the control roots (Fig.1, A and C). The concentration of 300 uM AICk

was chosen for the further aluminium stress experiments on plants in the nutrient solution.

Based on StAss and HorsT’s (1995) work on aluminium treatment of in vitro cell suspension
culture the concentration of 100 uM has been chosen for the aluminium stress in our in vitro
cell culture studies. This moderate Al was used because 50uM concentration is the lowest
one causing enhanced callose formation, one of the most sensitive markers of aluminium
toxicity. On the other hand increasing of AICk concentration up to 500uM inhibited K™-net
efflux (indicator of the ion exchange through the membrane) to the lowest range whereas
lipid peroxidation is started indicating already the massive stress in the cells §tAss and
HORsT, 1995).

To study the gene expression in soybean plants as well as in vitro cell suspension culture two
different approaches were used. The first one included hybridization experiments with the
known genes potentially involved in the mechanisms of aluminium resistance. The second
one consisted of a direct study of gene expression pattern using the method of Differential
Display.

4.2. Evaluation of the expression of genes potentially involved in Al resistance

The mechanisms of aluminium toxicity and plant resistance are not yet clear. There are a
number of potential genes, which could be involved in the processes of plant defence against
aluminium stress (see Introduction). In order to study gene expression pattern several
candidates from the literature have been chosen. The reasons for choosing each individual

gene are presented in Table 1.

Some of the candidate genes could be verified directly since they were available as cloned
cDNA fragments. Others, however, either were not at our disposal or were from too
genetically distant plants so that it was necessary to use the sequence information from such
genes in Marathon PCR approach (see Methods, chapter 2.2.6) with subsequent evaluation
of corresponding gene expression by Reverse Northern hybridization technique (Methods,
chapter 2.2.8).
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Table 2. Northern hybridization experiments, the reasons for using candidate genes.

No Gene Reason for the gene choice

1 Calreticulin Ca-binding protein. Participates in second messenger
pathway, one of possible sites of aluminium attack
(KOCHIAN, 1995) as well as involved in callose
accumulation in plasmodesmata, mediating aluminium
blockade of symplastic transport (SIVAGURU et al.,

2000)
2 Metallothionein, MT4 Metallothionein-like proteins are induced by
aluminium in wheat (SNOWDEN and GARDNER, 1993).
3 Metallothionein, MT1 Metallothionein-like proteins are induced by
aluminium in wheat (SNOWDEN and GARDNER, 1993).
4 Pea Metallothionein Metallothionein-like proteins are induced by
aluminium in wheat (SNOWDEN and GARDNER, 1993).
5 Glutathione-S- Antioxidation enzyme. Induced by aluminium in
Transferase tobacco (EzAKI et al., 1996; EzAKI et al., 2000)
6 GTP-binding protein Induced by aluminium in tobacco (EzAKI et al., 1996)
7 Malate Dehydrogenase Malic acid is one of the acids used in organic acid

exudation mechanism, one of plant strategies to
tolerate aluminium stress (KOCHIAN, 1995; LI et al.,

2000).
8 Phosphoenolpyruvate The component of organic acid biosynthesis. The
(PEP) Carboxylase organic acids such as malic and citric acids are used
as external chelators of aluminium in plants (KOCHIAN,

1995).

4.2.1. Evaluation of gene transcript abundance by Northern hybridization

The study of the gene expression level for the available cDNA fragments involved verification
of the gene responsiveness to aluminium stress by Northern hybridization. The RNA for such
experiments was extracted from the root tips of Tambora (tolerant to Al stress) and Malabar

(susceptible to Al stress) soybean cultivars.

The aluminium treatment was performed for 48 h as described in Methods, chapter 2.2.1.
The majority of the genes probed showed the same expression level during stress and in
non-treated controls, both in case of tolerant and sensitive cultivars (Fig.2). This result

indicates that all of them are not involved in aluminium stress response of soybean.

Phosphoenolpyruvate (PEP) carboxylase was up regulated in soybean root tips during
aluminium stress for 48 h. Its expression was enhanced in root tips of both tolerant cv
Tambora and sensitive cv Malabar. In case of tolerant cultivar Tambora the increase was
2.8-fold in comparison to untreated controls during moderate acidic stress (pH of nutrient
solution lowered to 4.0) and 5.4-fold during 300uM AICk treatment for 48h. Sensitive to Al

stress cv Malabar reacted somewhat weaker.
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Fig. 2. Evaluation of the transcript abundance for the genes possibly involved in the plant
response to aluminium stress.

Northern hybridization with probes: A. Calreticulin, tobacco (Nicotiana tabacum). B. Metallothionein
MT4, tomato (Lycopersicum esculentum). C. Metallothionein MT1, tomato (Lycopersicum esculentum).
D. Metallothionein, pea (Pisum sativum). E. Glutathione-S-transferase, tobacco (Nicotiana tabacum).
F. GTP- binding protein gene, tobacco (Nicotiana tabacum). G. Malate dehydrogenase gene, tomato
(Lycopersicum esculentum). H. 18s rDNA as loading control. 1. Control: RNA from root tips of Malabar
(sensitive), non-treated. 2. RNA from root tips of Malabar (sensitive), treated with 300uM AICI; for
48h. 3. Control: RNA from root tips of Tambora (tolerant), non-treated. 4. RNA from root tips of
Tambora (tolerant), treated with 300uM AICI; for 48h.

The increase in PEP carboxylase expression under identical stress conditions was 2.6-fold as
compared to untreated tolerant control plant, however, the control PEP carboxylase
expression in cv Malabar was beyond the level of detection in this experiment indicating that
level of enzyme expression is lower in susceptible plants in comparison to tolerant ones (Fig.
3). The increased transcript level of PEPC under Al stress in tolerant soybean cultivars
suggests that this enzyme belonging to organic acid metabolism could be involved in Al

resistance mechanism of soybean.
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Fig.3. Evaluation of RNA abundance for PEP Carboxylase during aluminium stress.

A. Northern hybridization with PEP Carboxylase cDNA probe from tobacco (Nicotiana tabacum). B.
Quantification of the relative hybridization signal intensity. C. Hybridization with 18s rDNA probe as
loading control.

1. Control: RNA from root tips of soybean cv Tambora (tolerant), non-treated. 2. RNA from root tips
of soybean cv Tambora (tolerant), treated only with low pH (4.0) for 48h. 3. RNA from root tips of
soybean cv Tambora (tolerant), treated with 300uM AICI; for 48h. 4. Control: RNA from root tips of
soybean cv Malabar (sensitive), non-treated. 5. RNA from root tips of soybean cv Malabar (sensitive),
treated with 300uM AICI3 for 48h. The numbers on the graph show the expression level enhancement
of appropriate sample in comparison to the control marked as ,,c*.

4.2.2. Evaluation of gene expression by Reverse Northern hybridization

In case of several genes not available directly another method of evaluation was used:
Marathon PCR combined with Reverse Northern hybridization. Sequence information of the
gene conservative regions was used to create primers for Marathon amplification. Since the
aim of the work was to find the genes specifically involved in aluminium stress response of
soybean, the maost effort was directed to extract the amplified fragments yielded only in the
reaction with cDNA from tolerant to Al stress soybean cultivars treated by AICk but not in
controls or susceptible cultivars also stress treated. By this approach the cDNA fragments
corresponding to non-stressor genes (PCR fragments were in reactions with all cDNA
samples or in controls only) and the genes of general stress response (PCR fragments were
in reactions with cDNA samples from susceptible cultivars treated with aluminum stress)

were eliminated from the further experiments.
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Fig. 4. Marathon amplification for GST and pAL genes.

1.DNA Ladder 2. Marathon amplification with GST primers with use of cDNA from control root tips of
soybean cv Tambora (tolerant). 3. Marathon amplification with GST primers with use of cDNA from
root tips of soybean cv Tambora (tolerant) treated with 300uM AICI; for 48 h. 4. Marathon
amplification with GST primers with use of cDNA from root tips of soybean cv Malabar (sensitive) with
300uM AICIz for 48 h. 5. Marathon amplification with pAL primers with use of cDNA from control root
tips of soybean cv Tambora (tolerant) 6. Marathon amplification with pAL primers with use of cDNA
from root tips of soybean cv Tambora (tolerant) treated with 300uM AICIz for 48 h. 7. Marathon
amplification with pAL primers with use of cDNA from root tips of soybean cv Malabar (susceptible)
treated with 300uM AICI3 for 48 h. The arrows indicate the molecular sizes of the ladder fragments.

Marathon amplification fragments were extracted and applied in Reverse Northern
hybridization. Reverse Northern allows verifying many fragments in one experiment, which is
extremely important in case of such PCR study with possible output of multiple fragments.
This method was applied for several genes, such as glutathione-S-transferase (GST),

phenylalanine ammonialyase (pAL), and Walil (SNOWDEN and GARDNER, 1993).

Marathon PCR results for GST showed that the major PCR fragment was only in the reaction
with control cDNA from root tips of soybean cv Tambora (tolerant to Al stress) but not in
cDNA samples from root tips of stress treated plants and also not in cDNA sample from root
tips of soybean cv Malabar (sensitive to Al stress) also treated by stress (Fig. 4, lanes 2, 3,
and 4). This result indicates that GST belongs to the genes that are not involved in the stress
response of soybean. That is in agreement with Northern hybridization pattern in experiment
with GST gene from tobacco where one can find the same expression level for GST in control

and stress treated samples from tolerant and sensitive soybean plants (Fig.1 E).
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Fig. 5. Marathon amplification for Walil gene induced by aluminium in wheat (SNOWDEN and

GARDNER, 1993).

1. Smart Ladder 2. Marathon amplification with Walil primers with use of cDNA from control root tips
of soybean cv Tambora (tolerant). 3. Marathon amplification with Walil primers with use of cDNA
from root tips of soybean cv Tambora (tolerant) treated with 300uM AICIz for 48 h. 4. Marathon
amplification with Walil primers with use of cDNA from root tips of soybean cv Malabar (susceptible)
treated with 300uM AICIz for 48 h. The arrows indicate the position of the Smart Ladder bands of 2.0
kb and 2.5 kb. The green arrow shows Marathon PCR fragment extracted and used further in Reverse
Northern hybridization (Fig. 6).
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Fig. 6. Evaluation of Walil gene expression by Reverse Northern hybridization.

A — Reverse Northern hybridization with Walil Marathon PCR fragment (see Fig. 5, green arrow). C —
hybridization with control cDNA. WsAI — hybridization with cDNA isolated from the suspension cultured
cells of soybean cv Wilis (tolerant to Al stress) treated by 100uM AICl3 for 4h. LsAl — hybridization with
cDNA isolated from the suspension cultured cells of soybean cv Wilis (susceptible to Al stress) treated
by 100uM AICI3 for 4h, R — 18s rDNA fragment, W1 — Walil Marathon PCR fragment.

B — Quantification of the signal intensities made by TINA software. The numbers on the quantification
show enhancement of expression in comparison to control values marked as ,.c“.

The experiment with pAL showed the same PCR fragment pattern for all the three cDNAs
(Fig. 4, lanes 5, 6, 7), from control and treated tolerant plants (cv Tambora) and stress

treated sensitive plant (cv Malabar). This result presents evidence that pAL expression
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remains steady during stress and non-stress conditions and therefore can‘t belong to the
stress genes, either responsible for general or aluminium specific reaction of soybean.
Amplification for the Walil gene has been performed with use of cDNA from suspension

cultured soybean cells, tolerant (cv Wilis) and sensitive (cv Lumut) to the stress conditions.

Marathon PCR with Walil primers revealed much higher amplification fragment intensity for
cDNA sample from soybean cv Wilis (tolerant) treated by 100uM Al chloride for 4 h (see
Methods, chapter 2.2.2.) in comparison with non treated controls (Fig.5, lanes 2 and 3). No
PCR fragments could be seen in reaction with Lumut (susceptible) cDNA from suspension
culture also treated under the same stress conditions (Fig.5, lane 4). This amplification
results indicated possible influence of Wali 1-like gene on the process of soybean response to

aluminium stress.

Marathon PCR fragment was extracted and used in Reverse Northern hybridization. Walil
gene was expressed about 6 times higher in cv Wilis (tolerant) suspension cultured cells
under conditions of aluminium stress for 4h. As much as 20-fold higher expression has been
observed in cv Lumut (susceptible) suspension cultured cells under the same stress
conditions (Fig. 6). This result shows that Walil gene is the one of general stress response,
being expressed more in susceptible soybean cultivars where the stress effect is more

profound.

During the experiments on aluminium responsiveness evaluation 9 genes were tested with
the methods of Northern and Reverse Northern blotting in combination with Marathon cDNA
amplification. Two of them showed up regulation during the stress, wali 1 and PEP
carboxylase. Higher RNA abundance of PEP carboxylase in tolerant soybean under stress
conditions indicated the participation of PEPC in mechanisms of Al resistance, whereas Walil

gene belongs to the genes of general stress phenomenon.

4.3. Direct evaluation of gene expression under stress conditions using Differential Display

and Marathon amplification techniques

Direct evaluation of the gene expression pattern in stressed and non-stressed root tips was
made by Differential Display RT-PCR (DD). Expression patterns of tolerant soybean lines,
Tambora (root tip experiments) and Wilis (experiments with suspension cultured cells) were
compared to the ones obtained with use of susceptible soybean lines Malabar (root tip
experiments) and Lumut (experiments with suspension cultured cells). In general, however,

DD pattern was differing very little between aluminium treated samples and non-treated
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controls (data not shown). That was supporting the choice of relatively low aluminium
concentration for the stress treatments. The majority of cDNA fragments showing different
expression pattems in controls and stressed samples were down regulated supporting the
well-known phenomenon of general gene expression decrease under aluminium stress
conditions (KOCHIAN, 1995). However, the stress-related genes up regulated during the
stress might act gecifically against aluminium toxicity. If some gene is involved in the
general stress response, its expression should be enhanced in root tip cells (major site of
aluminium toxicity) as well as in suspension-cultured cells of tolerant and susceptible
soybean cultivars subjected to the stress conditions. In case of the genes involved in the
mechanisms of the stress protection the highest expression level should be expected in
tolerant stress treated soybean cultivars, but not in controls or sensitive ones where the

specific genes can't be so much up regulated.

Therefore cDNA fragments have been taken, which were up regulated in Aktreated samples
from tolerant lines, but not in the controls or in the stress treated samples obtained from
susceptible soybean cultivars. By this approach the pool of obtained cDNA fragments has
been enriched with the ones corresponding to the genes specifically involved in soybean
resistance against aluminium toxicity. Each DD experiment was made twice and only the

fragments appearing in both independent PCR sets were used for further experiments.

During DD experiments we found that resolution pattern was highly reproducible and
differed only slightly between controls and samples obtained from root tips of tolerant
Tambora soybean treated by 300uM AICl; for 48 hr. DD resolution pattern from samples
treated by 1000uM AICk showed quite many down regulated bands (results not shown),
which is in agreement with inhibition of DNA and RNA synthesis by aluminium stress
(KocHIAN, 1995). In the set of DD experiments 12 DD fragments up regulated during

aluminium stress were found.

Two of obtained DD fragments, TA52 and TA22, are presented on the Fig. 7 as they
appeared on DD pattern. Intensity of cDNA fragment signal on the DD pattern corresponds
to the expression level for the appropriate gene in appropriate sample. In that way it could
be seen that expression level of the gene corresponding to the TA52 fragment is quite low in
both susceptible (obtained with use of cDNA from the root tips of soybean cv Malabar) and
tolerant (obtained with use of cDNA from the root tips of soybean cv Tambora) controls (Fig.
7 A, lanes 1 for susceptible control pattern and 6 for the tolerant one). The fragment signal
intensity is enhanced already in the sample subjected to Al stress (for the conditions of the

stress see Methods, chapter 2.2.1) for 4 h (Fig. 7 A, lane 3) as well as in the one after 24



40
and 48 h of stress (lanes4 and 5). After 48h stress the expression of the gene corresponding
to the TA52 fragment is maximal of all 6 samples used for the study (lane 5) in the case of

tolerant cultivar but practically not different from the control in sensitive one.

In case of TA22 cDNA fragment the signal is virtually invisible on control DD patterns (Fig. 7
B, lanes 1 for sensitive control (non-stressed root tips of cv Malabar) and 6 for the tolerant
one (non-stressed root tips of cv Tambora). However, the signal appears on DD pattern of
the tolerant cultivar root tips already after 4 h of aluminium treatment (Fig. 7 B, lane 3) and
its intensity is the highest after 48h treatment of tolerant cv Tambora (Fig. 7 B, lane 5) but
invisible in susceptible cv Malabar (Fig. 7 B, lane 2), as in control samples.
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Fig. 7. TA52 and TA22 cDNA fragments on the Differential Display pattern of cDNA from
tolerant and susceptible soybean lines.

Lanel: Control soybean cv Malabar (susceptible) root tip RNA. Lane 2: Soybean cv Malabar
(susceptible) RNA from root tips treated with AICI; for 48 h. Lane 3: Soybean cv Tambora (tolerant)
RNA from root tips treated with AICl; for 4 h. Lane 4: Soybean cv Tambora (tolerant) RNA from root
tips treated with AICI3 for 24 h. Lane 5: Soybean cv Tambora (tolerant) RNA from root tips treated
with AICI3 for 48 h. Lane 6: Control soybean cv Tambora (tolerant) root tip RNA.

A. TA52 DD fragment. B. TA22 DD fragment. The appropriate cDNA fragments are indicated by

arrows.

Such DD patterns indicate that the genes corresponding to the cDNA fragments TA52 and
TA22 are involved in the process of specific soybean response to the moderate aluminium

stress.

