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Abstract

Defense responses to inoculation with Fusarium oxysporum SCHLECHT f. sp. lupini were studied in embryo axes of Lupinus luteus L. cv.
Polo cultured on a medium with sucrose (60 mM) or without it. Exogenous sucrose caused a marked endogenous increase in concentrations
of sucrose, glucose and fructose in embryo axes. In axes cultured with sucrose, high performance liquid chromatography (HPLC) revealed
generally higher levels of isoflavone glycosides (particularly until 48 h of culture) and free aglycones (genistein, wighteone, luteone). Inocu-
lation resulted in a considerable decline in soluble carbohydrates between 24 and 72 h of culture. Simultaneously, the infection stimulated an
increase in the level of free isoflavone aglycones in inoculated embryo axes, as compared to non-inoculated ones. Concentrations of free
aglycones (i.e. genistein, wighteone and luteone) after infection were particularly high in inoculated embryo axes fed with sucrose. Genistein
was a better inhibitor to F. oxysporum growth than genistein 7-O-glucoside tested. Exogenous sucrose also stimulated the activity of pheny-
lalanine ammonialyase (PAL, EC 4.3.1.5)—an important enzyme initiating phenylpropanoid metabolism. After infection of tissues, a strong
increase was observed in the activity of PAL and B-glucosidase (EC 3.2.1.21)—an enzyme hydrolyzing isoflavone glycosides. Furthermore,
the growth of inoculated embryo axes cultured with sucrose was less inhibited as a result of infection than inoculated axes cultured under
carbohydrate deficiency conditions. Additionally, it had been reported previously that disease symptoms of embryo axes growing in the
presence of sucrose were less intensive [30]. These results suggest that soluble sugars are involved in the mechanism of resistance, as they can
stimulate phenylpropanoid metabolism and contribute to the increase in concentration of isoflavonoids, which are important elements of the
defense system of legumes.
© 2005 Elsevier SAS. All rights reserved.
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1. Introduction mechanisms of sugar sensing and signaling in plants showed

that signal molecules include not only glucose but also sucrose

In plants, sugars are essential as substrates in the carbon
and energy metabolism and in polymer biosynthesis. In addi-
tion, sugars have important hormone-like functions as pri-
mary messengers in signal transduction, regulating cell
metabolism. The latest progress in research on molecular
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and trehalose [36]. Sucrose plays a particularly important role,
as it is the major form of translocated sugars in plants and is
the most frequently used sugar in studies of plant sugar
responses in gene regulation and development [21,23]. How-
ever, in many cases the effects of sucrose could be com-
pletely substituted by a hexose, such as glucose or fructose
[20].

Changes in concentrations of soluble sugars in sink tis-
sues, which are dependent on the import of carbohydrates
from source tissues, initiate changes in gene expression and
in the resultant metabolic and developmental reactions
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[23,39]. It has been revealed that sucrose level affects the
intensity of biochemical processes, such as respiration, amino
acid metabolism, and mobilization of storage compounds in
germinating seeds [3,31]. Disturbances in carbohydrate dis-
tribution between the donor (cotyledons) and the acceptor
(embryo axis) in germinating seeds are caused by both envi-
ronmental factors and too deep sowing. . Perturbations in the
transport of these metabolites may impair its defense capac-
ity. In a previous paper it was reported that the decrease in
sucrose level caused increases in the intensity of disease symp-
toms induced by Fusarium oxysporum [30]. In the published
literature, only little information attests unambiguously to the
participation of sugars in plant defense responses, which pre-
vent or limit invasion of pathogens. The nature of sugar-
based plant resistance to fungal pathogens is not clear. There
is some direct and indirect evidence suggesting that soluble
sugars-especially sucrose, which is an easily accessible source
of carbon in host cells and takes part in many physiological
reactions—participate in the induction of plant resistance to
fungal pathogens. An important piece of direct evidence is
that carbohydrates are osmolytes, while fungal pathogens usu-
ally require high values of water potential for optimum devel-
opment, so a decrease in water potential of host cells may
limit fungal growth [5,11]. A piece of indirect evidence is the
fact that sucrose and hexoses induce the expression of many
genes including also plant resistance genes that determine
the production of peroxidase and pathogenesis-related (PR)
proteins [18].