All DD fragments were extracted, reamplified and cloned into Stratagene PCR-Script cloning
vector. As it is well known, each DD band can contain several different co-migrating cDNA

fragments (LIANG et al., 1993), which is supported by the resolution picture of the DD
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fragment reamplification (Fig. 8). Thus after the extraction and reamplification a pool of

cloned DD fragments was obtained.

Reverse Northern hybridization was used to eliminate the false positive clones typical for the
DD method. This hybridization method gives the possibility to probe a lot of cloned DNA
fragments in one experiment to find the ones, which correspond to the genes showing really
up regulated expression pattern during aluminium stress. Such experiment was made for all
the DD fragments under study and enhanced expression of the genes corresponding to TA22
and TA52 cDNAs has been confirmed by Reverse Northern hybridization (Fig. 9 and 10).

1 2 3

200 bp\

Fig. 8. Reamplification of DD cDNA fragments. 1. Smart Ladder 2. TA22 band reamplification (the
major band is of size 212 bp). 3. TA 52 band reamplification (the major band is of size 75 bp).

The expression of the gene corresponding to TA22 fragment (Fig. 9) in root tips of cv
Tambora (tolerant to aluminium stress) has been enhanced 7-fold under the same stress
conditions. To obtain one more evidence for the up regulation of the genes corresponding to
TA52 and TA22 DD fragments Northern hybridization experiment has been performed for the
both of them.

TA22 rDNA

TA22 rDNA
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C

Fig. 9 Evaluation of expression level for the gene corresponding to TA22 DD fragment using
Reverse Northern blotting.

A — hybridization with cDNA isolated from control root tips of soybean cv Tambora (tolerant). RNA
level on the quantification is indicated by “Con”. B — hybridization with cDNA isolated from root tips of
soybean cv Tambora (tolerant) treated by 300uM AICl3 for 48h. RNA level on the quantification is
indicated by “TA300”. rDNA — 18s rDNA fragment, TA22 —TA22 DD fragment. C — Quantification of the
signal intensities made by TINA software. The numbers show enhancement of the gene expression
level in comparison to control marked as ,,c*.
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As it is shown on Fig. 10, the expression level of the gene corresponding to TA52 DD
fragment was enhanced 7.4-fold in the root tips of cv Tambora tolerant to aluminium
stress) after 48h of treatment by 300uM aluminium chloride (the exact conditions of the

treatment see in Methods, chapter 2.2.1) in comparison to non-treated control.

TA52 rDNA

TA 52 rDNA

C ¥ Con B TA300

Fig. 10 Evaluation of expression level for the gene corresponding to TA52 DD fragment using
Reverse Northern blotting.

A — hybridization with control cDNA from root tips of soybean cv Tambora (tolerant). RNA level on the
quantification is indicated by “Con”. B — hybridization with cDNA isolated from root tips of soybean cv
Tambora (tolerant) treated by 300uM AICl; for 48h. RNA level on the quantification is indicated by
“TA300”. rDNA — 18s rDNA fragment (loading control), TA52 —TA52 DD fragment. C — quantification of
the signal intensities made by TINA software. The numbers show enhancement of the gene
expression level in comparison to control marked as ,,c".
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Fig. 11. Evaluation of the expression level for the gene corresponding to TA52 DD cDNA

fragment using Northern blotting.

A — Northern hybridization with TA52 DD fragment. B — Northern with 18s rDNA (loading control). C —
quantification of signal intensities on Northern hybridization with TA52 DD fragment made by TINA
software. ,c“ - Control RNA from root tips of soybean cv Tambora. ,,TA300“ - RNA from root tips of
soybean cv Tambora treated with 300uM AICI; for 48 h. ,M300“ - RNA from root tips of soybean cv
Malabar treated with 300 pM AICl3 for 48 h. The numbers on the quantification show the
enhancement of the expression level in comparison to the control values marked as ,.c“.

The gene corresponding to the TA52 fragment showed 7.0-fold enhancement of expression
level in Tambora (tolerant) root tips after 48h stress under conditions of 300uM Al chloride in

the nutrient solution in comparison to the control expression value (Fig. 11 A and C, TA300).
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Under the same conditions the putative gene showed only 4.1-fold increase of the
expression level in cDNA from the root tips of Malabar (sensitive) which was 1.7-fold less up
regulated than in tolerant plants (Fig. 11 A and C, M300). Such result showed the probable
involvement of the studied gene in specific plant stress response against aluminium stress in

soybean.

Northern hybridization experiments with TA22 DD fragment showed that the expression level
of the gene corresponding to this fragment was beyond the level of detection for the method

(data not shown).

The method of Differential Display is designed to obtain the pattern of cDNA fragments of
the size up to 500 bp from the part of cDNA just near the poly-A tail, normally the
untranslated region. This methodical drawback hardly allows DD fragments to be used in
cDNA bank screening. That is why obtained DD fragments had to be prolonged. Since all the
fragments were originated from 3’-part of cDNA, the probability was high that in the pool of
all cDNA molecules from studied tissues several cDNAs corresponding to one DD fragment
could be found. Therefore the special method has been chosen for the experiments on DD
fragment prolongation, Marathon cDNA amplification (see Methods, chapter 2.2.6). This
method creates an uncloned cDNA library and the search for the cDNA fragments is
performed by amplification with use of the primers specific to some part of them. Another
primer is taken to anneal to the special adapters, which does not allow the PCR reaction
without the primer specific for the cDNA of interest. Thus with use of this method all cDNAs
having the sequence of putative DD fragment in 3'-part could be found and studied for the
expression of corresponding genes under stress and non-stress conditions in further

experiments.

The cells in the root tip region are highly differentiated structurally and functionally and their
stress response cannot be uniform. In order to obtain the uniform stress response, we used
RNA from suspension-cultured cells of tolerant and sensitive soybean cultivars on the level of
Marathon amplification (for the conditions of the experiments see Methods, chapter 2.2.2.).
Since all the cells in the long-term suspension culture are cultivated and stress-treated under
the same conditions, the sensitivity of the gene search could be reasonably enhanced
because in this case some genes expressed in the plant only in specific tissue layers could be

detected also.

The sequence information of several clones containing DD fragments was used for the
primer construction and the primers were applied in Marathon PCR. Amplification

experiments were performed with cDNAs from the root tips of tolerant soybean cv Tambora
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and sensitive cv Malabar as well as suspension cultured cells of tolerant soybean cv Wilis and
sensitive cv Lumut. Root tips were subjected to moderate acidic stress with and without
aluminium stress for 48h (see Methods, chapter 2.2.1). Suspension cultured cells were
stressed by aluminium treatment for 4 h (see Methods, chapter 2.2.2).

1 2 3 4 5

3.0kb
T5F1 (4.5kb)
2.5 kb
2.0 kb
T5pHF2 1.2 kb
1.0kb
T5pHF3
06k — |
T5F2

Fig. 12. cDNA fragments obtained by Marathon amplification with use of TA52 specific

primers.

Lane 1. DNA Ladder. The red arrows indicate the sizes of ladder fragments in kb. Lane 2. PCR with
control cDNA from root tips of soybean cv Tambora (tolerant). Lane 3. PCR with cDNA from root tips
of soybean cv Tambora (tolerant) treated by moderate acidic stress (pH of the nutrient solution
lowered to 4.0) for 48 h. Lane 4. PCR with cDNA from root tips of soybean cv Tambora (tolerant)
treated by 300uM AICI; for 48 h. Lane 5. PCR with cDNA from root tips of soybean cv Malabar
(susceptible) treated by 300uM AICI; for 48 h. The green arrows indicate appropriate cDNA fragments.

1 2 3 4
T2F1
0.9 kb
\
0.8 kb ToF2
0.7 kb /
0.6 kb

Fig. 13. cDNA fragments obtained by Marathon amplification with use of TA22 specific

primers. Lane 1. DNA Ladder. The red arrows indicate the sizes of ladder fragments in kb. Lane 2.
PCR with control cDNA from root tips of soybean cv Tambora (tolerant). Lane 3. PCR with cDNA from
root tips of soybean cv Tambora (tolerant) treated by 300uM AICI; for 48 h. Lane 4. PCR with cDNA
from root tips of soybean cv Malabar (susceptible) treated by 300uM AICl; for 48 h. The green arrows

indicate appropriate cDNA fragments.
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In this way Marathon amplification patterns for all the DD fragments studied were compared
between controls, low pH and aluminium stressed root tip and suspension cultured cells of

sensitive and tolerant soybean cultivars.

1 2 3 4
2.0 kb H3F1
15kb |
H3F2
i
1.0 kb
0.6 kb — H3F3

Fig. 14. cDNA fragments obtained by Marathon amplification with use of HT31 specific
primers in the experiment with suspension-cultured cells from aluminium stressed cv
Tambora. Lane 1. . DNA Ladder. The red arrows indicate the sizes of ladder fragments in kb. Lane 2.

PCR with control cDNA from suspension cultured cells of soybean cv Wilis (tolerant). Lane 3. PCR with
cDNA from suspension cultured cells of soybean cv Wilis (tolerant). treated by 100uM AICI3 for 4 h.
Lane 4. PCR with cDNA from suspension cultured cells of soybean cv Lumut (susceptible) treated
under the same conditions as the cells of tolerant cv Wilis. The green arrows indicate appropriate

cDNA fragments.

The clones chosen for this approach were the ones containing the both cDNA fragments
verified for their aluminium responsiveness TA52 (Fig. 9 and Fig. 11) and TA22 (Fig. 10), and
also the clone containing DD fragment HT31, which could not be verified in the form of DD
fragment since the expression level for the appropriate gene was beyond the level of
detection in both Northern and Reverse Northern hybridizations. During Marathon
experiments only the PCR fragments from the amplification with cDNA from tolerant soybean
cultivars treated either by acidic or by aluminium stress were selected, but not the ones
existent in the amplification reactions with cDNAs from controls or stress treated susceptible

cultivars, as it was explained in more detail above for DD experiment design.

Finally, 9 cDNA fragments have been obtained as the result of PCR with use of DD fragments
TA52, TA22 and HT31. The cDNA fragments T5F1, T5F2 were observed only in PCR reaction

using TA52 derived primers with cDNA from cv Tambora (tolerant) root tips stressed by Al
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for 48h, but not in controls or in the amplification of cDNA from sensitive cv Malabar root
tips. T5pHF2 and T5pHF3 appeared only in reaction with cDNA from cv Tambora (tolerant)
root tips subjected to moderate acidic stress for 48h, but not in controls or in the

amplification of cDNA from aluminium treated sensitive cv Malabar root tips (Fig. 12).

cDNA fragments T2F1, T2F2 were observed only in PCR reaction using TA22 derived primers
with cDNA from cv Tambora (tolerant) root tips stressed by Al for 48h, but not in controls or
in the amplification of cDNA from sensitive cv Malabar root tips (Fig. 13). In the amplification
experiments with cDNA from the samples subjected only to acidic stress or coming from

suspension cultured cells no additional cDNA fragments could be isolated (data not shown).

cDNA fragments H3F1, H3F2 and H3F3 were observed only in PCR reaction using HT31
derived primers with cDNA from cv Wilis (tolerant) suspension cultured cells stressed by Al
for 4h, but not in controls or in the amplification of cDNA from sensitive cv Lumut (Fig. 14).
The amplification patterns for the root tips, control and aluminium stressed as well as for
moderate acidic stress were attempted to be verified as well, however, no result was
obtained (data not shown). The information about all cDNA fragments obtained after

Marathon amplification experiments is summarized in the Table 2.

Table 3. cDNA fragments obtained with use of TA52, TA22 and HT31 sequences in Marathon

amplification experiments.

No Marathon PCR Primers were The bands were in cDNA Fragment size,
fragment obtained with use Marathon PCR sample originated kb
of DD fragments: from: from

1 T5pHF 2 TA52 Tambora (tol.) pH Root tips 1.3

2 TSpHF3 TAS52 Tambora (tol.) pH Root tips 1.1

3 T5F1 TA52 Tambora (tol.) Al Root tips 3.6

4 T5F2 TA52 Tambora (tol.) Al Root tips 0.7

5 T2F1 TA22 Tambora (tol.) Al Root tips 0.85

6 T2F2 TA22 Tambora (tol.) Al Root tips 0.6

7 H3F1 HT31 Wilis (tol.) Al Suspension 1.9
cultured cells

8 H3F2 HT31 Wilis (tol.) Al Suspension 1.05
cultured cells

9 H3F3 HT31 Wilis (tol.) Al Suspension 0.6
cultured cells

Tambora (tol) pH — cDNA isolated from the root tips of tolerant to aluminium stress soybean cultivar
Tambora treated by moderate acidic stress (pH of nutrient solution was lowered to 4.0 by HCI).
Tambora (tol) Al — cDNA isolated from the root tips of tolerant to aluminium stress soybean cultivar
Tambora treated by 300uM AICIz for 48h. Wilis (tol.) Al — cDNA fragments isolated from suspension-
cultured cells treated by aluminium stress for 4 hours.

All Marathon PCR fragments were extracted and studied for their Al stress responsiveness by
Reverse Northern Hybridization. The hybridization experiment were performed with use of

cDNAs from stressed and non-stressed root tips of tolerant to Al stress cv Tambora and
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susceptible cv Malabar as well as with stressed and non-stressed suspension cultured cells of

stress-tolerant cv Wilis and susceptible cv Lumut.

A C
raman. ©
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1.7 20.0
- : 14.5
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734.0
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- ’ T5F1 T5pHF2 T5pHF3  T5F1 T5F2 T5F3 T2F2 18s

rDNA
B TA con ETA 300

Fig. 15. Analysis of expression level for the genes corresponding to cDNA fragments obtained
by Marathon amplification with use of TA52 and TA22 DD fragments. Comparison of gene
expression in control and stressed root tips of tolerant cv Tambora.

A — Reverse Northern hybridization with ¢cDNA of control root tips from cv Tambora (TA con). B —
Reverse Northern hybridization with ¢cDNA of root tip from cv Tambora stressed by Al for 48h (TA
300). C — Quantification of Reverse Northern signal intensity made by TINA software. The numbers on
the quantification picture show the enhancement of expression level (TA 300) as compared to non-
treated control (TA con). 18srDNA is marking the fragment corresponding to cloned 18s rDNA as
loading control.

The results of the comparison between the levels of expression of the genes corresponding
to putative Marathon amplification fragments are presented on Fig. 15. Practically all
Marathon cDNA fragments have shown the enhanced level of corresponding gene
expression. The highest enhancement showed T5F3 and T2F2 fragments, with 234.0 and
20.0-fold increase of hybridization signal in comparison to the control sample. A bit lower
value was obtained for the fragments T5F1, T5F2 (14.5 and 10.5-fold increase) and T5pHF2
along with T5pHF3 (10.7 and 10.0-fold increase). T5F1 fragment showed 1.7-fold increase in

the signal intensity, with initially quite high signal level in the control sample.

A very important part of Marathon fragment analysis was the comparison of expression
levels for corresponding genes between tolerant and sensitive soybean varieties. The results

of this experiment are shown on the Fig. 16.
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Fig. 16. Analysis of expression level for the genes corresponding to cDNA fragments obtained
by Marathon amplification with use of TA52 and TA22 DD fragments. Comparison of gene
expression in stressed root tips of tolerant to Al stress cv Tambora and susceptible cv
Malabar.

A — Reverse Northern hybridization with cDNA of root tip from cv Tambora stressed by Al for 48h (TA
300). B — Reverse Northern hybridization with cDNA of root tip from cv Malabar stressed by Al for 48h
(M 300). C — Quantification of Reverse Northern signal intensity made by TINA software. The numbers
on the quantification picture show the enhancement of expression level (TA 300) as compared to
expression level in susceptible cv Malabar (M 300). 18srDNA is marking the fragment corresponding to
cloned 18s rDNA as loading control.

Not all the genes corresponding to candidate cDNA fragments with the best transcript level
difference as compared with untreated controls, showed also the best transcript level
enhancement in comparison to sensitive soybean varieties. The best candidates in the first
blotting, namely T5F3 and T2F2 were not so promising in this case, showing only 2.2 and
1.8-fold enhancement for the corresponding gene expression. However the fragments
T5pHF2 and T5pHF3 with moderate increase of the gene expression in comparison to the
control sample (10.7 and 10.0-fold, Fig. 15) showed the best results in this experiment with
7.1 and 4.0 increase, respectively. The results of the last blotting were taken as critical for

the choice of Marathon cDNA fragments for further work.

Northern hybridization experiments were performed for the cDNA fragment H3F2 obtained
by Marathon hybridization with the primers made on the basis of HT31 DD fragment.
Expression of appropriate gene is higher 3.8 times after 4h aluminium treatment of Wilis

(tolerant) suspension culture.
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Fig. 17. Analysis of expression level for the gene corresponding to H3F2 obtained by
Marathon amplification.

A — Reverse Northern hybridization picture. Ws Con — cDNA from control suspension cells of cv Wilis
(tolerant). Ws Al — cDNA from suspension cells of cv Wilis (tolerant) treated by Al for 4h. Ls Al — cDNA
from suspension cells of cv Lumut (sensitive) treated by Al for 4h. rDNA — 18s rDNA as loading
control. HT31 — HT31 DD fragment as a probe. B — Quantification of Reverse Northern signal intensity
made by TINA software. The numbers on the graph show the enhancement of the signal intensities in
comparison to the control level marked as “c”.
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Fig. 18. Evaluation of expression levels for the genes corresponding to full protein coding
cDNA fragments obtained after cDNA library screening.

A — Reverse Northern hybridization with control cDNA from root tips (TA Con) of cv Tambora
(tolerant). B — hybridization with cDNA from Al-treated root tips (TA 300) of cv Tambora (tolerant). C
— Quantification of Reverse Northern signal intensity made by TINA software. rDNA — cloned 18s rDNA
fragment as loading control. 58, 318 and 633 — full protein coding cDNA fragments after cDNA bank
screening. The numbers on the graph show enhancement of the blotting signal intensities in
comparison to the control level indicated as “c”.

The expression level in sensitive soybean cells in suspension culture treated under the same
conditions is 2 times lower as in tolerant ones. It could be seen that expression pattern of

the gene corresponding to H3F2 fragment is quite different from the genes of the general
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response (for example Walil, see Fig. 6) and indicates that the gene is probably involved in

specific response to Al stress (Fig. 17).

In order to obtain the full protein coding sequences of selected and verified cDNA fragments
| -ZAP cDNA library was prepared from mRNA of aluminium treated tolerant soybean lines
(Tambora, root tips and Wilis, suspension cultured cells, ratio 1 to 1). The cDNA library was
screened with extracted Marathon PCR fragments. DNA of the full protein coding clones was
used for Reverse Northern hybridization experiment to prove the enhanced expression of

appropriate gene under aluminium stress conditions (Fig. 17).

For the three clones clear expression enhancement of corresponding genes has been shown
in root tips under stress conditions (Fig. 18). They were named 318 clone, up-regulation of
appropriate gene was 6.4-fold under stress conditions as well as clones 58 and 633 with 1.6-

fold and 26.8-fold up-regulation under stress conditions, respectively.

4.4 Sequence analysis and characterization of full-length cDNAs.

These full-length cDNAs were completely sequenced. The first one, the clone 318 is coding
for protein of 636 amino acids (Fig. 19). This protein has homology with yeast and E. coli
ABC transporters, the members of quite diverse superfamily of proteins involved in ATP-
dependent transport of quite different substances through tonoplast or plasmalemma. Some
of the functions for the proteins from this superfamily can involve compartmentation of
metabolites in different organelles or regulation of the transport through cell membranes
(DAviEs and COLEMANN, 2000; THEoDOULOU, 2000; WILLIAMS et al., 2000).
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GAAAAACCTAAAGTGGCGGAAGAT CACAGAGGT GGCGAGAT CAGT GGTGCACGACGT TTTGEGECAAAGGGTGGTC
M TEVARSVV HDVLGQRVYV

GACGT GGACCAGCCAATCGT CGATTACAT CGTAAACGT CCTCGCCGACGATGACT TCGAT TTCGGECCTCGACGEC
bvDbDOQPI VDYI!l VNVLADTUDUDTEDTEFEFGL DG

CAAGGCGCCT TCGAAGCCCT CGECGAGCT CCTCGT CECCGCCGECT GCGT CGACGATTTCTCCCACT GCCGECTCC
QGAFEAL GELLVAAGCVYVDUDUEFSHTCR RS

GTI'GTGCAGCACGCT GT GCGACAAGT TCGCGAAGCACGGT TTGGT GAAGGAGAAGCCCCCTGT TCGAGGCCTTGCG
v ¢S TL CDI KV FGIKHGLVKEIKWPAVRGTL A

GCGCCGT TTCGAAT GAACGAGGGEGAT GGACGACGT GCAAGCT CCCAAGAAGAAGCCCGAGCCCGT CGACGECCCT
AP FRMNEGMDUDVQAPIKI K KWPEWPVDGFP

CTTCTCTCGGAACGCGACCGGT TAAAGCT GGAGAGGCGAAAACGCAAGGAT GAACGCCAGCGAGAGGCACAATAC
L L SERUDARLIKILEIRRIKRIKIDIERIOQREA AN QY

CAAATGCACT TGGCGGAGAT GGAGGCGGECGCGAGCGEEGAT GCCGGT GGT GT GT GT GAGACAT GATAACAGCGGEG
QMHLAEMEAARAGMPYVV CVRHDNSG

GGACCAAACGT GAAGGACATTCATATGGAGAATTTCAACATCTCTGT TGGT GGGCGT GATCTCATTGTGGATGGT
G P NVKDI HMENZFNI SV GGRDLI V DG

TGTGTCACGCTTTCATTTGGAAGGCATTATGGT TTGGT GGGAAGAAAT GGGACGECGAAAACCACTTTCCTTAGG
cVvT TLSFGRHYGLV GRNGTGK KTTFTLR

CACATGCGCTATGCATGCCATTGATGGT GT TCCGAGGAAT TGT CAGATACT GCAT GT GGAGCAAGAGGT GACAGGT
HMAMMHAI DGVPRNZCOQI L HV EQEVT G

GATGCTACGACTCCTTTGCAGTGTGT CCTCAACT CTGACATTGAGAGGACT CAGCTTCTAGATGAAGAAGCTCAG
DATTALOQQCVLNSDI ERTOQLLDETEADRQ

TTAGT TGCCCAACAGAGGGAAT TCGAGGACAAAAT CGAAAAGGGT GAT TCGAAT CGAGT GGT CGGTAGGGATGAC
L VAQQRETFEDI KI EKOGDSNGVVYV GRDD

ATTTCAAAAAGCCTTGAGGAAATATATAAGAGGECT TGAACACAT TGATGCTGAT TCGGCT GAGGCACGAGCAGCA
I S K RL EEIlI YKRLIEMHI DADSAEARAA

TCAATACTAGCAGGT TTGAGT TTCACT CCTGAGATGCAGAAGAAGGCAACAAAAACAT TTTCTGGAGGATGECGG
S!I L AGL SFTWPEMQKI KATI KTFSGGWR

ATGCGAATAGCTCTTGCTCGTGCATTGT TTATAGAGCCTGATATATTGCT TCTTGATGAGCCTACGAATCATCTT
MRI AL ARALFI1 EPDI L L L DEWZPTNHMHIL

GATCTTCATGCCTGT TAGAGAAT TTTTAAACACGGT GGTTACTGATATAAT TCACT TACAAAACCAAAAGCTGACT
DLHAVREFLNTVVTHDI I HLQNOQKTILT

ACTTATAAAGGGAATTATGATGCT TTTGAGAAGACT CGAGAAGAACAAGT TAAAAACCACTTATGECTTGAATCG
T Y KGNYDAFEIKTREEQVKNHL WL E S

TACTTGGT TAAATGGCCAAAAACATTTATCGT TGT TTCTCATGCGCAAAAAGCAT TAGAGGCAAACGAACGT GCT
YL VKWPIKTZFI VVSHAQKALEANEIRA

AGATCTCATATGCAGACCTTCATTGACAAGT TCCGT TATAAT GCGAAGAGGGCATCACTTGTTCAATCTAGAATC
R S HMOQTU FI DKZFRYNAKRASILV QSR

AAGCCTTTGGATCGAAT GGGCCATGT GGATGAAAT TGT TAATGATCCTGACTACAAATTTGACT TCCCCACT CCA
K AL DR MGMHVYV DI EI V NDWPUDYIKUZFDUFZPTP

GATGATAGACCT GGTGCACCAATAATAAGT TTCAGTGATGCATCATTTGGT TATCCTGGGGEECCCCATTCTGITT
DDRPGAPI I S F SDASFG GYUPGGTPI L F

AAGAATTTGAACTTTGCGATTGATCTCGACAGT CGTATTGCAATGGT TGGACCAAAT GGTATTGGCAAATCAACT
K NLNF GI DL DSRI AMV GPNGI G K ST
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1650 ATACTTAAGTTAATTGCTGGGGATCTTCAGCCCAGT TCTGGGACTGTCTTCCGATCTGCTAAGGT TCGTATAGCA
544 1 L K LI A GDL QPSS GTVFRSAKVRI A

1725 GIGITCAGICAGCACCATGI TGATGGACTCGACT TATCCTCAAATCCTCTTCTGTATATGATGCGCTGCTATCCT
569 VF S Q HHV DGLDULSSNPLLYMMRTZCYP

1800 GGAGTTCCAGAACAGAAGCTTCGAGCTGCACTTAGGTTCTTTTGGT GTAACCGGAAATCTTGCGCTGCAGCCAAT
504 G VP E QKL RAALIRFFWCNRIKS ST CAAAN

1875 GTATACTTTGICAGGTGGTCAGAAAAGCAGGGT TGCCTTTGCAAAGATAACTTTT AAGAAGCCACACATAATATTGCTTGATG
619 VY F VR WS E K Q G CUL CK DNF

1958 AGCCACCCAATCATCTGGATTTGGATGCTGCTGAGCGCTTAT TCAAGGT CTTGTGCTGT TCCAAGGAGGCAT TCTCAT GGT GAGT CACGATGAGCACCTC
2058 ATCTCTGGAAGCGT GGAGGAACTATGGGT TGTATCCGAAGGAAGAGT GGCACCAT TCCATGGCACATTCCAAGAT TATAAGAAGATACHCCAATCATCCT
2258 AGAAATGTCAAATTTTGTGGATGTATACTGGAAAGACCCTTGGATCACATTTTTTTTGCTGI TCCTCTCAGCTGTCATACAATTTTGCAATTTATCCAAA
2358 CCTATGTATTTCAAGGCAATTTTATGATTTTATGAACACGAGGTTAAATTAACTATTAAATAATTTTGTAATAACCTTATAATTATAAGATGTATAATTT

2449 ATACTTTCACTAAAAAAAAAAAAAAAAAAA

Fig. 19. Complete cDNA of the clone 318 and predicted protein sequence.
cDNA sequence consisted of 2488 nucleotides. ORF was coding for the protein of 636 amino acid

residues.

The search for homologies has been performed with use of DNA and protein sequence of

cDNA clone at http://www.ncbi.nlm.nih.gov/blast/blast.cqgi. Average identity of predicted

protein coded by 318 cDNA to four other closely related proteins is 26.7 per cent (Fig. 20),
which is relatively low similarity in general. Some really conserved regions, however,
concentrated in the middle of the protein sequence and to C-terminal end. These regions
were located between 316-326, 339-398 and 529-572 amino acids and corresponded to ABC
transporter signature motif (amino acids 338-358, see below and Fig. 20) and the second

ATP-GTP binding motif (amino acids 535-542, see below and Fig. 20).

Protein motif search was performed at

http://www.isrec.isb-sib.ch/software/PFSCAN form.html

(Profile Scan server at Swiss Institute for Experimental Cancer Research) and at

http://www.expasy.ch/tools/scnpsitl.html|

(Scan Prosite EXPASy server at Swiss Institute of Bioinformatics). It showed that this protein
sequence contain several probable motifs and posttranslational modification sites, such as:

2 N-glycosylation sites: amino acids 181-184 (NISV), and amino acids 209-212 (NGTG); 2
cAMP- and cGMP-dependent protein kinase phosphorylation sites, amino acids 332-335
(KKAT) and 459-462 (KRAS); 6 Protein kinase C phosphorylation sites, amino acids 121-123
(SER), 211-213 (TGK), 295-297 (SKR), 414-416 (TYK), 562-564 (SAK), 625-627 (SEK);
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318 protein .......... . MI'EVARSVVHDVL GORVVDVDQPI VDYI VINVL ADDDFDFGE- DAQG 45
ABC E. COl i .o e 0]
ABC HaenmDphi @ . 0
ABC YeasSt . e e e e e 0

GCN20 Yeast NMASI GSQVRKAASSI DPI VTDYAVGYFNHLSGE TFDAVQSKQVDL STEVQRVSDL LI DAGASKAKVKEL S 70

318 pr ot ei n AFEALGELLVAAGCVDDFSHCRSVCST L CDKFGKHGAL VKEKPAVRGL AAPFRVNEGVDDVQAPKKKPEPV 115

ABC E. COl i .t e e 0]
ABC HaemD i & . e 0]
ABC Yeast .. e e M 1

GCN20 Yeast ESI LKQLTTQLKENEAKLELTGDTSKRLLDI NVLKSHNSKSDI NVSLSM.GVNGDI EHTGRKMETRVDLK 140

318 pr ot ei n DGPLLSERDRL KL ERRKRKDERQREAQY QVHL AEMEAARAGVPVVCVRHDNSGGEPNVKDI HVENFNI SVG 185
ABC E. COl i .o e e e e e 0
ABC HaemOphi . . o e e e e 0
ABC Yeast PPVSASKAKRDAKKAEREAKKAAACGKT I RKLGRKKEAAAEESEVDAAAREI KMVKLQODKDGAL SDRWTG 71
GCN20 Yeast KLAKAEQKI AKKVAKRNNKFVKYEASKLI NDQKEEDYDSFFLQ NPLEFGSSAGKSKDI HI DTFDLYVGD 210

318 protei n GRDLI VDGCVTLSFGRHYA \GRNGTIGKITT FLFFHVAMHAI DGVPRICCQ LHVEQWTGDATTAL CWLNS 255
ABC E. coli ......... M VFSSLQ RRGVRIL.LDNAT ATINNPGOK\CLVCKNGCCKSSTLLAIL_LKNEI SADGGSYTFP 61
ABC Haenophi......... N 1 FSNLSL KRGQTEL.L ENASATINIPKQK\CL VCKNGCCKSSSL FAIL_ KKEL MPEGCVWNYP 61
ABC Yeast VLSSLETSRLI KLSSVSLLFFGK\L.I QOSG_ELNIYGRR'CLL GEINGCCKSSTFLKIL_ATREYPI PEI Il D' Y 141
GCN20 Yeast GRI LSNAQLTLSFGHRYA\GIING GKST LLRALSRRELIVIKHVS. | LHVEQL_RGDDTKALCWLDA 279

318 protei n DI ERTQLLLCEEAQLVAQQFEEFEDKI EK(DSN(VAVGRDDI SKRLEEI YKRLEHDDADS. . . . . . AERAASS 319
ABC E. coli GSWQLAWNCETPALPQAAL EYVI DGOFEYR(L.EAL HD)ATEERNDGHAI AT IGILE_DAI DAWSI SRAASS 131
ABC Haenophi ANVRVSWNCETPALDI SAI DYV QGDFEEYCFL.QQHL.ERAIEERNDGNAI Al IGBL_ETLDAW| SRAASS 131
ABC Yeast LLDEPAEPSEL SALDYWITEAQHEL KRI EEDL VEKTIL.IDDGE=SEL LEPL YERDDL_DPDTFE. . SRAAAI 208
GCN20 Yeast DVWRKQLLEEEAKI NERLKEMVL RCEFEEDSL. EVKKIDINEREDLDNHLI (1 ‘DDIL_VDVESDKAERAASS 349

318 protei n | EACGESETFEMXKATKIFSCEGVRNRI ALANALF| EFDI LLLCEFTRNHLDL IAWMEEEYLEL VWWPTFFW 389
ABC E. coli LEHGLCFSNEQ EFPVSLFSCEVRNRL NEAVALI CRDLLLLEEFTNHLPL _IAVWMLEEEVEKKYYQTLLLL 201
ABC Haenophi LHHEECFSCEETI (PVKAFSCEVRNRL.NEA\ALL CPDLELECEFTNHEDL . IAWMEEEVEYL VIYWCTLLLL 201
ABC Yeast I EI GLCENKKTI LKKTKDNSCEVKNRV/ZLANALF-VHPTLL LEEDFIT/HEDL _IAN\CVEESYEKKFFDTLL LL 278
GCN20 Yeast | LYCLCESTEAQQCFT NSFSCCVRNRL.SLAFALFCXFELLELLEEPPNNEDWPT  YE_AYEKKYYPTWLT 419

318 pr ot ei n VSHAREFENTVWITLI I HL (NCKL TTYKCNY DAFEEH TREEEQVKIQXQKAL EAIEERARFHICT FFI DKFYYNA 458
ABC E. coli |SEDEDFLEDFI VDKl HI ECQEMFEY ICNY/SSFEEVIRRAT RLA@QAIYYECQERV/IFHQXSI1 | DRFRAAAT 271
ABC Haenophi [ SEDEDFLDFI VT KI LHI ENCKL NEYICCY/ SSFEEVIRRAT KL AQIT ANYYRICQXXKI HHIQXKI | DRFKAAAT 271
ABC Yeast VSHSCDFLNCGVAT NV DVRACKL. TAYCNYISYH TRREL ETIQIVK(YYNICQEEI (FHI KKT'T ASAGYAAN 348
GCN20 Yeast VSFEDRAFLNEVATLI I YQ-NERL.DYFGQDFDTFTT THEERRKNAQREYDIQIWYRKHLQFFI DKYYYNA 489

318 pr ot ei n KRASLVQSRI KAL DRMGHVDEI VNIPPDYH-IFPP TPDDRPGP?Il SFDANSIGSYIGGPI LFKN. . LNFFA 525
ABC E. coli KAKCACSRIKNLEFNELI APAFVDNPFRFSFFAPESL PIPPLLIMEKVANGGEDRI | LDS. . . . | ENLLVP 337
ABC Haenophi KAKCACSRNKAL EFNEL I APAYVDMNPFTFEFFPPQSLPIPPLVIIT EQAMNGGHE (EESAVEI LSKI ENLLVP 341
ABC Yeast LVKCAKSRCKI L DKNEADG. VPP’ DK\F-SF-RFPQVERL IPPIV/L AIDDDI SFHE=SNPSENL YELNFFGV 418
GCN20 Yeast AKSQEACSRI KKLEKLPVLEPPEQDKTI [FFHFPPECDKLP?.PRIlT QLIODVSIGSYIEENNLLLKD. . VNLLDV 555