Ehness et al. [9] revealed that carbohydrate signal and
stress-related pathogen infection independently activate dif-
ferent intracellular signaling pathways that ultimately are inte-
grated to regulate coordinately source and sink metabolism
and activate defense responses.

A spectrum of reactions that are sequentially activated in
response to pathogens has been elucidated [25]. An impor-
tant component of plant defense response is the transcrip-
tional activation of phenylpropanoid metabolism, because the
reactions are common to a range of pathways leading to func-
tionally diverse defense-related products. In plants of the fam-
ily Leguminosae these include isoflavonoids-derivatives vary-
ing in structure, which are synthesized and accumulated as
phytoalexins in response to infection with pathogenic mi-
crobes [6]. A key enzyme of this pathway is phenylalanine
ammonialyase (PAL), which catalyzes the deamination of
L-phenylalanine. Moreover, sugar-induced gene expression
has been confirmed for sink-specific enzymes involved in
responses to pathogens or other stress factors. This applies to
e.g. chalcone synthase [38], proteinase inhibitor II of potato
[22] and PAL [9].

The experimental protocol used in this study is based on a
model system: embryo axes from germinating yellow lupine
seeds were cultured in vitro on a medium with or without
sucrose after inoculation with a spore suspension of F. ox-
ysporum f. sp. lupini. This pathogen causes Fusarium wilt
and pre-emergent sprout root rot and post-emergent seedling
rot. The participation of sucrose was analyzed in defense

responses of germinating yellow lupine to inoculation with
this fungus. More precisely, we investigated the relationship
between sucrose level and accumulation of isoflavonoids,
which are a varied group of polycyclic compounds that occur
widely in legumes and are important elements of the defense
system in interactions with pathogenic microorganisms.
Groups of these secondary metabolites may occur either in a
free state or conjugated as esters or glycosides [14,15]. Bio-
logical activity in interaction with pathogenic microorgan-
isms is also shown by free isoflavone aglycones, released from
glycosides with the use of glucosidases. For this reason, we
also analyzed in this study changes in the activity of
B-glucosidase (EC 3.2.1.21), which hydrolyses isoflavone glu-
cosides, and PAL (EC 4.3.1.5), which plays a key role in link-
ing primary metabolism to phenylpropanoid metabolism. At
the same time the effect of vascular wilt pathogen F. ox-
ysporum on the length and fresh weight (FW) of lupine
embryo axes cultured on medium with sucrose and without
sugar was analyzed.

2. Results

2.1. Changes in concentrations of sucrose and soluble
monosaccharides

Levels of sucrose and soluble monosaccharides in non-
inoculated and inoculated lupine embryo axes both for the
time of O h and those cultured on the medium with and with-
out sucrose are presented in Fig. 1. Already at O h, i.e. within
20 min after inoculation and before axes were transferred onto
the medium, a slight decrease was observed in inoculated
embryo axes in the levels of sucrose, glucose and fructose.
After the addition of exogenous sucrose to the medium, its
endogenous level in embryo axes (+ Sn axes) from 24 to 72 h
of culture was twice as high as in tissues cultured without
sucrose (—Sn axes). A slight reduction of sucrose level was
observed after 48 h of culture in + Sn and —Sn embryo axes.
It is worth noting that a strong decline in sucrose level
occurred in tissues infected by F. oxysporum on the medium
with sucrose (+ Si axes). After 72 h of culture, +Si axes con-
tained only half as much sucrose as +Sn axes non-inoculated
tissues.

Glucose content of +Sn embryo axes after 24—72 h of cul-
ture reached 32-38 mgeg~' FW, while in —Sn embryo axes, it
amounted to 5-15 mgeg~! FW. Fructose content of + Sn
embryo axes was 27 and 23 mgeg~' FW after 24 and 48 h of
culture, respectively, and later it increased to 38 mgeg~' FW.