318 pr ot ei n DLCSENANVGENG! CKSTI LKL .| ACDLE. (PSSGIV/IRRSAN/H ANF-SCFHH\DXL DL _SSIFLLL MMVRCPPGV 595
ABC E. coli G .SKl CLLGFNGACKSTLI KL.LACEL /P\SGIHI G AK(I HLCYF/CHHQESL_RADSFI | CLLARLPPCQE 405
ABC Haenophi G . SEINCLLGKNGACKSETLI KL.LACEL TALSGIV/QL AKV/L CYF-/ACFHQDO L. RADSALLWMM XKL PPEQ 409
ABC Yeast DIVESKEIALVGFNGVEKSTLLKI MICEL. TP CEGHV/SRRHTIV/IL G\ S CFHS(DXL DL _TISALLEWRDKYSNI 488
GCN20 Yeast QVESKHI ALVGANGCCKITTLLKI MECL FPLEGHRV/SRRNPIL _Hl CYF-CHHH\DXINDL _ T SAWDMVBKSPPGK 625

318 pr ot ei n FEQKLRAAL RFFWCNRKSCAAANWVFVRWEEKQGIL . CKDNIF. . . . . o oo e e e e e e e e e e 636
ABC E. coli LEQKLRDYLGCFG-CGDKVTEETRFFSCCEK/RL\L_ALI VWORPNL. .LL LDEPTNNL DDLDIVRQLLTAAL 473
ABC Haenophi TEQQVRDYLGEFAFFGDKVMNQAVKSF SCCEK/ARL\L_ALI VWORPNL. .LL LDEPTNNL DOLDIVRQLL TAAL 477
ABC Yeast SCDFOFVWRGL GRYGA. TCECQTVQVATLSEGIRSIV/VFAL LALEQPNLLLCEPTNNL DDl PTI DLLAAAI 558

CGCN20 Yeast TDEEYRRHLGEFA TGTLAQKMLSCCCKERRVA. . . . . L L e e e 660
BL8B ProOt @I N oot e e e e 636
ABC E. coli | EFEGALVVWSHDRILL RSTTDDL YLVHDRKVEPFIGDL ENYYQOLL SDVOKCQENQT DEAPKENANSAQAR 543
ABC Haenophi VDYEGSLVVVEHDRML L RNTVEEFYLVHDKKVEEFGDL ELYYQK\LL SEQNSTSENKVSEKVGDNENSVON 547
ABC Yeast NEFNGGWVWWSEHDFFLL DKI AQDI F\VENKTATRWGSI] LOWKNIL_LAKNWWL. .. ..o 610
GON2O YEAST . ..ottt i e e e 660
BL8B ProOt @I N Lo e e e e e 636

ABC E. coli KD. QKRREAELRAQIQPLRKEI ARLEKEMEKLNAQLAQAEEKL GDSEL YDQSRKAEL TACLQQQASAKSG 612
ABC Haernophi RKEQKRREAEL RQOTAPLRKKI TQLEEKMNKFSSELANI ENQLADTEL YNAENKEKL TALLAQQVDVKKA 617

ABC Yeast . . e e e e e 610
GON2O YEAST . . i it i e e e e e e e e e e e e 660
318 protein ........... .. 636
ABC E. coli LEECENAW.EAQEQLEQVLLEGS 636
ABC Haenophi LDDVETEWITACQEELEEM_QA. . . 638
ABC Yeast ... ... ... ... 610
GCN20 Yeast . ... ... 660

Fig. 20. Multiple protein alignment for 318 clone (26.7% identity).

-- >50% homology; -- > 75% homology; -- 100% homology on alignment.
ABC E. coli — Hypothetical ABC transporter ATP-binding protein from Escherichia coli; ABC Haemohi —
Hypothetical ABC transporter ATP-binding protein from Haemophilis elegans HI0658 (Acc. No
P44808); ABC Yeast — probable ATP-dependent transporter YERO36¢ from Saccharomyces cerevisiae
(Acc. No P40024); GCN20 Yeast — ATP-binding cassette protein from Saccharomyces cerevisiae (Acc.
No P43535).
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7 Casein kinase Il phosphorylation sites, amino acids 72-75 (TLCD), 121-124 (SERD), 255-
258 (SDIE), 425-428 (TREE), 449-452 (TFID), 492-495 (TPDD), 503-506 (SFSD); 2 Tyrosine
kinase phosphorylation sites, amino acids 137-143 (RQREAQY), 296-302 (KRLEEIY); 6 N-
myristoylation sites, amino acids 45-50 (GAFEAL), 210-215 (GTGKTT), 227-232 (GVPRNC),
417-422 (GNYDAF), 538-543 (GIGKST), 577-582 (GLDLSS).

To the functional motifs on this protein sequence could be attributed two ATP/GTP-binding
site motifs A (P-loop) at amino acids 207-214 (GRNGT GKT) and 535-542 (GPNGIGKS) as well
as ABC transporters family signature, amino acids 338-352 (FSGGWRMRIALARAL).

Analysis of hydrophobic regions performed by DNAMAN software (see Methods, chapter
2.2.7) showed that there are four probable hydrophobic sites on the protein sequence (Fig.
21).

321aa 421aa 483aa

e

Fig. 21. Hypothetical scheme of the predicted protein structure coded by 318 cDNA.

12162 164aa 267aa

1aa

A | - Phosphorylation site§ & - Myristoylation sites.

@ | - ATP-GTP binding sites. - ABC signature motif.
- P-loop, nucleotide-binding motif. ’@ - N-glycosylation sites.

L

- Regions with prevailing strand secondary structure.

- Regions with prevailing coil secondary structure.
.

‘l
- Regions with prevailing helix secondary structure.

The semi-transparent zones indicate regions with prevailing hydrophobic amino acids. Numbers on the

picture show amino acid position on the protein sequence.

The myristoylation sites and hydrophobic regions indicate possible membrane association or

protein-protein interaction domains, however, typical transmembrane domain could not be
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found in the protein sequence. The phosphorylation sites indicate possible regions of protein

activation-deactivation by protein kinases.

In case of the protein coded by cDNA of the clone 318 one could assume that the main
protein features are quite intensive phosphorylation, four hydrophobic regions, two ATP-GTP
binding motifs and ABC-signature. The myristoylation sites are located in N- and C-terminal
regions as well as in the middle of the protein near to ATP-GTP-binding site overlapping with

possible N-glycosylation site.

This information leads to speculation that N-terminal and C-terminal regions of the protein
either could be membrane associated or be involved in protein-protein interactions. ABC-
signature motif is flanked by phosphorylation sites, which indicates probable sites of
functional regulation, as well as in the helix between amino acids 421 and 463, where 3

phosphorylation sites are located.

The same pattern is valid for the region with Rloop, coupled with ATP-GTP-binding motif
flanked by phosphorylation sites as in the case of ABC transporter signature. The most
conservative regions with local homologies 70-90% overlap with the region of ABC-signature
motif (position between 379 — 399 amino acids) and Rloop, ATP-GTP-binding site with
flanking phosphorylation sites (amino acids 529 — 573). All the information about this
sequence is schematically presented on Fig. 21. Taking together homology search and
protein secondary structure prediction as well as analysis of potential functional motif
distribution, it could be assumed that the protein coded by 318 cDNA belongs to the group
of ABC transporters with two nucleotide binding domains and no transmembrane domains
(DAviES and COLEMANN, 2000; THEoDOULOU, 2000), as it was shown for GCN20 enzyme from
yeast (DE ALDANA et al., 1995).

The cDNA of the second clone, 58, consisted of 833 base pairs and the only ORF was coding
for the protein of 180 amino acids (Fig. 22). Analysis of cDNA and protein sequences has
been made with use of the same software as for the clone 318. The search for the
homologies showed that this protein is highly homologous to many Translationally Controlled

Tumour Proteins (TCTP) from different plants.

TCTP proteins were initially described as tumour growth related proteins in human and mice.
The function of them is not clearly understood. However, it is known that TCTPs form very

closely related family of abundant Ca-binding proteins.
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1 CCAGTTTCACCGCACGAATATCTTGT TGTTTGGAGCGAT CCGAGAAAAACTCTGTAAACATCTTGGT TTACCAC
1 M L VY Q

74 GACCTCCTTACAGGTGATGAGCTTCTCTCTGACTCCTTCCGT TACAAGGAAAT TGAGAATGGAATGCTGT GGGAA
5 DL L TGDELL SDSFRYKEI ENGML WE

150 GITGAGGGGAAGT GGGT TGT TAAAGGAGCAGT TGATGTAGACAT TGGT GCAAACCCT TCTGCT GAGGGT GGAGGA
30 VE GKWVYV K GAVDVDI GANZPSAEGSGSG

225 GAAGATGAGGGAGI TGATGATGCAGCTGI TAAGGT TGT TGACATTGT TGACACAT TCAGACT TCAGGAGCAACCC
5 E D E GV DDAAVKVV DI VDTUFRLQEQP

300 GCATTCGATAAGAAGCAGTTTGTTACCT TCATGAAGAGGT TTATCAAGAATTTGACT CCCAAGCT CGATGCAGAG
80 A F DKKQQFVTFMKREFI KNLTWPIKLDAE

375 CAACAGGAGT TGT TTAAGAAGCACAT CGAGGGAGCAACTAAATACCTGCTCTCTAAGATTAAAGATTTCCAATTT
1056 Q Q E L F K KHI EGATIKYLUL S K1 KDFQF

400 TTTGITGGTGAGAGCATGEGTGATGATGCTTGCTTGGT CTTTGCCTACT ACAAGGACGGECGCT GCTGATCCAACA
130 F VG E S MGDDACLVFAYYKDU GAADUPT

475 TTCCTGTACTTTGCATATGCCTTAAAGGAGGT CAAGT GCTAAGTGACTTAATGTACCGAGCTATCTACTCATTTT
155 F L Y F A Y AL K EV KC®* Vv T * CTEUL S THF

550 ATCTAGITTTTTTTTACGTTCTGTCCTAAGT TACTTGAACTTTGACCTGGTATTTTGATTTTRATGGT GAGACGT GTGCTACTGCTACATCA
180 | -

642 TAATTCCCATCAAATTTAATTATCGATGGGT TAGAATTTCATTAATTTATGATTTTGGTCGTGCTAGATTCCCGGAAGT TTCTTTTGAAGAATTT
737 TTGGGTGTGTACTAGAAATATTTTAATTTGGCTTCATGGTTTTATTGATAAGGCT TTGAATACGACT TGGGAATTTAATAAAAAAAAAAAAAAAA
832 AAA

Fig. 22. Complete cDNA of the clone 58 and predicted protein sequence.

cDNA sequence consisted of 834 nucleotides. ORF was coding for the protein of 180 amino acid

residues.

They can be up regulated by darkness in plants as it was shown on Pharbitis nil cv. Violet
(SAGE-ONO et al., 1998) and also elicited by heavy metal stress in earthworm Lumbricus
rubellus (STURZENBAUM et al., 1998). Identity on the protein level with 7 plant proteins is
87.43% (Fig. 23), which is very high for the proteins. The homology tree shows that the
most related protein to the one encoded by cDNA of the clone 58 is TCTP from Hevea (Fig.
24).

The search for different motifs has been performed with use of the same software as for the
protein coded by cDNA of the clone 318 (see above). Number of potential modification sites
and functional motifs has been found for this sequence. They are: 3 protein kinase C
phosphorylation sites, amino acids 17-19 (SFR), 73-75 (TFR) and 99-101 (TPK); 2 casein
kinase Il phosphorylation sites, amino acids 912 (TGDE) and 135-138 (SMGD), 2 N-
myristoylation sites, amino acids 46-51 (GANPSA) and 59-64 (GVDDAA). Two functional
motifs have been found also, Translationally controlled tumour protein signatures 1 (amino
acids 45-55, IGANPSAEGGG), and 2 (amino acids 130-147, FFVGESMGDDACLVFAYY).
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58 prot L VYQDLL TGDELL SDSFRYKEI ENGVLVEVEGKWW\VKGAVDVCI GANPSAEG . GGECE 58
Pea ML VYQDLL TGCELL SDSYPYKEI ENGVLWEVEGKW \VKGAVDVNI GANPSAE . . GGEDE 57
Tobac VL VYQDLL SGCEL PSDSF SYT EL GNGVLVEVCGKWVCGAVDVNI GANPSAEG . ADECE 58
Hevea ML VYQDLL TGCELL SDSFPYKEI HNGI LWEVEGKWVCGAVDVCI GANPSAEG . ADEDE 58
Medi cag L VYQDLL TGCELL SDSYPYKEI ENGVLVEVEGKWTKGVVEVCI GANASAE . . GGECE 57
Ri ce ML VYQDLL TGCELL SDSFPYREI ENGI LWEVDGKWVCGAI DVCI GANPSAEG . GGDDE 58
Pot at o ML VYQDLL TGCEL L SDSFPYTEI QNGVLWEVHGKW VHGAVDVNI GANPSAEG . GGEDE 58
Straw VL VYQDLL SGEEL L SBSF PYKEI ONGVLVEVDGKWVCGAVDVEI GANPSAEGADADACE 60
Fir M VYQDLL SGCELL SDSFPYKEL YNGVLWEVEGKW VCGAVDVCI GANPSAEGEDE . . E 57
58 prot GVLDAAVKWEI VDT FRL GEQPAF DKKGFV TFMKRF I KNLTPKLDAEQGEL FKKHI EGAT 118
Pea GVLDTAVKWEI VDVFRL CEQPPFBKKCFL GFVKKY| KL LTPKLEAEKCEHFKKNI EGAT 117
Tobac GVLDQAI KWEI VET FRL CEQPSF BKKCFVAYMKKY | KNL TPKLGAEQEEVEKNNI QGAT 118
Hevea GVLCDQAVKWEI VDT FRL CEQPAF DKKCFV TYMKRF I KL LTPKLDEEKGESFKKNI EGAT 118
Medi cag GVLDTAVKWEI VDVFRL CEQPAF BKKGFL GFVKRY| KL LTPKLDAEKCEL FKKHI EGAT 117
Rice GVLDQAVKWEI VDT FRL CEQPPF DKKCFV TFMKRY | KNLSAKLDAEKCEEFKKNI EGAT 118
Pot at 0 GVLDQAVKVVEI VET FRL CEQPAFBKKCFVTY! KRY| KSLTPKLECGEACEAFKENI ESAT 118
Straw GVLDQTVKWEI VDT FRL CEQPPF DKKCFV TW/KRY1 KL LTPKLEGEQCET FKKNI EGAT 120
Fir GVKI RLVKWEI VDT FRL CEQPPFDKKCFL GFI KRYI KNLAT KLSE ERQAEFKKNVEGAA 117
58 prot KYLLSKI KEFGFFVGESMCDDACL VFAYYKDGAADPTFL YFAYALKEVK 167
Pea KYLLGKLKELGFFVGESMHDDGSL VFAYYKDGAADP TFL YFSFALKEI K 166
Tobac KYLLSKL SELCFFVGESMADDTGMVFAYYKDGATEPTFL YLAHGL KEVK 167
Hevea KFLLSKL SELCF FVGESMHDDGSL VFAYYRGGATDPTFL YFAYALKEVK 167
Medi cag KYLL CKLKELCFFVGESMHDDGSL VFAYYKDGAACPTFL YFAYAL KEI K 166
Rice KYLLGKLKELCFFVGESMHDDGCL VFAYYKDGATEPTFL YF SHCL KEVK 167
Pot at 0 KF LL SKLKEFCF FVGEGMHDDSAL VFAYYKDGSADP TFL YLAPGLKEI K 167
Straw KFLL SKL SELCFFVGESMCGDDTSL VFASYKEGATEPI FI YFAHGL KEVK 169
Fir KVLVSKL SELGF FVGESMHDDGSMVFAYYKDGATDP TFL YFADGL KEVK 166

Fig. 23. Multiple alignment for the protein coded by 58 cDNA (86.73% identity).

-- >50% homology; -- > 75% homology; -- 100% homology on alignment.

58 prot — protein coded by cDNA of the clone 58; Pea — TCTP from pea (Pisum sativum, Acc. No
P50906); Tobac — TCTP from tobacco (Nicotiana tabacum, Acc. No Q9XHL7); Hevea — TCTP from
Hevea (Hevea brasiliensis, Acc. No Q9ZSW9); Medicag — TCTP from medicago (Medicago sativa, Acc.
No P28014); Rice -- TCTP from rice Qryza sativa, Acc. No P35681); Potato — TCTP from potato
(Solanum tuberosum, Acc. No P43349); Straw — TCTP from strawberry (Fragaria x ananasa, Acc. No

003992); Fir — TCTP from fir (Pseudotsuga menziesii, Acc. No Q9ZRX0).

109‘%) 95:‘%) QqOA) 85l% 80l‘%) 75:%

58 prot 86%

Hevea 85%

Rice 85%

Pea 92%

82%

M edicag
80%

Potato

Tobac sdoo | 7806

Straw

Fir

Fig. 24. Homology tree for protein coded by cDNA of 58 clone.

58 Prot — protein coded by cDNA of the clone 58; Hevea — TCTP from Hevea (Hevea brasiliensis, Acc.
No Q9ZSW9); Rice -- TCTP from rice (Oryza sativa, Acc. No P35681); Pea — TCTP from pea (Pisum
sativum, Acc. No P50906); Medicag — TCTP from medicago (Medicago sativa, Acc. No P28014); Potato
— TCTP from potato (Solanum tuberosum, Acc. No P43349); Tobac — TCTP from tobacco (Nicotiana
tabacum, Acc. No Q9XHL7); Straw — TCTP from strawberry (Fragaria x ananasa, Acc. No 003992); Fir

— TCTP from fir (Pseudotsuga menziesii, Acc. No Q9ZRX0).
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Analysis of probable secondary structure as well as for hydrophobic regions of the protein
has been made by DNAMAN software (Methods, chapter 2.2.8). All these data are
summarised in the model of the protein structure (Fig. 25). This protein contains no clear
hydrophobic regions. Potential TCTP signature motifs (see above) overlap with myristoylation

(TCTP signature 1) and phosphorylation (TCTP signature 2) sites.

daa 58%a 77aa 85aa 124aa 155aa 165aa 180aa

TCTP 2
(130-147aa)

Fig. 25. Hypothetical scheme of the predicted protein structure coded by 58 cDNA.