Special attention should be paid to the concentration of
soluble monosaccharides in + Si embryo axes. In this tissue a
decrease in glucose and fructose contents was recorded
between 24 and 72 h of culture. It is also noteworthy that at
72 h after inoculation, concentrations of glucose and fructose
in +Si tissues decrease by 50% and 60%, respectively, in com-
parison with non-inoculated (+ Sn) tissues.
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Fig. 1. Effects of Fusarium oxysporum SCHLECHT f. sp. lupini on concentrations of sucrose (A) and soluble monosaccharides (B, C) in yellow lupine embryo
axes cultured in vitro on the medium with and without sucrose. On, uninoculated embryo axes, at 0 h immediately before transfer onto medium; 0i, inoculated
embryo axes, at 0 h immediately before transfer onto medium; +Sn, uninoculated embryo axes cultured on Heller medium with 60 mM sucrose; +Si, inoculated
embryo axes cultured on Heller medium with 60 mM sucrose; —Sn, uninoculated embryo axes cultured on Heller medium without sucrose; —Si, inoculated

embryo axes cultured on Heller medium without sucrose.

2.2. Assay of phenolic compounds by liquid
chromatography (LC/UV)

2.2.1. Concentrations of glycosides and free isoflavone
aglycones

Isoflavonoids extracted from yellow lupine embryo axes
were identified by analysis of UV chromatograms and com-

parison of retention times of phenolic compounds with cor-
responding data for standard substances (see Section 5). The
isoflavonoid profile of yellow lupine embryo axes (Fig. 2)
revealed the presence of isoflavone glycosides (genistein 4',7-
O-diglucoside and genistein 7-O-glucoside) and isoflavone
aglycones (genistein, 2'-hydroxygenistein, wighteone, lu-
teone). After 24 h since the transfer of incubation tissues onto
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Fig. 2. LC chromatogram of phenolic compounds from yellow lupine embryo axes inoculated with F. oxysporum and cultured in vitro on the medium with and

without sucrose.

the medium an increase was observed in the levels of glyco-
sylated and deglycosylated isoflavonoids. Concentrations of
genistein 4',7-O-diglucoside and genistein 7-O-glucoside in
+Sn embryo axes were higher than in —Sn embryo axes, both
at 24 and 48 h of culture (Fig. 3A, B). The level of genistein
4',7-O-diglucoside markedly declined in both + Sn and + Si
embryo axes between 24 and 72 h of culture (Fig. 3A). A
very strong decrease in the concentration of this compound
was observed in inoculated and non-inoculated tissues at 48 h
on the medium with and without sucrose. Genistein 7-O-
glucoside level increased slightly in + Si embryo axes between
24 and 72 h of culture (Fig. 3B).

Concentrations of free isoflavone aglycones (genistein,
2'-hydroxygenistein, wighteone, luteone) in inoculated and
non-inoculated embryo axes on the medium with and with-
out sugar are shown in Fig. 4A-D. As a result of inoculation,
concentrations of all the aglycones except 2'-hydroxygenistein
were higher in + Si than in + Sn embro axes. After 48 h of
culture, levels of the three compounds were about 2.5 times
higher in + Si inoculated than in + Sn embryo axes. Their
levels in inoculated tissues cultured on sucrose remained high
also after 72 h of culture. By contrast, concentrations of
2'-hydroxygenistein in both + Si and + Sn embryo axes clearly
declined between 24 and 72 h Generally, concentrations of
isoflavone aglycones in + Si tissues were much higher than
in —Si tissues.

2.3. Effect of isoflavonoids on F. oxysporum growth

To determine which of the two applied isoflavonoids, i.e.
whether genistein 7-O-glucoside and isoflavone aglycone
genistein have fungitoxic properties, F. oxysporum growth
was measured on potato dextrose agar (PDA) medium con-
taining these compounds at a concentration of 75 uM. It was
found that genistein was the better inhibitor than genistein
7-O-glucoside, as its inhibition of F. oxysporum growth was
24% in comparison with control, while by genistein 7-O-
glucoside only 10%, respectively.

2.4. Activity of p-glucosidase

Results of the assay of B-glucosidase activity are pre-
sented in Fig. 5. No inducing effect of sucrose was found on
the activity of this enzyme. Thus, after 24 h culture
B-glucosidase activity was by 14% lower in + Sn than in —Sn
embryo axes, and at longer culture times differences in the
enzyme activity in these tissues were negligible. Due to infec-
tion, its activity increased both immediately after inoculation
in 0i embryo axes and between 24 and 72 h of culture in + Si
and —Si embryo axes. After 72 h of culture, it was twice as
high in + Si embryo axes than in + Sn ones. A very strong
stimulating influence of infection on B-glucosidase activity
was observed after 48 and 72 h of culture in —Si embryo axes,
where it was 2—3.5 times higher than in —Sn tissues.

2.5. Variations in activity of phenylalanine ammonialyase
(PAL)

The enzyme assays reveal than sucrose stimulated PAL
activity in lupine embryo axes (Fig. 6). PAL activity in + Sn
embryo axes was 2-3.5 times higher than in —Sn embryo axes
between 24 and 72 h of culture. A particularly strong stimu-
lation of PAL was noted after infection of embryo axes on the
medium with sucrose. After 48 and 72 h of culture PAL activ-
ity in + Si tissues was over 2-2.5 times higher than in + Sn
tissues. Moreover, as a result of infection an increase in PAL
activity was also found in —Si embryo axes both after 24 and
48 h culture. It must be emphasized that PAL activity in —Si
embryo axes after 24 and 48 h of culture was much lower
(4.21-5.38 umol cinnamic acidsmg ™' proteinsh™") than in + Si
embryo axes (9.47—15 umol cinnamic acidemg ™' proteinsh™).

2.6. Growth of yellow lupine embryo axes
Changes in the length and FW of lupine embryo axes of

non-inoculated and inoculated F. oxysporum cultured on the
medium with and without sucrose are shown in Fig. 7. The
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Fig. 3. Concentrations of isoflavone glycosides in yellow lupine embryo axes
inoculated with F. oxysporum and cultured in vitro on the medium with and
without sucrose: (A) genistein 4',7-O-diglucoside, (B) genistein 7-O-
glucoside. Amounts of metabolites are expressed as equivalents of genistein
7-O-glucoside (ug ¢! FW).

growth of embryo axes was retarded as a consequence of
inoculation. However, significant differences in growth
between non-inoculated and inoculated embryo axes were
observed primarily starting from 48 h after inoculation. It
needs to be emphasized that infection inhibited more signifi-
cantly the growth of —Si embryo axes rather than + Si axes.
Thus, at the time of the most intensive infection, i.e. 72 h

after inoculation, the length of + Si embryo axes was 12 mm
and their weight was 0.016 g lower than those of + Sn embryo
axes, whereas the length of —Si embryo axes was 14 mm and
their weight by 0.025 g lower than those of —Sn. Addition-
ally, apart from a considerable decrease in FW, indicative of
a developing disease in —Si embryo axes, it was also found
that they were flabby and covered with large amounts of muci-
lage, which was not observed in + Si embryo axes.

3. Discussion

3.1. Concentration of soluble carbohydrates after
inoculation of embryo axes

At the early stages of growth and development, soluble
sugars (sucrose in particular) can modify the rate of impor-
tant processes, such as seed germination and seedling devel-
opment, and can affect their defense mechanisms triggered
in response to infection by pathogens [27]. Engstrom and
Stromberg [10] showed that the total amount of sugars dra-
matically decreased (65%) 1 day after experimental inocula-
tion of potato plants with Phytophthora infestans, but recov-
ered to normal levels by day 9. The presented results were
interpreted by those authors as symptoms of defense response
to the attack of the pathogen, although they did not exclude
the possibility that fungi might metabolize sugars.

With the use of high performance liquid chromatography
(HPLC), we revealed in this study that inoculation of yellow
lupine tissues with F. oxysporum caused a marked decrease
in levels of soluble carbohydrates in + Si embryo axes between
24 and 72 h of culture (Fig. |A—C). There may be two inde-
pendent reasons for this. Firstly, the low levels of soluble sug-
ars in inoculated axes may be due to their partial metaboliza-
tion by fungi, as they are easily accessible sources of carbon
in host cells. Secondly, it could be a symptom of initiation of
a defense response by the plant. If the level of sugars in tis-
sues was high, the infection lowered it, but if the level was
already initially low, no substantial lowering was observed
after infection. This suggests that the low level was necessary
for the maintenance of primary metabolism. Thus, embryo
axes fed with sugar may initiate the defense mechanism, as
they have an excess of sugars, while embryo axes cultured on
the medium without sucrose may not, as they have too little
sugars.