- Phosphorylation sites. @ - Myristoylation si* - Regions
A prevailing
coil secondary structure.
| Regions with prevailing strand secondary structy - Regions with

helix secondary structure.

[::l - TCTP signatures 1 and 2 (indicated as TCTP1 and TCTP2).

The semi-transparent zones indicate regions with prevailing hydrophobic amino acids. Numbers on the

picture show amino acid position on the protein sequence.

cDNA of the third clone, 633, consisted of 1470 base pairs and was coding for the protein of
337 amino acids (Fig. 26). Analysis of cDNA and corresponding protein sequences has been
made with use of the same software as for the clones 318 and 58. The search for the
homologies showed that this protein has similarities with Inosine Monophosphate
Dehydrogenases (IMPDH) from different organisms. IMPDHs catalyse the rate-limiting step
in de novo biosynthesis of guanine nucleotides and have an essential role in providing
necessary precursors for DNA and RNA synthesis and in signal transduction pathways
mediating cell differentiation (COLLART et al., 1996). Identity on the protein level was 67%

average (Fig. 27) with quite high homologies at the C-terminal part of the other IMPDHs.

The protein sequence encoded by the clone 633 has following probable functional sites. 2

protein kinase C phosphorylation sites: amino acids 23-25 (SEK); amino acids 253-255
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(TAK); 4 Casein kinase Il phosphorylation sites: amino acids 75-78 (motif TRED); 103-106
(SIYD); 153-156 (TTQE); 297-300 (SAHD).

1 AATTCGGCACCAGGCACCT TCCGCCGT CGT GGAGCACGAT GACGCCT TCGGGGCCTCCCCCTTC

64 CTTCTCGTCACCGACACT GGCACCT CCGCCGGGAAACT CCTCGGCTACGT CGCGAAGAGT GACT GGACGAAT CATACCGACAAG

147 GGCTTGAGAGT CGGCGACTACAT GECGCCACCT COCAAGCCAGT GCCATGGAACGCCGACCTAAACAAAATTAATGAA
51 M A P PPIKWPVPWNADTLNIKI NE
221 ATATTTGAGAGT GAGAAAAGT GGTGCTGTGECT TTGGAGAAGGATGGTGAGGT TGT TGAT TTGGT GGTGAGGGAG
20 Il F ESEKSGAVALEI KDGEVVDLV VRE
296 GAGGT GGAGAGGEGT GAAGGEGT TACCCGAAACT GGT GECECCEECGACGEGET GEEEECEGACCEEGAGT TTATGGT G
45 E VERVIKGYPIKLVAPATVGADGEFWMYV

371 EEECCECEGT CEEEACGAGEEAAGAT GATAAGGAGAGGT TGGAGCAT TTGGT GAAGGCTGEGT TGAATGT TGTA
70 GAAV GTREUDUD K ERLIEHLVIKAGLNVYV
446 GIGTTGGATAGI TCTCAGGEGAACTCAATTTATCAGT TAGAGAT GGTGAAGTATGTGAAGAGGGT TTACCCTGAG
95 V5.L DSSQGNSI YQLEMYKY VKR RVYPE
521 CTTGATGTGATTGEGEEGAATGT TGTGACTATGTACCAGGECT GAGAATCTGAT TCAGGCTCEEGT TGATGEGT TG
120 L DVI GGNVVTMYQAENLI QAGVDGHL

596 AGGGT TGGAATGEEGT CTGEGTCCATTTGTACTACT CAGGAGGT TTGTGCT GTGEE3CGT GGT CAGBCAACTGCT
145 RV GMGSGSI CTTOQEVCAVYGRGOQATA
671 GITTACAAGGTCTCGTCCATTGCTTATAAAAGT GGTGT TCCTGT GAT TGCTGATGGT GECATCTCAAACTCTGGT
170 VYKV SSI AYKSGVPVI ADGGI S NSSG
746 CATATTGI TAAGCCTTTGT CATTGCGAGCGT CAACTGT TATGATGGEGAAGCT TCTTAGCTGGTAGT CTTGAGECT
195 H1l VKAL SL GASTVMMGS S FLAGS SULEA
821 CCTGGEECTTATGTGTATCAGAATGGT CAACGT GTGAAAAAGT ACAGAGEAAT GBGT TCCCTAGAAGCCATGACT
220 P GAYVY QNGOQQRVIKIKYRGMGSLEAMT

896 AAAGCGAGCGATGCAAGGTACT TGGEGTGATACAGCAAAGCTAAAAAT TGCTCAGCEGEGT TGT TGGAGCTGI TAAA
245 K GS DARYLGDTAKLIKI AQGVVGAVLK
971 GATAAGCECTCTGTCTTGAATTTCATACCATACACCT TGCAAGCAGT CAGBCAAGGGT TTCAGGATATCGGTGCC
270 DKGSVLNTFI PYTLOQAVROQGFOQDI GA
1046 AACTCTCTACAGT CTGCTCATGACCT TCTAAGAT CCAGGGT GT TAAGACT GEGAGGT CCGGAGT GGAGCAGCACA
295 NS L QSAHDULILIRSRVLRLGGPEWSST

1121 AGTTCGAAGGT GGAAT TCATGEEECTGGT TTCTTATGAAAAGAAATACT TTT GAAGTATGAAACCAT CCAAAAAT CAT
320 S WKV EFMGLV SYEKIKY F -

1196 AAGCGGT GCTATAAT CCCTTGCT GCAGT TCAGCAT AAAAGAGGGGGACACACT GT TATTGGGGT TAGT GGCAACT TGTTGCTACT
1280 GTGTCTAGCGAAT TGAAGT CTATACCAATAGAATATCGTGGGAAAT TTTTCCTTGAGT TTCTGAAGGAAGAACACTGATTTCGT G
1364 GGTTTTTTTTTATGTCCATTAGATTTTGT TTGT CAAATGT GTCATAAACT TTCCTAAATATATTTTGCATGT TTTCTGTCCAAAA
1448 AAAAAAAAAAAAA

Fig. 26. Complete cDNA of the clone 633 and predicted protein sequence.
cDNA sequence consisted of 1460 nucleotides. ORF was coding for the protein of 337 amino acid

residues.

There are three hypothetical functional motifs also, in decreasing probability they are: amino
acids 85 - 306 -- IMPDH - IMP dehydrogenase / GMP reductase motif; amino acids 124 - 173
-- IMP dehydrogenase / GMP reductase signature; amino acids 178 - 213 — motif

characteristic for the proteins binding FMN and related compounds.

This protein has 12 probable myristoylation sites on it, such as: at amino acids 70-75 (motif
GAAVGT); 125-130 (GNVVTM); 143-148 (GLRVGM); 149-154 (GSICTT); 163-168 (GQATAV);



60

186-191 (GGISNS); 187-192 (GISNSG); 208-213 (GSFLAG); 236-241 (GSLEAM); 261-266
(GVVGAV); 270-275 (GSVLNF); 320-325 (GGIHGL).
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...... VDFTTPPI EDCFTAEKLETQG-SYTYDDVI FLPHYI DFAADAVDLSTRILTRRL?
.......... MSTLEDCFPADKL FAQGYSYTYDDVI FLPHFI DEST DAVSLSTRILSRRV?
NADYL| SCGTCYVPEDCLTACQLFASADDL TYNDFLI LPCF| DFI ADEVDLTSAL TRKI T
NADYL| SCGTSYVPDDGLTACCLENCCDGLTYNDFLI LRGYI DET.ADQVDL TSALTKKI T
NADYL| SCGTSYVPDPCLTACQLENCCDGLTYNDFLI LPCGYI DET.ADQVDLTSAL TKKI T

LAVPFVASPNETVSESANAAANVASL GGl AVVHSNVPAAVGAAI LRRAKSRRVPI LSDPAF
LS| PCVSSPNVETVSESHNAAANVASL GCl Gl VHYNCGI AAGASI | ROAKSLKIHP | ASIDASV
LKTPLI SSPNVETVTEADNAI AVALNGCI GFI HHNCTPEFCANEVRKVKNFIEQCFI TDPW
LKTPLVSSPNETVTEAGNAI AVALTGCI GFI BEHNCT PEFCANEVRKVKKYEQCFI TBPW
LKTPLVSSPNVETVTEAGNAI AVALTGCI GFI HHNCTPEFCANEVRKVKKYEQCFI TDPW

AAPSAVVEHDDAFCASPFLLVTD. . . TCTS. . . . VG KLL GYVARSDWI NQTIDXGLIVG.
KFPEYEI TSLDAFCPSSFVFVEQ. . . TCTM . . . TTPKLL GYVTKSQAKRMNYEQREMKI
LSPSHTVCDVLEAKVRHCESCI Pl TETCTNVGSKLVG. | VT SRDI DFLAEKDHT TLILSIEVIM
LSPKDRVRDVFEAKARHCGFCCI Pl TDTGRVGSRLVG. | | SSRDI DFLKIEEEHDRFILEE M
LSPKDRVRDVFEAKARHCFCCI Pl TDTGRVGSRLVG. | | SSRDI DFLKIEEEHDRFILEE M

... MAPPPKPV. . . PW\NADLNKI NEI FESEKSGAVAL EKDCEVVDLVVREEVIERVKGYPK
. DYMAPPPKPA. . . PWNADL NKI NEI MESEKSGAVAL ERDCEVVDLVVREEVIERVRGYPK
YDYMKSCDSSDYCVPWEI DFEKL EFVL EDKQKG-WL ERDGETVNVVTIKDD (CRVKGYPK
TPRI ELVVAPAGVTLKEANEI L QRSKKCKL Pl VNDCDELVAI | ARTDL KKNRDYIPLASKD
TKREDL VVAPAGVTLKEANEI L QRSKKCKL Pl VNENDELVAI | ARTDL KKNRDYIPLASKD
TKREDLVVAPAGI TLKEANEI LQRSKKCKL Pl VNENDELVAI | ARTDL KKNRDYIPLASKD

LVAPATVGADCEFMWEGAAVCETREDEKERL EHEVKAGL NVWVLEDSSCCENSI YDLENVKY VK
LVAPATVGADCEFNMNGAAVGTREDEKERL EHLVKAGL NVVVLDSSCGENSI YCLENWNY VK
SGPG. TVGPDCEWWEGAAI GTRESEKERL EHLVNVGVNAVVLDSSCENSI YQLEN! KYVK

SCKCLLC. ....... GAAVGTREDEKYRLDL LTQAGVDVI VLDSSCENSVYQI AlVVAYI K
AKKCLLC. . ...... GAAlI GTHEDECKY RL DL LAL AGVDVVVLDSSCGNSI FQI NI KYI K
AKKCLLC. .. ..... GAAI GTHEDEKY RLDL LAL AGVDVVVLDSSCGENSI FQI NVI KYMK

RVYREL DVI GENVVT MYCAENLT QAGVEGLRVGM . GSI CTTQEVCAVERGCQATAVYKVS
RVYPEL DVI GENVVTMYCAENL | CAGVEGL RVGVCESGSI CTTCEVCAVICRGQATAVYNVS
KTYREL DVI GENVVT MY CAQNL | GAGVEGL RVGVESGSI CT TQEVCAVIECRGQATAVYKVC
CKYPHL QVI GENVVTAACAKNL I DAGVEGL RVGVGCGSI Cl TGEVMACCRPQCGT AVYKVA
EKYPSL QVI GCNVVTAACAKNL I DAGVCAL RVGVCGSGSI Cl TGEVL ACCRPIGATAVYKVS
EKYPNLQVI GENVVTAACAKNLI DAGVCAL RVGVGCGSI Cl TGEVL ACCRPQATAVYKVS

S| AYKSGVPVI ADCCI SNSCHI VKALSLGASTVNNGSFLAGSL EAPGAYV YONGIRVKKY
LI AYKSGVPVI ADCGI SNSCHI VKALSLGASTVNNGSFLAGCSL EAPCGAYV YONGIRVKKY
SI AAQSCI PVI ADCCI SNSCHI VKALVLGASTVIVNGSFLAGSTEAPGCGYE YTINGKIRI KKY
EYARRFGVPI | ADCGl QT VCHVVKALALGASTVNNGSL LAAT TEAPCGEYFFSCGVIRL KKY
EYARRFGVPVI ADCCl CNVCHI AKALALGASTVNNGSL LAATTEAPCEYFFSCG IRL KKY
EYARRFGVPVI ADCGI CNVCHI AKALALGASTVNNGSL LAATTEAPGEYFFSCG IRLKKY

RGNVCSLEANTKGSDA. . RYL CDTAKL KI AQGVVCGAVKDKGSVLNFEI PYT LOQAVQG-QEI
RGIVCSL EANTKGSDA. . RYL CDTAKL KI AQGVVCAVKDKCGSVLNFI PYT LQAVQG-QEI
RGIVGSL EANTKGSDQ. . RYL CDQT KL KI AQGVVGAVADKGSVL KL I PYT MVHAVKIQG-QEL
RGIVCSL DAMEKSSSSQKRYF SEGDKVKI AQGVSGSI QDKCSI QKFVPYLI AGI QHCCQEI
RGIVGSL DAMDKHL SSONRYF SEADKI KVAQGVSCGAVQDKGS| HKFVPYLI AGI QHSCQEI
RGIVCSL DAMDKHL SSONRYF SEADKI KVAQGVSCAVQDKES| HKEVPYLI AGI QHSCQEI

CANSLIQSAHDLL RSRVERL EVRSGAAQVECEI HGLVSYER ILLKYETI QK
CASSL QSAHDL L RSREL RL EVRSGAAQVEGGVHGLVSYEKKYF. . . . . ..
CASSL QSAHGLL RSNI LRL EARTGAAQVECGVHGLVSYEKKSF. . . . . ..

CAKSL TQVRAMIYSCEL KFEKRT SSAQVECGVHSLHSYEKRLF. . . . . ..
CAKSL TQVRANMYSGELKFEKRT SSAQVEGGVHSLHSYEKRLF. . . . . ..

54
50
60
60
60

114
110
120
120
120

165
163
179
179
179

54
221
223
239
239
239

114
281
282
291
291
291

172
341
342
351
351
351

232
401
402
411
411
411

290
459
460
471
471
471

340
502
503
514
514
514

Fig. 27. Multiple alignment for the protein coded by 633 cDNA (67% identity).

-- >50% homology;

-- > 75% homology;

-- 100% homology on alignment. 633

protein — protein coded by cDNA of the clone 633; Soy — translation of the soybean (Glycine max)

mRNA for

inosine  monophosphate dehydrogenase (Acc.

No AJ010201); Arab -

Inosine-5'-

monophosphate dehydrogenase (IMPDH) from Arabidopsis thaliana (Acc. No P47996); Human —
IMPDH1 from Homo sapiens (Acc. No P20839); Mouse — IMPDH2 from Mus musculus (Acc. No
P24547); Hamst — IMPDH from Mesocricetus auratus (Acc. No P12269).
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1ea 116aa 23Baa J62aa
FMN-tinding domain,

"

I: Lt
8688 |IMFPOCH IMP dehydrogenase domain 30688

Fig. 28. Hypothetical scheme of the protein structure coded by 633 cDNA.

A | - Phosphorylation sites. - Myristoylation sites e - Regions with prevailing coil
secondary structure

P | - Regions with prevailing strand secondary structure.

-
. - Regions with prevailing helix secondary structure.

The semi-transparent zones indicate regions with prevailing hydrophobic amino acids. Numbers on the
picture show amino acid position on the protein sequence. IMPDH-IMP domain indicates the domain

characteristic for inosine-5’-monophosphate dehydrogenases.

The main feature of this protein is very intensive myristoylation. Myristoylation sites are all
located in the middle of the protein, more to C-terminus. In such position (not in N-terminal
part) they hardly ndicate membrane association, but probably the region (-s) involved in

protein-protein interactions (Fig. 28, see Thompson and Okuyama, 2000, for the review).

4.5 Al-responsiveness of transgenic yeast over expressing 318 functional gene

In order to check whether 318-cDNA fragment coding for complete functional protein
improve resistance for aluminium stress, 318 full protein coding fragment was introduced
into yeast cells (strain Inv Sc2) in expression plasmid under control of P gall promoter (in

cooperation with Dr. Kunze, IPK, Gatersleben, Fig. 29).

Fig. 29. Schematic representation of expression plasmid 318pYES based on yeast vector
PYES2 used for introduction of 318 full protein-coding fragment into yeast under control of P

gall promoter.
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AmpR — ampicillin resistance gene, 318 — full protein-coding fragment, p gall — galactose inducible

promoter for expression in yeast.

Glucose Galactose
Control 318 pYES Control 318 pYES
1 2 1 2 1 2 1 2

Fig. 30. Al resistance of yeast transformants over expressing the gene product encoded by 318 cDNA
compared to wild type controls.

Exponential-phase cells were grown on LPM media containing glucose (non-inductive conditions) or
galactose (inductive conditions) indicated as Glucose and Galactose, respectively. The cells were
diluted in LPM medium and spotted on LPM agarose. The dilution ratios were: undiluted (1), 1:10 (2).

The concentrations of aluminium chloride in the media reached from 1 to 10 mM as indicated.

Yeast test system was chosen since it allowed testing the effect of putative gene expression
in eukaryotic cells using relatively less time and work for the experiment than propagation of
transgenic plants. Transgenic yeast cells were grown on the media containing glucose or
galactose supplemented with various concentrations of aluminium chloride at pH 4.0.
Galactose was taken as promoter inductor. Glucose allowed “leaky” expression of 318
fragment so that effect of expressed product on Al-resistance is detectable but not in full

scale as with the medium containing galactose.

On the media supplemented with galactose the difference between wild type and transgenic
yeast appeared already at 1mM AICl;, being very dramatic at concentrations 7.5 and 10 mM.
No yeast growth for wild type could be detected under such conditions, but quite intensive —
for transgenics, undiluted and 1:10 diluted cells at 7.5 mM AICk and undiluted — at 10mM
AICk (Fig. 30). The difference on the media containing glucose was not so profound,
however, clearly detectable, which can be explained by the “leaky” expression mentioned

above. At 5 mM aluminium chloride the cells diluted 1:10 were growing, which was not
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observed for wild type control. On galactose containing media undiluted cells were able to
grow on 7.5 and 10 mM AICl; Practically no detectable growth for wild type could be
observed under the same conditions (Fig. 30). These results indicated that expression of 318
full protein coding fragment revealed enhanced resistance of transgenic yeast against
aluminium stress in comparison to wild type controls, which created good basis for

transgenic plant propagation.

4.6. Constructs for gene over expression in plants
In order to verify if the obtained cDNA fragments coding for the functional proteins improve
plant response induced by aluminium stress, the constructs for over expression of the

corresponding genes in transgenic plants have been created.

PTH {(KmR) G 315 tull cONA |

318 pp ) - 8 I B paly-A

633 pp
Fig. 31. The schemes of the constructs for over expression of selected Al stress up-regulated

genes in transgenic plants.

318 pp and 633 pp — the constructs for plant transformation on the basis of pBIN19 plasmid vector
under control of Cauliflower mosaic virus (indicated as 35S) with use of 318 and 633 structural genes,
respectively; NPTIlI (KmR) — the gene of kanamycin resistance for the transgenic plant selection; ¢

myc-tag — small peptide tag for detection of transgene expression on the protein level in plants; poly-
A — poly-A part enhancing the gene expression efficiency; RB and LB — the border sequences
necessary for construct insertion into plant genome.

The clones chosen for this approach were 633 and 318 full-length cDNAs. They were
favoured with respect to evaluation of the expression level for corresponding genes (Fig. 18).
The constructs were prepared as it is shown on Fig. 31. The expression cassettes were made
under control of 35S promoter from Cauliflower mosaic virus to express the whole gene
ubiquitous in the plant. Downstream from the putative structural gene poly-A part enhancing
the gene expression efficiency and DNA coding for the reporter peptide from c¢myc to
enabling detection of gene expression on the protein level were introduced. NPTII gene was
inserted to permit kanamycin selection of transgenic plants after Agrobacterium mediated

gene transfer.

4.7. Plant transformation and detection of introduced genes in transgenic plants

The plant specie taken for the transformation was Arabidopsis thaliana cv Columbia. After
Agrobacterium-mediated transformation of the foreign gene sequences in Arabidopsis (see
Materials and Methods, chapter 2.2.11) kanamycin selection of transgenic plantlets was

made. Plantlets of F, generation were verified to contain putative cDNA sequences. For this
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purpose amplification was performed using the primers for appropriate cDNA and genomic
DNA isolated from F, plants of transgenic lines. The DNA of the plasmid used for plant
transformation served as a positive control. Amplification with wild type genomic DNA
revealed no detectable bands, however, clear fragments could be observed in PCR with
genomic DNA from all transgenic lines selected by kanamycin resistance. The sizes of these
fragments corresponded to the sizes of the ones obtained in amplification with the plasmids

applied for plant transformation (Fig. 32 and 33).

M WT 318-1 318-2 318-3 318pp

Fig. 32. Electrophoretic resolution of amplification products obtained using primers for 318
full-length cDNA and genomic DNA of transgenic plantlets.

150 ng of appropriate genomic DNA was taken for each PCR reaction. Amplification products were
resolved on 1% agarose gel and visualised by ethidium bromide staining. M — mass marker, the sizes
of selected fragments in kilobase pairs (kb) are indicated on the left side. WT — amplification with wild
type genomic DNA as a negative control, 318-1, 318-2, 318-3 — amplification with genomic DNA of
individual transgenic lines propagated as F, generation, 318pp — amplification with plasmid DNA of

putative construct used for plant transformation as a positive control.

M WT 633-1 633-2 633-4 633-6 633-8 633pp

1kb__ |

Fig. 33. Electrophoretic resolution of amplification products obtained using primers for 633

full-length cDNA and genomic DNA of transgenic plantlets.

150 ng of appropriate genomic DNA was taken for each PCR reaction. Amplification products were
resolved on 1% agarose gel and visualised by ethidium bromide staining. M — mass marker, the size
of the fragment in kilobase pairs (kb) corresponding to 633 cDNA is indicated on the left side. WT —
amplification with wild type genomic DNA as a negative control, 633-1, 633-2, 633-4, 633-6, 633-8 —
amplification with genomic DNA of individual transgenic lines propagated as F, generation, 633pp —

amplification with plasmid DNA of putative construct used for plant transformation as positive control.
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Amplification products were hybridized with appropriate cDNA fragments isolated from the
constructs used for plant transformation radioactively labelled by *P-dCTP. Southern
hybridizations gave clear signal with the samples from transgenic plants, which correlated
with the signal from positive control (plasmid DNA of the construct used for plant
transformation taken as an amplification template). No signal was detectable in wild type
plants taken as a negative control (Fig. 34 and 35). The results reveal that the full protein-
coding cDNA fragments used for plant transformation are really present in genomic DNA of
plants from individual transgenic Arabidopsis lines. No hybridization signal could be detected

with wild type genomic DNA.

WT 318-1 3182 318-3 318pp

Fig. 34. Southern hybridization of the **P-dCTP labelled probe isolated from 318pp construct
with the fragments obtained in amplification with genomic DNA using 318 cDNA fragment-
derived primers (Fig. 32).

WT — wild type genomic DNA as a negative control, 318-1, 318-2, 318-3 — genomic DNA of individual
transgenic lines propagated as F, generation, 318pp — plasmid DNA of putative construct used for

plant transformation as positive control.

WT 633-1 633-2 633-4 633-6 633-8 633pp

s ——— sl .

Fig. 35. Southern hybridization of *P-dCTP labelled probe isolated from 633pp construct with
the fragments obtained in amplification with genomic DNA using 633 cDNA fragment-derived
primers (Fig. 33).

WT — wild type genomic DNA as a negative control, 633-1, 633-2, 633-4, 633-6, 633-8 — genomic
DNA of individual transgenic lines propagated as F, generation, 633pp — plasmid DNA of putative

construct used for plant transformation as a positive control.
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4.8. Characterization of transgenic plant stress response
In order to study the responsiveness of transgenic plants on Al stress, vitality and root
morphology of wild type and transgenics were compared under conditions of different Al
concentrations. Al penetration nto roots of wild type and transgenic plants was determined
after short (2h) Al treatment by using morin staining. Al toxicity in wild type and transgenics
was compared by visualization of Al-elicited callose biosynthesis after longer (48h) Al stress

using aniline blue staining of the roots.

4.8.1 Evaluation of transgenic plant vitality under conditions of aluminium stress

To prove Al sensitivity of Arabidopsis cv Columbia plants used for transformation, plantlets
were treated with different aluminium concentrations such as 50, 75, 100, 200 and 300 pmol
aluminium chloride in Hoagland solution, pH 4.0. One-week-old plantlets were treated for 48
h and then their survival ratio was calculated. Aluminium chloride restricted growth abilities
of Arabidopsis plants already in concentration of 50 pmol and at 200 pmol aluminium
chloride less than 10% Arabidopsis plantlets survived 48 h treatment (Table 3). At AICk
concentration of 300 pmol practically all wild type Arabidopsis plants could not overcome 48
h of stress conditions. Moderate acidic stress (Hoagland solution, pH 4.0 without any
aluminium) did not restrict the growth or vitality of Arabidopsis plants, so that the plant

stress effects could be attributed directly to aluminium toxicity.

To compare Al-sensitivity of transgenic and wild type plants aluminium treatment was
performed in the nutrient solution supplemented with 200umol AICL at pH4.0. Transgenic
plants showed much higher tolerance against aluminium stress as wild type plants (Table 4).
83 to 91% of plants transformed by 318pp construct survived the treatment. The plants
transformed by 633pp construct showed survival ratio of 80 (633-6 transgenic line) to 93%
(633-1 transgenic line). The wild type controls had 10 times lower vitality ratio, such as 5.6

to 9% (Table 3 and 4) under identical conditions.

Table4. Aluminium responsiveness evaluation of wild type Arabidopsis cv Columbia plants.

Experimental AICk Total plant Dead Survived Percentage
conditions concentration, number plants plants of survivors
pmol
Hoagland, pH 5.7 - 100 - 100 100
Hoagland, pH 4.0 - 100 - 100 100
Hoagland, pH 4.0 50 92 70 22 22
Hoagland, pH 4.0 75 105 81 24 20
Hoagland, pH 4.0 100 102 92 10 10
Hoagland, pH 4.0 200 105 96 9 9
Hoagland, pH 4.0 300 100 100 - 0
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Table 5. Aluminium tolerance evaluation for transgenic Arabidopsis plants in comparison to

wild type controls.

Sample Total plant Dead plants Survived Percentage of
number plants survivors
WT con 100 -- 100 100.0
633 con 250* -- 250 100.0
318 con 150* -- 150 100.0
WT, Al 106 100 6 5.6
633/1, Al 100 7 93 93.0
633/2, Al 100 12 88 88.0
633/4, Al 100 18 82 82.0
633/5, Al 100 11 89 89.0
633/6, Al 100 20 80 80.0
318/1, Al 100 17 83 83.0
318/2, Al 100 9 91 91.0
318/3, Al 100 11 89 89.0

The experiment was performed for 48h in Hoagland nutrient solution, pH 5.7 in all the samples
marked as “con”, and pH4.0 with 200umol aluminium chloride in the samples marked as “Al”.

* -- 50 plants were taken from each line for 318 and 633 controls. They are not extra indicated
because all showed the same results.

Under the stress conditions transgenic plants showed also morphological difference in
comparison to the wild type ones. During prolonged (48h) aluminium treatment their main
roots did not grow as long as wild type ones, however, many secondary roots were formed,
which was not observed for the wild type. Secondary roots had normal morphology and
developed root hair system, which dramatically differed from the roots of wild type plants

with very rare and small root hairs.

4.8.2. Investigation of aluminium penetration into the roots

In order to study aluminium penetration into the roots of wild type and transgenic plants
morin staining was performed after aluminium treatment. Al treatments were performed in
Hoagland solution at pH 4.0 supplemented by 200umol AICk for 2 hours. After the treatment
the roots were cut and immediately stained. Morin staining patterns of Al treated transgenic
and wild type plants are presented on Fig. 36 and 37. The roots of wild type Arabidopsis
plants were heavily stained indicating quite hight value of aluminium penetration, whereas
transgenic plant roots showed lower staining intensity and very different pattern of

aluminium penetration.
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A
WT 318-1 318-2 318-3
9000
8000 4 1.00 1.00
7000
6000 1
5000
4000
3000 828
B — 0.23
2000 055 0.60 0.15 0.40 0-20—
| e —
0 T T .
WT 318-1 318-2 318-3
1 m2 B 3 (meristem zone)

Fig. 36. Evaluation of morin fluorescence staining of roots from aluminium treated wild type
(WT) and transgenic Arabidopsis plants transformed by 318pp construct (see Fig. 31).

A —Fluorescence patterns of wild type (WT) and transgenic plant roots of individual lines 318-1, 318-2
and 318-3. 5x magnification, DAPIFITC-Rhodamine fluorescence filter. B — quantification of the
fluorescence intensity in the zones indicated on A. The numbers on the graph show which part of wild

type (WT) value constitutes the intensity of morin staining in appropriate zone.

Less significant difference was observed between transgenic lines, however, not such
dramatic as with wild type controls (Fig. 36 and 37). Semi quantitative presentation of the
results show that in the meristem zone of transgenic roots fluorescence intensity is up to 6.7
times lower than in wild type controls, which is the most dramatic difference. The other parts
of the roots also show different aluminium concentration inside, but the difference is rot
such high (Fig. 36 and 37).

All three transgenic lines transformed by 318pp construct, 318-1, 318-2 and 318-3, had alike
pattern of aluminium distribution in the roots, which is dramatically different from the wild
type (Fig. 36). All the lines showed decreased intensity of morin staining in the meristem

zone, which is 4.3 times lower as in the wild type for 318-1 line, 6.6 and 5 times — for the
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lines 318-2 and 318-3, according to semi quantitative estimations (Fig 36). The best

individual transgenic line with the lowest aluminium after 2h Al stress is 318-2.

A
WT 633-2 633-4 633-5 633-6 633-8
8000 0.99 1.00
T 0.92
7000 —
6000 0.76
1.86 [
5000 ]
0.57
B 1.40 e
4000 — 0.45
3000 —— 037
2000 0.21 6-26 624
1000 1 . _
0 T T T T T
wt 633-2 633-4 633-5 633-6 633-8
1 2 B 3 (meristem zone)

Fig. 37. Evaluation of morin fluorescence staining of roots from aluminium treated wild type
(WT) and transgenic Arabidopsis plants transformed by 633pp construct.

A — fluorescence patterns of wild type (WT) and transgenic plant roots of individual lines 633-2, 633-
4, 633-5, 633-6, 633-8. 5x magnification, DAPIFITC-Rhodamine fluorescence filter. B — quantification
of the fluorescence intensity in the zones shown on A. The numbers on the graph show which part of

wild type (WT) value constitutes the intensity of morin staining in appropriate zone.

Aluminium distribution in the roots of transgenic lines containing 633pp construct was a bit
different (Fig. 37), however, the main pattern was kept here also. The meristem zone
contained dramatically less aluminium than wild type controls. When the intensity of
fluorescence was quantified, the differences were estimated as 3 (633-2 transgenic line), 2
(633-4 transgenic line), and 5 times (633-5, 633-6 and 633-8 transgenic lines) less
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aluminium-induced staining than in wild type controls. The best individual transgenic line

with the lowest aluminium content after 2h Al stress is 633-6.

It should be added that 2h aluminium treatment performed before morin staining was too
short to cause any difference in root morphology between wild type and transgenic plants,

as it happened during prolonged stress conditions.

4.8.3. Characterization of callose biosynthesis in transgenic roots

One of the most sensitive indicators of aluminium toxicity in studied plants so far is stress-
induced callose formation (SIVAGURU et al., 2000; ZHANG et al., 1995). In order to study how
the roots of wild type and transgenic plants were influenced under conditions of aluminium
stress, aniline blue staining was performed to visualise Akinduced callose biosynthesis. 7-
day-old plantlets were subjected to 200pumol aluminium chloride in Hoagland solution at pH

4.0.

633-6

Fig. 38. Aniline blue staining of wild type (WT) and transgenic (the line 633-6) roots after 2
day aluminium treatment.

Al treatment has been performed in Hoagland solution, pH 4.0 with 200umol aluminium chloride.
Aniline blue fluorescence has been visualised using DAPIFITC-Rhodamine fluorescence filter. MR —
main roots, both damaged by aluminium stress. SR — secondary roots, very small and rare in dying
wild type, long and vital in case of transgenic plant with dramatically lower callose content, indicating
much lower degree of aluminium stress effect.



Morin staining

Fig. 39. Comparison of aluminium distribution and callose accumulation patterns in wild type
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318-1

318-1

318-4

318-4

633-4

633-4

633-6
633-6

633-8

Aniline blue staining

and transgenic Arabidopsis lines after stress treatments.

Aluminium treatment was performed for 2h before morin staining and 48h before aniline blue staining
in Hoagland solution at pH 4.0 supplemented with 200uM aluminium chloride. Main roots of
transgenics were taken for morin staining and the secondary roots for aniline blue staining. The roots
for morin staining were 2 days younger than the ones used for aniline blue staining, which explains
the difference in the root thickness. WT — wild type control; 318-1, 318-4 — transgenic plants
expressing ABC transporter homolog; 633-4, 633-6, 633-8 — transgenic plants expressing IMPDH

homolog.
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After the treatment the roots were cut, washed and immediately stained by aniline blue. The
fluorescence pictures have been photographed using Zeiss fluorescence microscope
Axioplanll with DAPI-FITC-Rhodamine fluorescence filter (see Materials and Methods,
chapter 2.2.11 for the details). After 2 days of aluminium stress transgenic plantlets showed
different morphology and different pattern of Al-induced callose formation in the roots

compared to the wild type ones.

Such difference between wild type and 633-6 transgenic lines as an example is presented on
the Fig. 38. The main roots in both cases, in transgenics and in wild type, show damaged
structure. As it was mentioned above in the Chapter 3.7.2, transgenic plants had shorter
main roots in comparison to the wild type controls but they form many long secondary roots

with normal morphology, which was not observed for the wild type.

Aniline blue staining of secondary roots in transgenic plants was dramatically lower than in
damaged main roots of wild type and all transgenic plant lines (Fig. 38). The formation of
secondary roots in transgenic lines, not observed for wild type, and low degree of stress-
induced morphological changes of this root type indicated much higher degree of stress

resistance of the secondary roots in transgenic plants.

In order to obtain more integrated picture of stress behaviour, the patterns of morin and
aniline blue staining were compared for wild type and selected individual lines of transgenic
plants (Fig. 39). It could be concluded that in general aluminium distribution and callose
formation patterns are alike despite the difference of aluminium treatment applied in both
cases. Very intensive callose biosynthesis in wild type roots correlates with high degree of
aluminium accumulation inside the roots. Dramatically lower callose content in secondary
roots of transgenic plants is in agreement with much lower aluminium accumulation in the

roots of transgenic lines (Fig. 36 and 37).