3.2. Levels of isoflavone glycosides and aglycones after
inoculation of embryo axes cultured on the medium with
and without sucrose

HPLC showed that as a result of infection, concentrations
of free isoflavone aglycones in + Si embryo axes were gen-
erally higher than in + Sn ones (Fig. 4A-D). After 48 and
72 h of culture, concentrations of genistein, wighteone and
luteone in inoculated tissues were about two to three times
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Fig. 4. Concentrations of isoflavone aglycones in yellow lupine embryo axes inoculated with F. oxysporum and cultured in vitro on the medium with and
without sucrose: (A) genistein, (B) 2'-hydroxygenistein, (C) wighteone, (D) luteone. Amounts of metabolites are expressed as equivalents of genistein 7-O-

glucoside (ug g~' FW).

higher than in non-inoculated tissues. The increase in luteone
level was accompanied, especially until 48 h of culture, by a
decrease in 2'-hydroxygenistein (precursor of luteone) in + Si
embryo axes (Fig. 4B, D). Moreover, concentrations of isofla-
vone aglycones (genistein, wighteone and luteone) and gly-
cosides (genistein 4',7-O-diglucoside and genistein 7-O-
glucoside) (Fig. 2) in +Si embryo axes on the medium with
sucrose were generally higher than in those —Si embryo axes

(Fig. 3A, B and Fig. 4A, C, D). We suppose that sucrose and
hexoses, as sources of carbon skeletons, may be directed to
secondary metabolism and consequently contribute to the
increased level of isoflavonoids, which are important ele-
ments of plant defense against microbial pathogens. How-
ever, it needs to be emphasized that the amount of sugars
consumed is three orders of magnitudes (i.e. 1000-fold) higher
than the amount of isoflavones produced.
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Ingham et al. [19] also showed that infection of lupine by
pathogenic fungi stimulates in lupine cells de novo synthesis
and accumulation of isoflavone glycosides and mainly free
aglycones, which thanks to their high fungitoxicity are effec-
tive elements of the defense response of the plant host to fun-
gal pathogens.
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Fig. 7. Effects of F. oxysporum on the length (A) and FW (B) of yellow
lupine embryo axes cultured in vitro on the medium with and without sucrose.

Our results are similar to those reported by Bednarek et al.
[1], who studied responses of Lupinus album L. to an elicitor
from yeast cell walls. As a result of the application of this
elicitor, concentrations of free aglycones (genistein, 2'-
hydroxygenistein, and their prenylated derivatives: wigh-
teone and luteone) increased two to four times in lupine leaves.
Graham et al. [13] showed that injection of an elicitor from
Phytophthora sojae into soybean tissues caused an increase
in the concentration of another phytoalexin, glyceollin, espe-
cially at the site of injection. High glyceollin content was also
observed by Lozovaya et al. [28] in inoculated Fusarium
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solani hairy roots of soybean. At the same time it was found
that glyceollin was the most inhibitory to fungi growth among
isoflavonoids tested, i.e. daidzin, daidzein, genistin, genistein,
glycitein, glycitin and coumestrol. In these studies HPLC
analyses showed that 20 h after inoculation in the resistant
soybean cultivar total isoflavone concentrations increased,
whereas after 72 h they decreased, both in the susceptible
and resistant cultivar. Moreover, in contrast to our results,
genistein contents in hairy roots of the resistant soybean cul-
tivar 24 h after inoculation were lower than in controls.

It is an interesting issue whether the glycoside or its agly-
cone have a stronger antimicrobial action, if any. One of the
glycosides and one of the free aglycones investigated in this
study, i.e. genistein 7-O-glucoside and genistein, were also
studied by Lozovaya et al. [28]. It was found in their study
that the glucoside exhibits a stronger inhibitory action than
the aglycone towards mycelium F. solani f. sp. glycines. In
case of F. oxysporum f. sp. lupini investigated in our study an
opposite reaction was observed.

In our study, beside the high level of free aglycones, also a
slight increase in genistein glucoside was observed in + Si
tissues until 72 h of culture (Fig. 3B). The increase in genistein
glucoside level probably results from the fact that intercellu-
lar transport of isoflavonoids is possible mainly thanks to gly-
cosylated forms. An inverse trend was recorded in this mate-
rial for genistein 4',7-O-diglucoside, which concentration
declined between 24 and 72 h after inoculation.

Bednarek et al. [1] observed a slight increase in concen-
trations of conjugates of 2'-hydroxygenistein, namely 2'-
hydroxygenistein 7-O-glucoside and 2'-hydroxygenistein
7-0-(6'-O-malonyl)-glucoside, 24 and 48 h after infiltration
of the elicitor. By contrast, a decrease was recorded by those
authors after elicitation in the levels of genistein glucosides,
i.e. genistein 7-O-glucoside and genistein 7-O-(6'-O-
malonyl)-glucoside.

There also exists a relationship between the level of phe-
nylpropanoid compounds and resistance to diseases. For
example, an increased production of isoflavonoid phytoalex-
ins may enhance the resistance of Medicago sativa to dis-
eases [16] as well as limit fungal growth and decrease patho-
genicity, as reported for infected pea [29]. Because of their
antifungal properties, many secondary metabolites—including
isoflavonoids—are regarded as natural fungicides [35].

3.3. Activity of p-glucosidase

Measurements of the activity of B-glucosidase (an enzyme
hydrolyzing isoflavone glycosides) showed that infection gen-
erally stimulated an increase in enzymatic activity, which was
not found both in the presence and absence of sucrose. Sucrose
alone had no effect action (Fig. 5). However, it appeared to
delay the increase in + Si tissue in the 24—48 h time interval
when compared to —Si tissues, in which an approximately
twofold increase was observed, comparable to the increase at
72 hin + Si tissue. We suppose that the observed increase in
its activity in inoculated embryo axes is due to the progress

of infection, as in embryo axes cultured on the medium with-
out sugar it was more advanced than in those cultured on the
medium with sucrose.

A post-infection increase in B-glucosidase activity was
observed in many plant species because this enzyme plays an
important role in the plant—environment interaction, as it
releases biologically active aglycones from glycosides
[24,32]. However, some researchers report that under condi-
tions of biotic stress, the activity of this enzyme may be
reduced if the infecting factors are viruses or bacteria [8].

3.4. Activation of phenylalanine ammonialyase (PAL) by
sucrose

PAL is a key enzyme initiating the transition from primary
metabolism to phenylpropanoid metabolism and simulta-
neously controlling the biosynthesis of isoflavonoids and other
phenylpropanoid compounds. Douglas [7] reported that the
biosynthesis of phenylpropanoids requires an efficient inflow
of carbon for the synthesis of phenylalanine (a substrate for
the reaction catalyzed by PAL) through shikimate and path-
ways of aromatic amino acids.

The enzyme assays carried out in this study indicate that
the addition of exogenous sucrose to the medium stimulated
PAL activity in lupine embryo axes even without infection,
but infection markedly enhanced the stimulation (Fig. 6).

The stimulating effect of sugars on the activity of phenyl-
propanoid pathway enzymes was already reported by Ehness
et al. [9] and previously demonstrated by Tsukaya et al. [38].
Moreover, our results are consistent with published reports
suggesting that infection by pathogens induces a strong acti-
vation of PAL [26,34].

The strong activation of PAL and the high concentrations
of isoflavonoids recorded in this study in + Si embryo axes,
as compared with those of —Si embryo axes, probably increase
the resistance of lupine tissues to infection and development
of F. oxysporum.

4. Conclusions

The measurements of concentrations of isoflavonoids and
enzyme assays performed in this study indicate that soluble
carbohydrates may be involved in the mechanism of resis-
tance of yellow lupine embryo axes to infection and develop-
ment of F. oxysporum, because the carbohydrates can be used
as carbon skeletons for synthesis of isoflavonoids, which are
important elements of the defense system of legumes.