The root morphology and growth of transgenic plants under stress conditions show that they
have dramatically better surviving potential under Al stress in comparison to the wild type
ones. Formation of secondary roots under prolonged aluminium treatments; lower aluminium
content after short Al stress and reduced stress-elicited callose formation inside secondary
roots indicate that the studied genes imparted more aluminium resistance to the transgenic

plants compared to the wild type.

Surprisingly, both genes gave alike result in terms of aluminium resistance being

transformed into Arabidopsis plants. They showed similar survival rate under stress
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conditions as compared to wild type controls, as well as similar pattern of aluminium

distribution and stress-elicited callose formation.
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5. Discussion

In the last years very intensive research has been invested in the understanding of molecular
mechanisms of plant tolerance against stress including aluminium toxicity. Despite the fact
that many genes have been found in different plants in response to Al, most of them are of
generalized plant response to stress and not specifically involved n acquisition of Al stress
tolerance (Ezaki et al., 2000).

5.1. Search for genes involved in soybean resistance against aluminium stress, a methodical

approach

In order to find genes directly involved in the molecular mechanisms of plant resistance
against Al it was necessary to directly compare gene expression patterns under stress and
non-stress conditions in tolerant and sensitive soybean cultivars. There are several methods
available for such purpose, for example subtractive hybridization (HARA et al., 1991), display
of 3" end cDNA restriction fragments (PRASHAR and WEISSMAN, 1996) or DNA Arrays
(KaLLIONIEMI et al., 2001). The quickest, most visual and effective method is Differential
Display RT-PCR (DD), described by LIANG et al. (1993). Using DD one can obtain resolution
of amplified cDNA fragments representing RNA population of putative sample in any
necessary point of time. It is possible to directly visualize and compare the gene expression
patterns of different samples on the level of mRNA. In this work the aim was to study
stressed and non-stressed soybean root tip cells of tolerant and sensitive cultivars by using

DD approach.

The problem of the method is that the fragments obtained after DD contain several co
migrating amplification products (JORGENSEN et al., 1999) so that it is necessary to find the
right one among several fragments of the same size. After cloning of all PCR products
contained in one differentially displayed band, it was necessary to verify a lot of clones in
one blotting experiment to find the ones containing the fragments corresponding to the
genes up regulated by aluminium stress. Use of Northern blotting in such situation would be
extremely laborious and would take far more RNA than available. Therefore, Reverse
Northern blotting (ZHANG et al., 1996) was used to prove if cloned DD products corresponded
to genes up regulated during aluminium stress. Only the biggest one of the two fragments,
verified by Reverse Northern blotting of size 212bp could be detected by Northern botting,
which is in agreement with the failure of DD fragments smaller than 200 bp to give visible

signals on Northern blots as described by LIANG et al. (1993).
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Another drawback of DD method is that amplified and visualized fragments correspond
directly to 3'-end of RNA and range from 100 to approximately 500 base pairs in size. This
feature hardly allow them to be used for any search for homologies in the gene banks as
well as in cDNA library screening in order to get full protein coding cDNA fragments. It was
not clear also if DD fragment or fragments identified after all cloning and blotting verification
procedures corresponded to the genes involved in the mechanisms of plant resistance on the
basis one fragment — one gene. As a basis for further work we accepted the hypothesis that
one DD fragment could correspond to 3'-region of several mRNAs expressed in response to
aluminium stress. To find the whole pool of mMRNAs having 3'-part corresponding to putative

DD fragment, the method of Marathon cDNA amplification (Marathon PCR) was chosen.

In this method double stranded replica of mRNA is ligated with adaptors to dramatically
restrict unspecific amplification and enable search of putative cDNA fragments by PCR using
the primers created on the basis of DD fragments. As a rule, a set of amplification
experiments was giving several Marathon fragments (Fig. 12, 13 and 14). They were
extracted and used in Reverse Northern blotting to verify which of them corresponded to the
genes up regulated under the stress conditions, completing the next level of the search for

the genes involved into aluminium tolerance.

The cDNA fragments obtained by Marathon PCR were much larger than after DD, however,
not full protein coding ones. In order to complete them to the full length, cDNA library was
created and screened by selected Marathon fragments used as probes. Final level of the
gene search consisted of verification whether isolated full protein coding cDNAs
corresponded to genes up regulated during aluminium stress with subsequent complete

sequencing of selected cDNASs.

The whole procedure of gene search is summarized on Fig. 40. In the beginning DD pattern
reflecting gene expression was obtained and analyzed. Short amplified cDNA fragments were
extracted, cloned and sequenced. Marathon PCR was used to prolong them. cDNA bank was
created with use of mRNA from Al treated root tips and in vitro cultivated cells of aluminium
stress tolerant soybean cultivars. This bank was screened by selected Marathon fragments.
Each step vas followed by Reverse Northern verification and in some cases Northern
verification, whether the genes corresponding to each obtained fragment were up regulated

under stress conditions.

Our investigations were directed to specific response of soybean plants to aluminium stress.

Therefore a range of aluminium chloride concentrations were applied to evaluate which
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stress conditions were causing first stress responses, but not so heavy toxicity as to induce
intensive expression of general stress genes. The concentration caused first detectable
morphological changes such as swelling and changes of root meristem morphology
compared to untreated control was 300uM AICEk (Fig 1, A and B) but not heavy damage of
root itself and root meristem as for higher concentrations (FiglC). Therefore the
concentration of 300uM AICk was taken as standard concentration for later aluminium

treatments of roots.
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Fig. 40. Scheme of search for the genes responsible for Al resistance of plants.

The patterns of gene expression were compared in aluminium stress tolerant (Tk — for control, T Al —
for aluminium treated samples) and the stress sensitive (Sk — for control, S Al — for aluminium treated
samples) soybean cultivars. cDNA fragments up regulated in stress treated tolerant cultivars used in
further work are shown in red.

One of the basic principles of selection for the Al responsible genes was also comparison of

aluminium response between stress-tolerant and sensitive soybean cultivars. It was
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considered that if some gene was involved in the general stress response, its expression
should have been enhanced in both tolerant and susceptible cultivars under stress. In case
of specific stress protection genes the higher expression level had to be observed in tolerant
cultivars, as compared to the sensitive ones under stress where the specific genes shouldn’t
have been so much up regulated. That is why Northern blotting patterns as well as DD and
Marathon PCR ones for different lines under stress and non-stress conditions were compared
(Fig. 40).

5.2. Blotting experiments with known genes potentially involved in tolerance mechanisms

Northern blotting experiments were performed with 8 genes possibly involved in the
mechanisms of plant resistance against aluminium toxicity according to the literature data
(see Table 1). 7 of them did not show substantial expression difference on mRNA level
between stress and non-stress conditions in tolerant as well as in sensitive cultivars (Fig. 2),
which indicates that these genes probably are not involved in the mechanisms of Al stress
tolerance in soybean. Therefore it can be concluded that calreticulin as the enzyme involved
in the second messenger pathway, (KOCHIAN, 1995) and callose accumulation (SIVAGURU et
al., 2000), dutathion-S-transferase as Al induced antioxidation enzyme (EzaAki et al., 1996),
GTP-binding protein, Al-induced in tobacco (EzAKI et al., 1996) and different metallothioneins
as well as malate dehydrogenase, which is involved in organic acid exudation as one of
aluminium exclusion mechanisms, (SNOWDEN and GARDNER, 1993) were either not involved in
the aluminium tolerance in soybean or their regulation by the stress was not realized on
MRNA level.

One of studied genes, phosphoenolpyruvate carboxylase (PEPC), was up regulated in
soybean root tips during aluminium stress (Fig. 3). The amount of PEPC mRNA was
enhanced in root tips of both tolerant cv Tambora and sensitive cv Malabar, however, in
tolerant cultivar the transcript level was 2 times higher. Higher expression of PEPC in tolerant
plants is not necessarily indicating that it belongs to specific resistance genes, however,
shows that it could play key role in organic acid metabolism of plants, which excrete malic
(wheat, DELHAIZE et al., 1993, PELLET et al., 1996, Arabidopsis, LARSEN et al., 1998), citric
(maize, PELLET, 1996 and Cassia tora, MA et al., 1997) or oxalic (MA et al, 1998, 1998a) acids
to exclude aluminium from penetration in plant root. Also soybean belongs to plants
exudating citric and malic acids in response to aluminium stress (YANG et al., 2000; SILVA et
al., 2001).
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PEPC is a key enzyme in organic acid metabolism of plants (Lopez-Buclo et al., 2000). In
mesophyll cells this enzyme catalyses phosphoenolpyruvate carboxylation, synthesisng
oxaloacetate, which is then transformed to malate or citrate (LoPez-Buclio et al., 2000). PEPC
is also proposed to play important role in cytosolic pH regulation by buffering OH formation
during nitrate reduction. Moreover, in guard cells PEPC is implicated in generation of H" via
malate production (HAEUSLER et al., 1999). In G plants and in non-photosynthetic tissues
PEPC is active in several reactions to replenish the intermediates of Krebs cycle, provide
carbon skeletons sustaining synthesis of amino acids during NH,* assimilation (SCHULLER et
al., 1990). It was shown also that under conditions of iron deficiency PEPC activity was
enhanced several times together with H* extrusion linked to the activity of plasmalemma H*-

ATPase and synthesis of organic acids such as malate and citrate (D NisI and ZoccHi, 2000).

PEPC, up regulated under aluminium stress conditions, could be involved in the processes of
enhanced organic acid exudation, one of the mechanisms of plant protection (PELLET et al.,
1995; Ma et al., 1997; MA et al., 1998; Lorez-Buclio, 2000). Other possibilities of PEPC role in
aluminium protection could be maintaining of amino acid biosynthesis or some influence on
H*-ATPase, which function is also damaged together with plasma membrane charge and

function of membrane channels (KocHIAN, 1995).

As an example of reaction pattern for a gene not involved in the process of plant defense
against aluminium stress Wali 1 gene could be taken. Up regulated in wheat under
aluminium stress conditions (SNOWDEN and GARDNER, 1993), it did not show ability to mediate
tolerance against toxic aluminium in later studies using a biotechnological approach of Wali 1
over expression in transgenic plants (EzAkl et al., 1999). Marathon PCR with Walil-derived
primers revealed much higher amplification fragment intensity for cDONA sample from tolerant
cultivar compared with non-treated control sample. No PCR results could be seen in
amplification with cDNA from susceptible cultivar. Marathon PCR fragment was extracted and
used in Reverse Northern hybridization. Walil-like gene was expressed under conditions of
aluminium stress about 6 times higher in tolerant soybean cultivar as compared to non-
treated control. As much as 20-fold higher expression has been observed in susceptible
cultivar treated in the same way (Fig. 6). Such expression pattern clearly shows that Walil-
like gene belongs to the pool of the genes generally up regulated by the stress, but not
involved directly in the mechanisms of aluminium resistance. The highest transcript level was

observed in sensitive cultivar under stress conditions with hardest toxicity effect.
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5.3. Unknown genes up regulated by aluminium stress in soybean; DD and Marathon

patterns, sequence analysis of full protein coding cDNA fragments

Expression patterns of tolerant soybean lines (Tambora and Wilis) differed in general not too
strongly from the ones of susceptible soybean lines (Malabar and Lumut), which can be
explained by low aluminium concentration chosen for the stress experiments and,
consequently, moderate stress effect. The majority of cDNA fragments showing different
expression in stressed samples compared to controls were down regulated supporting the
well-known phenomenon of general repression of gene activities under alumnium stress

conditions (KocHIAN, 1995).

During DD experiments we found that resolution pattern was highly reproducible and
differed very slightly between controls and aluminium treated samples when the stressor
concentration was 300uM. DD resolution pattern, however, in the samples treated by
1000uM AICk contained quite many down regulated bands (results not shown), which is in

agreement with inhibition of DNA synthesis by aluminium stress (KOCHIAN, 1995).

Two cDNA fragments, TA52 and TA22, were chosen fom 12 ones extracted after DD.
Expression level of the gene corresponding to the TA52 fragment was quite low in both
susceptible and tolerant controls (Fig. 7). The fragment signal intensity was enhanced
already in the sample subjected to 4h Al stress as well as in the one after 24 and 48 h of
stress coming to maximum at 48h of aluminium treatment in the case of tolerant cultivar but
practically not different from the control in the sensitive one. In case of TA22 cDNA fragment
the signal was virtually inveible on control DD patterns, however, appears on DD pattern of
the tolerant cultivar after 4 h of aluminium treatment and its intensity is the highest after
48h stress treatment of tolerant cultivar. These data suggest that the genes corresponding
to both DD fragments belong to the ones of relatively early Al response. The time range for
the experiments was chosen according to SNOWDEN and GARDNER (1993). In this work all the
genes up regulated by aluminium stress in wheat showed enhanced expression already after

4h of the stress, as well as the ones corresponding to DD fragments TA52 and TA22.

According to Reverse Northern data the expression of the gene corresponding to TA22
fragment was enhanced 7fold (Fig. 9) and corresponding to TA52 DD fragment was
enhanced 7.4-fold (Fig. 10) in tolerant cultivar under stress conditions. To obtain one more
evidence for the up regulation of the genes corresponding to TA22 and TA52 DD fragments
Northern hybridization experiment has been done for both of them. As it was mentioned

above, in agreement with data described by LIANG et al (1993) it was not possible to obtain
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Northern blotting signal for the first of them, TA22, since it's size was 71 bp only. The
Northern blotting experiment with the other fragment, TA52 of size 201 bp was, however,
successful. The gene corresponding to the TA52 fragment showed 7.0-fold enhancement of
expression level in tolerant cultivar and 4.1-fold increase only — in the sensitive one under
stress conditions as compared to control expression value. The expression level in sensitive
soybean was 1.7-fold less up regulated than in tolerant one (Fig. 11), indicating that the
gene may belong to the gene pool specifically involved in Al stress tolerance mechanism in

soybean.

As it was predicted, Marathon PCR revealed several fragments for each starting one, which
sequence was used for the primer design (Fig. 12, 13, 14). Among pool of the different
amplification fragments 9 ones appeared only in reaction with cDNA from tolerant stressed

cultivars, but not controls or sensitive cDNAs.

Reverse Northern Hybridization with Marathon amplification fragments have shown the
enhanced level of corresponding gene expression for all Marathon fragments studied. The
highest enhancement showed T5F3 and T2F2 fragments, with 234.0 and 20.0-fold increase

of hybridization signal in comparison to the control sample

Not for all the candidates showing the best results in hybridization with controls, the same
pattern of reaction could be found in comparison with sensitve soybean varieties. T5F3 and
T2F2 showing the highest expression enhancement as compared to untreated controls were
not so promising in this case, being only 2.2 and 1.8-fold up regulated, respectively, as
compared with sensitive stressed cultivar values. The fragments T5pHF2 and T5pHF3 having
increase of the gene expression only 10.7 and 10.0-fold as compared to control sample (Fig.
15) showed the highest up regulation (7.1 and 4.0-fold, respectively) as compared to the

sensitive cultivar. That is why the last fragments were taken for cDNA bank screening.

For three full protein-coding clones obtained after the screening of cDNA library clear
expression enhancement of corresponding genes has been shown in root tips under stress
conditions (Fig. 18). 318 done 6.4-fold detected up-regulation of appropriate gene under
stress conditions, the clones 58 and 633 — 1.6-fold and 26.8-fold up-regulation, respectively.
After finishing of the gene search and verification procedure 3 cDNA sequences coding for
functional proteins involved in Al stress protection in soybean corresponding to the clones
58, 318 and 633 were isolated.
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5.3.1. 58 full-length cDNA clone; predicted protein sequence and potential function in Al

resistance

Unlike the proteins coded by both other cDNA clones, the one coded by 58 full-length cDNA
has many homologies with plant proteins. This polypeptide has very high homology with 8
Translationally Controlled Tumour Proteins (TCTP) from plants with average identity rate of
86.7% on the protein level. Maximal homology has been found with the protein from Hevea
(Hevea brasiliensis), rice (Oryza sativa), pea (Pisum sativum) and medicago (Medicago
sativa), being not lower than 85% with any of indicated plant proteins. This remarkable
degree of protein identity indicates their highly conservative nature suggesting an important
function in the plant cell.

Analysis of probable secondary structure as well as hydrophobic regions of the protein coded
by the clone 58 shows that predicted protein has one relatively long hydrophobic region at
C-terminal region. The rest of the protein has quite small hydrophobic regions. The predicted
protein does not have many potential modification sites, for example only 5 phosphorylation
sites. Potential TCTP signature motif 1 overlaps with myristoylation site also having one more
site in near surrounding. Such topology of muyristoylation sites indicates either probable
membrane-associated region since they are located in N-terminal part of predicted
polypeptide, or possible site of protein-protein interactions, in which TCTP signature 1 site
can also play functional role. TCTP signature 2 overlaps with phosphorylation site, indicating
potential regulation by protein kinases in this place. Other two phosphorylation sites are
located near N-terminus of the protein. It is not known in the moment, however, if all

potential phosphorylation or myristoylation sites are used in the protein in vivo.

TCTP proteins were first foundin various lines of animal tumor cells as an untranslated mRNA
protein particle unable to interact with the translational apparatus (YENOFsSKY et al., 1983).
TCTP appears to be a calcium-binding protein located in cytoplasm. Human and mouse
TCTPs were shown to release histamine from human basophiles in the presence of
immunoglobulin E (MAC DONALD et al., 1995). TCTPs or homologous proteins have been
found in wide range of different organisms including human, mouse, rabbit, chicken,
earthworm, yeast and a number of higher plants. Unlike in humans and mice, expression of
TCTP-like proteins in plants is probably regulated at the transcriptional level. TCTP was
induced by darkness in Pharbitis nil (SAGE-ONO et al., 1998) and regulated by light-stable

phytochromes.
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Expression of the gene coding for TCTP was identifed in earthworm Lumbrucus rubellus
(STURZENBAUM et al., 1998) to be up regulated under conditions of heavy metal stress. The
expression level was 4-fold higher under conditions of Pb/Zn/Cd pollution. In earthworms
native to Cu-polluted mine up-regulation factor was as high as 335. The protein was under
transcriptional control as in plants, but under translational one as it is typical for humans and
animals. Probable mode of function is promotion of metakhistidine complex formation by

earthworm TCTP working as a histamine-releasing factor (STURZENBAUM et al., 1998).

Since information on TCTP function in plants is very scarce, it is extremely difficult to suggest
possible mode of function of soybean TCTP-like protein coded by 58 cDNA clone. Neither
histamine releasing mechanism is not existent in plants, nor it is known, if Al can form
complexes with histidine, like with copper. Therefore, it could be suggested that enzyme
coded by 58 cDNA is involved in Ca homeostasis maintenance in stressed plant cells. The
maintenance of essential Ca ion concentration in different cellular compartments should have
an important role in minimization of the damage from exposure to nonessential enzymes,

such as Al.

5.3.2. 633 full-length cDNA clone; predicted protein sequence and potential function in Al

resistance

Analysis of the predicted protein sequence encoded by the clone 633 shows that it does not
have hydrophobic domains, which can be surely detected. One of the main features of this
predicted amino acid sequence is potentially very intensive myristoylation. There are 11
myristoylation sites, the great majority of which is located into the region of the overlap
between inosine-monophosphate-dehydrogenase (IMPDH) functional domain located
between amino acids 85 and 306 and FMN-binding domain between amino acids 117 and
238 (Fig. 28). Such topology of myristoylation sites hardly indicates probable membrane-
associated region since they are located in C-terminal region of predicted polypeptide, and
not in the N-terminal one, which is required for membrane association (THOMPSON and
OKUYAMA, 2000).

The protein coded by 633 cDNA clone is homologous (average identity is 67%) to C-terminal
part of inosine-5’-monophosphate dehydrogenases (IMPDH) from plants and animals. These
enzymes catalyze the rate-limiting step in de novo biosynthesis of guanine nucleotides
(HUBERMAN et al, 1995); have an essential role in providing necessary precursors for DNA
and RNA biosynthesis and in signal transduction pathways mediating cell differentiation and

transformation in humans and animals (JENKINS et al., 1993). Genomic and cDNA sequences
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specific for IMPDH have been cloned from eukaryotes (HUBERMAN et al., 1995) and bacteria
(T1EDEMAN and SMITH, 1985). Bacterial and eukaryotic forms are similar in size and show a
high degree of amino acid sequence conservation. It has been suggested that inosine-5'-
monophosphat oxidation by IMPDH might be predominant pathway leading to xantine and
formation of ureides in vivo (ATKINS et al, 1985). Since this protein is relatively abundant
(approximately 0.7% in cowpea nodules, ATKINS et al., 1985), it is likely that IMPDH play an

important role in nitrogen fixation in some plants.

The protein coded by 633 cDNA is homologous only to the Gterminal part of IMPDHSs,
therefore it is not clear whether it possesses similar functions with these enzymes. Potential
role of the gene corresponding to 633 cDNA fragment could involve enhancement of nucleic
acid biosynthesis dramatically decreased as a part of aluminium toxicty syndrome (KOCHIAN,
1995). Another possible function could involve a role in GTP exchange (JAYARAM et al., 1999),

important for the work of signal transduction pathways in stressed plant cells.

5.3.3. 318 full-length cDNA clone; predicted protein sequence and potential function in Al
resistance

Analysis of predicted protein secondary structure for 318 cDNA shows that the protein could
probably be membrane-bound or membrane-associated. The main protein features of
predicted protein could be quite intensive phosphorylation and myristoylation, four a-helices,

two ATP-GTP binding motifs and ABC-signature.

Two regions of probable intensive modifications were located in the regions around 206 and
520 amino acids, having in the centre ATP-GTP binding motif and nucleotide binding domain
(P-loop), respectively. The both regions are near the border between hydrophilic and
hydrophobic parts of the protein, which could be located on cytoplasmic site of membrane
surface or soluble in the cytoplasm. Rloop was surrounded by probably phosphorylation

sites, indicating probable regulatory activity inside the plant cell directed to this region.

The myristoylation sites were located in N- and C-terminal regions as well as in the middle of
the protein near to ATP-GTP-binding site, also surrounded by potential phosphorylation sites.
Such site pattern allows assuming that N-terminal and C-terminal regions of the protein may
be integrated in or associated to the membrane. ABC-signature motif is flanked by
phosphorylation sites, which indicates probable sites of functional regulation by protein
kinases, as well as in the helix between amino acids 419 and 476, where 3 phosphorylation

sites are located.
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The most conservative regions with local homologies 70-90% overlap with the region of
ABC-signature motif and P-loop together with ATP-GTP-binding site with flanking

phosphorylation sites, indicating one more time the regions, which are most probably

functionally active.

318 full-length cDNA fragment is homologous to the members of ABC transporter gene super
family on the protein level. The members of this quite large and diverse gene group have
ATP-GTP binding domains, so called “ATP-binding cassette”, which is in good agreement
with ATP-GTP-binding domain and Ploop found on predicted amino acid sequence for 318
cDNA clone. ABC transporters mediate ATP-dependent active transport processes through
plasma membrane or tonoplast in plants (DavieEs and CoLEMAN, 2000). These transporters
have been predominantly found in plasma membrane catalyzing the efflux of various
compounds out of the cell. Other ABC proteins are located in intracellular organelles such as
peroxysomes, mitochondria, the endoplasmic reticulum and vacuoles; some of these proteins

mediate the compartmentation of compounds into different organelles.

The ABC proteins can transport a remarkable variety of substrates including ions,
carbohydrates, lipids, xenobiotics, antibiotics, pigment molecules and even large peptides. In
addition, some ABC transporters can act as ion channels or regulators of ion channels, and
some as membrane bound proteases (ReA, 1999). These proteins are of major physiological
importance because of their role in subcellular compartmentation of toxic compounds. Plant
transporters have been found to be involved in herbicide detoxification, xenobiotic transport,
and alleviation of oxidative damage (Rea, 1999), which is especially interesting since

aluminium toxicity causes lipid peroxidation of all membranes (RATH and BArRz, 2000).

The closest relative © the protein coded by 318 cDNA is GCN-20 transporter from yeast,
which belongs to Cluster IV in ABC classification (DAvIES and COLEMANN, 2000). This family is
characterized by having two ABC-type binding domains, but only weakly predicted
membrane-spanning domains, if any, which correlates with two nucleotide binding domains
on predicted amino acid sequence of 318 cDNA. Analysis of transmembrane domain
existence revealed no such domains in 318 predicted polypeptide, which is also in agreement

of this group features.

GCN-20 is yeast protein interacting with protein kinase GCN2, which catalyzes

phosphorylation of a-subunit from translation initiation factor 2 (DE ALDANA et al., 1995). The
gene corresponding to 318 clone is 42% identical to GCN20, especially in the middle part

and C-terminus. The structure of both proteins as well as hydrophobicity profile as analyzed
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with DNAMAN software show very strong similarities also. Walker A motif (short nucleotide
binding motif, WALKER et al., 1982; HIGGINS et al., 1992), ABC-signature HIGGINS et al.,
1986) and shortly after — Walker B motif (HIGGINS et al., 1992) is maintained both in GCN20

and 318 proteins and considered to be typical for ABC transporters.

However, direct functional similarity between the protein coded by 318 cDNA and GCN20 is
hardly existent. There is no any homology between two proteins in the region of first 117
amino acids in GCN20, which are absolutely critical for protein-protein interactions essential
for the function of GCN20 (DE ALDANA et al., 1995).

The structure of the protein corresponding to 318 cDNA has quite lower similarities with MRP
subfamily ABC transporters from plants (Rea, 1999) as well as ABC transporters from
Aspergillus nidulans (ANDRADE et al., 2000) and Stal mitochondrial transporter from

Arabodopsis thaliana (KUSHNIR et al., 2001).

In the moment it is very difficult to predict, which function or which localization has the
protein coded by 318 cDNA. Since there is hardly any transmembrane domain existent in the
protein sequence, its function may not include direct role in any transport processes.
Similarities with  GCN20 suggest that it is soluble protein probably functioning in either
channel activation or some process of translation regulation. It is worth noting that there are
also two quite similar proteins coded by Arabidopsis genome, however, with no functional

information available.

5.4 Over expression of 318 and 633 full protein coding cDNA fragments in transgenic yeast

and plants

5.4.1. Over expression of 318 functional gene in transgenic yeast

Yeast test system was chosen since it allowed testing the effect of putative gene expression
in eukaryotic cells using relatively less time and work for the experiment than propagation of
transgenic plants. 318 full protein coding fragment was introduced into yeast cells (strain Inv
Sc2) in expression plasmid under control of galactose activated P gall promoter (in
cooperation with Prof. Dr. G. Kunze, IPK, Gatersleben, Fig. 29). Transgenic yeast cells were
grown on the media containing glucose or galactose, as a carbon source supplemented with
various concentrations of aluminium chloride at pH 4.0. Not being a promoter inductor,
glucose still allowed “leaky” expression of 318 fragment so that effect of expressed product
on Alresistance was detectable but not in full scale as with the medium containing

galactose.
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The difference between wild type and transgenic yeast was clearly detectable for both
glucose (“leaky” gene expression) and galactose (induced promoter activity) containing
media. On the media supplemented with galactose the difference appeared already at 1mM
AICk, where only undiluted control was growing, but 1:10 diluted transgenic yeast showed
very good growth. At stressor concentrations 7.5 and 10 mM no yeast growth could be
detected for wild type at all, but the normal one was observed for transgenics, both
undiluted and 1:10 diluted cells at 7.5 mM AICk and undiluted — at 20mM AICk only (Fig. 30).

The only work on verification of whether the genes up regulated by aluminium really mediate
aluminium tolerance of transgenic yeast was published by EzAki et al., 1999. Virtually all the
genes found to be up regulated by aluminium stress in different plants were transformed
into yeast and the transformants were analysed in terms of aluminium resistance. Despite
the same strain chosen for transformation, aluminium concentration differed dramatically
between our work and putative work by Ezakl et al., 1999. In this publication 75uM Al was
enough to practically restrict the growth of wild type yeast. In our work wild type was
growing even on the medium supplemented by 5mM AICk, which constitute as much as 1
mM Al. Another fact is that in the work by Ezaki et al. blue copper binding protein and GDP
dissociation inhibitor genes enabled transgenics to survive 75uM Al, which was 1.5-fold
higher concentration than 50uM Al, where wild type showed the same growth. In our
experiments undiluted cells survived 10mM AICk or 2mM Al, which was 10 times higher as

compared to ImM AICk (0.2mM Al), where wild type control showed comparable growth.

These results indicate that over expression of 318 full protein coding fragment revealed
enhanced resistance of transgenic yeast against aluminium stress in comparison to wild type
controls. One can also conclude that probably the gene corresponding to 318 full cDNA is
able to impart aluminium resistance on cellular basis since the transgenic yeast cells growing

in the log phase have no cell differentiation or any highly organized structures.

5.4.2. Over expression of 318 and 633 functional genes in transgenic Arabidopsis plants;
increased aluminium tolerance and influenced root morphology

In order to study if the genes up regulated by aluminium in soybean mediate Al tolerance,
transgenic Arabidopsis plants have been created with use of 318 and 633 full protein coding
cDNA fragments. 7 day old transgenic plantlets of F, generation showed much higher
tolerance against aluminium stress as wild type plants (Table 4). 83 to 91% of plants
transformed by 318pp construct survived the stress treatment. The plants transformed by

633pp construct showed survival ratio of 80 to 93%. The wild type controls had 10 times
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lower vitality under identical culture conditions. Moderate acidic stress (pH 4.0, with no
aluminium) did not restrict the growth or vitality of Arabidopsis plants, so that the plant
stress effects could be attributed directly to aluminium toxicity. Under the stress conditions
transgenic plants showed also phenotypic difference in comparison to the wild type ones.
During long-term aluminium treatment their main roots did not grow as long as wild type
ones, however, many secondary roots were formed, which was not observed for the wild
type. Secondary roots had normal morphology and developed root hair system, which
dramatically differed from the roots of wild type plants with very rare and small root hairs.
Probably the roots form some adaptive secondary roots, which are able to survive enhanced

aluminium concentrations and keep the plant alive.

5.4.2.1. Aluminium distribution in transgenic and wild type plants

After 2 hours of aluminium stress the roots of wild type Arabidopsis plants were heavily
stained by morin indicating quite high value of aluminium penetration, whereas transgenic
plant roots showed lower staining intensity and very different pattern of aluminium
penetration. The three selected transgenic lines transformed by 318pp construct, 318-1,
318-2 and 318-3, had alike pattern of aluminium distribution in the roots, which is
dramatically different from the wild type (Fig. 34). All the lines showed decreased intensity of
Al content in the meristem zone, which was estimated to be 4.3 times lower as in the wild
type for 318-1 line, 6.6 and 5 times — for the lines 318-2 and 318-3 (Fig 36). Meristem zone
of the plant roots is the primary site of aluminium toxicity (RYAN et al., 1992; RYAN et al.,
1995), therefore lower Al content in this zone is probably connected with enhanced Al
resistance of transgenics. The other parts of the roots also show different aluminium
concentration inside, but the difference is not such high. Aluminium distribution in the roots
of transgenic lines containing 633pp construct was a bit different (Fig. 37), however, the
main pattern was kept here also. The meristem zone contained dramatically less aluminium
than wild type controls, morin fluorescence intensities were estimated as 2 to 5 times lower

than in wild type controls.

Whether the proteins coded by 318 and 633 cDNA fragments directly prevent aluminium
penetration into the meristem zone of transgenics or are involved in its chelation inside the
cells, is unclear, however, less free aluminium in this zone should significantly diminish
aluminium toxicity effect. Some tolerant plants also have lower aluminium content in roots as
compared to the sensitive varieties (Foy et al., 1978; KOcCHIAN, 1995; LAzOF et al., 1997),
what was shown also with other methods (LAzOF et al., 1994, 1997). In which mechanisms

the genes corresponding to 318 and 633 cDNA are involved is now not clear. These gene
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functions could involve regulation of either channel activation or translation of curtain

proteins, GTP-synthesis and exchange or influencing protein synthesis machinery in general.

5.4.2.2. Biosynthesis of aluminium stress induced callose in transgenic plants

Callose is one of the most sensitive indicators of aluminium stress. Callose biosynthesis is
initiated as soon as the Al signal is perceived by the cells (ZHANG et al., 1994; HORST, 1995;
HoRsT et al., 1997), it is concentrated around plasmodesmata, affecting mineral and nutrient

transport (SIVAGURU et al., 2000).

Prolonged aluminium stress (48h) causes damage in the structure of main roots from both
transgenic and wild type plants. Transgenic plants had shorter main roots in comparison to
the wild type controls but they formed many long secondary roots with normal morphology,
which was not observed for the wild type. Callose accumulation as indicated by aniline blue
staining of secondary roots in transgenic plants was dramatically lower than in damaged
main roots of wild type and all transgenic plant lines (Fig. 38) indicating much lower degree
of stress effect in the secondary roots of transgenics. Such different morphology gives
advantage in surviving aluminium toxkity to the transgenics yielding more root surface for
intensive water and nutrient uptake. As the pattern of callose accumulation shows, these
secondary roots have dramatically higher capacities to overcome aluminium stress

conditions.

In general aluminium distribution and callose formation patterns were very much alike. Very
intensive callose formation in wild type roots correlated with high degree of intracellular
soluble aluminium inside the roots. Substantially lower callose in secondary roots of
transgenic plants is in agreement with much lower aluminium accumulation in the roots of

transgenic lines (Fig. 36 and 37).

It is difficult to classify now probable functions of the genes corresponding to 318 and 633
cDNA fragments, as well as predict if they belong to symplastic or apoplastic types of stress
response. Correlation of aluminium content and callose biosynthesis in transgenic roots can
indicate the exclusion mechanism of the gene function. However, since morin reacts only
with soluble, phytotoxic aluminium (LARSEN et al., 1996), lower Al content in the roots can
also be a result of internal chelation (PoLAK et al., 2001) inside the root cells leading to the
transfer into some insoluble form invisible in terms of morin staining. The studied genes

could in this case be involved in symplastic response machinery.
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Enhanced aluminium resistance of transgenic yeast shows that the gene corresponding to
318 cDNA can mediate the tolerance on the cellular level. The morphological differences of
transgenic roots as compared to wild type controls show, however, that the action of both
genes is not limited on the cellular level only, but could be observed on tissue level also.
Surprisingly, both genes showed similar pattern of stress tolerance mediation. Whether these
genes are involved in the same mechanisms of resistance and whether such mechanisms
belong to symplastic or apoplastic type of tolerance could not be detected by the methods
used in this work and should be studied further.

Recently it was found that signal grass (Branchiaria decumbens Stapf cv Basilisk) had
outstanding aluminium tolerance, which was not associated with external chelation of
aluminium despite some exudation of organic acids, which was, however, much less than
enough to enable such a high degree of resistance. Such tolerance was attributed to the
internal mechanisms, such as active Al extrusion from symplasm or high symplastic

resistance level (WENzL et al., 2001).

These findings together with the results on aluminium tolerance of transgenic Arabidopsis
plants in this work show that symplastic tolerance mechanisms could also play a role of plant
resistance in soybean against aluminium stress along with organic acid exudation (SILVA et

al., 2001) or other apoplastic responses.
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