5. Methods
5.1. Plant material

Yellow lupine (Lupinus luteus L. cv. Polo) seeds of S-elite
class were used in the experiments. The seeds were surface-
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sterilized, immersed in sterile water and left in a thermostat
(25 °C). After 6 h of imbibition, the seeds were transferred
onto filter paper (in Petri dishes) and immersed in a small
amount of water in order to support further imbibition. After
subsequent 18 h, seed coats were removed from the imbibed
seeds and cotyledons were cut off, to isolate embryo axes.
Embryo axes were either inoculated (see below), or not, and
immediately within the next 20 min, after being cut off the
cotyledons, i.e. at 0 h, non-inoculated (On) and inoculated
with a F. oxysporum spore suspension (0i), were placed in
groups of 4, on Whatman filter paper and subsequently trans-
ferred to sterile glass test tubes (diameter of 3 cm, height
13.5 cm) containing 14 ml mineral Heller’s medium [17],
where they were suspended so that one end of the axis was
immersed in the medium and empty space was left below the
paper to allow better aeration. After removal of cotyledons,
embryo axes were dependent on the carbon source provided
by the medium. Four culture variants were applied: on Heller’s
medium supplemented with 60 mM sucrose, non-infected
(+Sn) (control) and infected (+Si) tissues were grown, but
also on Heller’s medium without addition of sucrose, non-
infected (—Sn) (control) and infected (=Si) tissues were cul-
tured. The embryo axes were incubated in darkness at 25 °C.
Samples were collected for analyses at O h and after 24, 48,
and 72 h of culture, when they were either killed by freezing
in liquid nitrogen for the purpose of the analysis of isofla-
vonoids, assay of PAL and B-glucosidase activity or were
thrown into a boiling ethanol solution for sugar analysis.
Results of the measurements of length and FW were means
for 20 embryo axes.

5.2. Preparation of spore suspension and inoculation

F. oxysporum f. sp. lupini strain K-1018 (further named as
F. oxysporum) was obtained from the collection of Plant
Pathogenic Fungi, Institute of Plant Protection, Poznan. The
pathogen was incubated at 25 °C in Petri dishes (9 cm diam-
eter) on PDA medium (Difco, pH 5.5) in the dark. After
3 weeks of growth, F. oxysporum spore suspension was pre-
pared. The spore suspension was obtained by washing the
mycelium with sterile water and shaking with glass pears.
Then the number of spores was determined by means of the
Biirker hemocytometer chamber. The embryo axes were
inoculated with the spore suspension at a concentration of
5 x 10° of spores per 1 ml. Inoculation was performed by
injecting 10 pl of spore suspension into the upper part of the
embryo axis shoot and additionally also by spraying the upper
part of the embryo axis shoot with the inoculum.

To assess fungicidal properties of isoflavones, mycelial
plugs were cut off from 3-week F. oxysporum cultures, which
were placed in the center of a Petri dish with PDA medium
(3.9% wi/v) with no isoflavones added (control) and contain-
ing isoflavones, i.e. genistein 7-O-glucoside or its free agly-
cone genistein. Compounds were added to the medium before
solidification in 100% ethanol to give a final concentration of
75 uM. The concentration of ethanol in each medium was

1% (v/v) including the control. Colony diameters were mea-
sured on the 7th day of growth at 25 °C in the dark.

5.3. Carbohydrate analysis

5.3.1. Extraction

Samples of approximately 0.5 g of embryo axes each were
subjected to extraction for 30 min with 10 ml of ethanol/water
(80:20, v/v) as an extraction solvent at 80 °C [33]. The solu-
tion was filtered and evaporated to dryness under nitrogen.
Finally the aliquot of the filtrate was redissolved in 0.5 ml of
0.1 mM ethylenediaminetetraacetic acid calcium disodium
salt (CaEDTA) solution and filtered through a 0.45 pm Mili-
pore filter.

5.3.2. HPLC analyses

Soluble sugars were analyzed by HPLC (Waters Alliance
2695) using a Sugar-Pak I column (Waters). The mobile phase
(filtered water with 0.1 mM CaEDTA) was pumped through
the column at a flow rate of 0.4 ml min~'. The temperature of
the oven was adjusted to 70 °C, while that of the cuvette, to
40 °C. An RI monitor (Waters 2414) was used. Sucrose, glu-
cose and fructose were identified by their retention times and
were quantified according to standards.

5.4. Analysis of isoflavonoids

5.4.1. Isolation of phenolic compounds

Prior to LC profiling of isoflavone glucosides, frozen plant
tissue was homogenized in 80% methanol (20 ml g~' FW) at
4 °C and sonicated for 3 min with a VirTis Model VirSonic
60 sonicator. The suspension was filtered through a Biichner
funnel and concentrated under vacuum at 40 °C. Samples of
plant extracts for LC analyses were prepared from 0.5 g FW
of lupine tissue. They were purified and concentrated by solid
phase extraction (SPE) on cartridges containing a cation
exchanger and RP C-18 silica gel (Alltech, Carnforth, UK)
combined in tandem, according to Stobiecki et al. [37].

5.4.2. Liquid chromatography (LC/UV)

Quantitative analyses were performed on a Merck Hitachi
HPLC pump Model L-7000, equipped with a diode array
detector Model L-7450 (Darmstadt, Germany) and Super-
spher 100 RP-18 column (250 mm x 2 mm; Merck). To each
analyzed sample, 125 uM p-hydroxybenzoic acid was added
as an internal standard (LC retention time and UV spectral
data did not interfere with those of studied compounds). Quan-
tification of total isoflavones was achieved by integration of
UV chromatograms at 259 nm normalization to the peak of a
standard and comparison with a respective calibration curve
for genistein 7-O-f-D-glucoside prepared in the range
10-500 uM. The concentrations of lupine isoflavone gluco-
sides and free aglycones were expressed as equivalents of
genistein 7-O-glucoside (ug g~' FW). During LC/UV analy-
ses, the elution protocol was carried out with two solvent mix-
tures: A (95% acetonitrile, 4.5% H,0, 0.5% acetic acid, v/v/v)
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and B (95% H,0, 4.5% acetonitrile, 0.5% acetic acid, v/v/v).
Elution steps were as follows: 0—5 min isocratic at 10% A,
5-40 min linear gradient from 10% to 30% of A, 40—48 min
linear gradient up to 100% of A, 48—60 min isocratic at 100%
of A. Free isoflavone and their glucosides were identified by
comparing their retention times with data obtained for stan-
dards. Genistein 4',7-O-diglucoside, genistein 7-O-glucoside
and genistein, 2'-hydroxygenistein or their prenylated deriva-
tives were run in the same chromatographic condition. The
above mentioned standards were obtained and characterized
during earlier studies in our laboratory [12].

5.5. Extraction and assay of -glucosidase activity

Frozen embryo axes (200 mg) were homogenized at 4 °C
with a mortar and pestle in 2 ml of 0.1 M phosphate buffer
(pH 7.0) containing 0.5% polyethylene glycol (PEG 6.000).
Polyclar AT (10 mg per 100 mg tissue) was added during
extraction. Supernatants obtained after centrifugation (at
10,000 x g for 15 min) were used to determine B-glucosidase
(EC 3.2.1.21) activity. The activity was determined by the
method of Nichols et al. [32]. The mixture containing 0.2 ml
of extract and 0.2 ml of 4-nitrophenyl-B-D-glucopyranoside
as substrate (2 mg ml™") was incubated for 1 h at 35 °C. After
that time, 0.6 ml of 0.2 N Na,CO; was added. The formation
of p-nitrophenol (p-NP) was measured at 400 nm (the Perkin—
Elmer Lambda 11 spectrophotometer).

5.6. Extraction and assay of phenylalanine ammonialyase
(PAL) activity

PAL (EC 4.3.1.5) was extracted at 4 °C by using 0.1 M
Tris—HCI buffer at pH 8.9 (4 ml per 300 mg of frozen tissue)
containing 10 mM of mercaptoethanol and 30 mg of Polyclar
AT. Samples were ground in a mortar and centrifuged at
15,000 x g for 30 min. PAL activity was determined with a
modified method of Cahill and McComb [4]. The incubation
mixture contained 80 mM of borate buffer (pH 8.9), 30 mM
of L-phenylalanine and 0.5 ml of enzymatic extract in a vol-
ume of 1.5 ml. The reaction proceeded for 1 h at 30 °C and
was interrupted by the addition of an equal volume of 2 N
HCI to the incubation mixture. The product of the reaction-
trans-cinnamic acid was determined at 290 nm (the Perkin—
Elmer Lambda 11 spectrophotometer). Protein content was
assayed according to Bradford [2].

5.7. Statistical analysis

All determinations were performed in at least three repli-
cates in three independent experiments. Statistical analysis
was based on Student’s t-test, with the level of significance
a = 0.05; standard deviation was calculated and its range is
shown in the figures.
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