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Induction of porphyrin biosynthesis
by S-aminolevulinic acid, glutamic acid, and 1,10-phenanthroline
and their possible photodynamic action in wheat and mustard plants
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Abstract

The photodynamic damage of the sensitive plants wheat and mustard, treated with chlorophyll (Chl) precursors 5-ami-
nolevulinic acid (ALA) and glutamic acid (Glu) and with 1,10-phenanthroline (Phen), was caused by tetrapyrroles, which
accumulated after 17 h in the dark period, followed by 12 h of irradiation with “white light”. The effect of accumulated
Chl in mustard plants was accompanied by changes in the amounts of the Chls and carotenoids and by dehydration of the
tissues, partial chlorosis, and necrosis. The molecular nature of the specific photodynamic sensitivity of the mustard and
wheat plants under the influence of Phen and Chl precursors was important: accumulation of tetrapyrroles was a neces-
sary, but not only reason for photodynamic damage of the plants. The degree of leaf damage was related to the amount

and chemical nature of accumulated tetrapyrroles and to the greening group to which the investigated plant belongs.
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Introduction

The tetrapyrrole-dependent photodynamic herbicides are
substances, which selectively stimulate green plants to
synthesise large amounts of metabolite precursors of the
chlorophyli (Chl) biosynthetic pathway. When irradiated,
the tetrapyrroles cause a formation of singlet oxygen,
which damages the sensitive plants mainly by oxidation of
cell membranes (Rebeiz er al. 1984, Becerril and Duke
1989, Scalla ef al. 1990, Hartel et al. 1993). This group
of substances includes 5-aminolevulinic acid (ALA),
which is the main tetrapyrrole precursor (Beale et al.
1975, Castelfranco and Beale 1983). ALA does not have
any toxic effect because it is the natural precursor of all
tetrapyrroles in plant and animal cells (Rebeiz et al. 1984,
1988, Nandihalli er al. 1993). The second compound of
the photodynamic herbicides is usually a modulator,
which changes the type of tetrapyrrole accumulation
(Rebeiz et al. 1987).

In plants, fungi, and cyanobacteria ALA is formed
from the intact carbon backbone of the glutamic acid
(Glu) (Beale et al. 1975, Castelfranco and Beale 1983,
Beale 1990). Using this early Chl precursor, a new way
for producing photodynamic herbicides can be developed.
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Glu is more available and cheaper than ALA. The intro-
duction of exogenous Glu may remove the substrate defi-
cit of ALA and stimulate the dark accumulation of proto-
chlorophyll (Proto) and Mg-protochlorophyllide (Averina
et al. 1989). Plants show different sensitivity to photody-
namic herbicides, due to which greening group they be-
long to (Rebeiz ef al. 1984, 1988, 1999). For example,
wheat belongs to the DMV/LDV (dark-monovinyl/light-
divinyl) greening group and herbicide response type 111.
Plants of the photodynamic herbicide response type 11
synthesise and accumulate certain amounts of tetrapyroles
without noticeable photodynamic damage. Mustard
plants, which belong to the DDV/LDV group, herbicide
response type I, can store large amounts of tetrapyrroles
but suffer a substantial photodynamic damage (Rebeiz et
al. 1984).

Therefore it is important to investigate the action of
combinations of precursor-modulator on Chl synthesis
and determine their potential for photoherbicidal damage
in different plants. In this paper we compared the influ-
ence of ALA and Glu together with a metal chelator 1,10-
phenanthroline (Phen) on the accumulation of porphyrins
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and the content of photosynthetic pigments in leaves and
cotyledons, and studied the visual photoherbicide effects

Materials and methods

Germinated seeds of wheat (Triticum aestivum L.) and
mustard (Sinapis alba L.) were sown in soil in vegetation
pots and grown in controlled conditions at 25-26 °C and
an irradiance of 48 W m™ (12-h photoperiod). Soil hu-
midity was kept at about 60-70 %. Wheat was treated at
the third leaf stage and mustard on the third to fourth real
leaf stage as follows: (/) ALA (5 mM); (2) ALA (5 mM)
+ Phen (15 mM); (3) Glu (20 mM); (4) Glu (20 mM) +
Phen (15 mM); (5) Phen (15 mM).

Phen, Glu, and ALA were dissolved in a mixture of
acetone : ethanol : Tween 80 : water (0.45:045:0.1:9,
v/v) as described by Rebeiz et al. (1988). Leaves were
sprayed until total wetness of the leaves was achieved.
The control plants were treated in the same way with dis-
tilled water. The plants were kept in darkness for 17 h at
25-26°C. To study the photodynamic effect, the plants
were irradiated for 12 h with 48 W m™.

Protochlorophyllide (Pchlide) and Proto were ex-
tracted with 85 % acetone containing 0.1 M NH,OH. For
separation of the hexane-soluble phytolised pigments
from Mg-porphyrins, Mg-phorbins, and Pchlide we used
the method described by Rebeiz et al. (1984). The water-
acetone phase was washed twice with an equal volume of

Results

In wheat leaves we observed a considerable (3-4 times)
increase of Proto content in almost all experiments (Fig.
14). The treatment of plants with Glu only caused an in-
crease by about two times. Phen induced a larger accu-
mulation (391 % of the control plants) compared with Glu
(191 %) and the combination Glu+Phen (330 %) but less
than the combination ALA+Phen (430 %).

on wheat and mustard plants.

hexane; then it was once more covered with a hexane
layer (water : acetone 1 : 3, v/v). The Proto and Pchlide
were measured fluorometrically as described by Shlyk et
al. (1982) on an LS-3B Perkin-Elmer fluorescent spectro-
photometer. The total amount of Chls and carotenoids
(Car) were measured in 80 % acetone as described by
Lichtenthaler and Wellburn (1983). '

The protein content in the samples was measured after
pigment extraction. The pellet after centrifugation was re-
suspended in water and the determination was performed
in 0.2 cm® of homogenate according to Lowry et al.
(1951).

The photodynamic effect caused by the tetrapyrole
precursors in light was assessed according to Rebeiz ef al.
(1984) as a percentage of the necrotised treated leaves, in
response to irradiation. For example, if 10 out of 10
sprayed leaves died as a consequence of irradiation, the
photodynamic damage was considered to be 100 %. If
only 5 out of the 10 sprayed leaves died, the photody-
namic damage was considered to be 50 %.

The mean deviation (SE) was calculated by the
Student’s #-test.

In mustard leaves we found a large increase in the
content of precursor (5-9 times) for ALA and ALA+Phen
(Fig. 14). Under the influence of Phen the dark accumu-
lation of Proto (205 %) was slightly increased compared
to exogenous Glu (191 %), but it was still lower than the
result of the combination Glu+Phen.
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Fig. 1. Accumulation of protoporphyrin IX (Proto) (4) and protochlorophyllide (Pchlide) (B) in wheat leaves and in leaves and coty-
ledons of mustard under the influence of different combination of 5-aminolevulinic acid (ALA), glutamic acid (Glu). and 1.10-phe-

nanthroline (Phen), darkened after the treatment for 17 h.
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In mustard cotyledons we found a very large increase
of the content of Proto (9-10 times) for ALA and
ALA+Phen (Fig. 14). Considerable accumulation of the
precursor was observed also by the sole action of Phen
(385 %) compared with the sole action of Glu (219 %),
which was still lower than the combination Glu+Phen
(439 %).

Pchlide is one of the photosensibilisers, which induce
a destruction of cell membranes and plant death (Rebeiz
et al. 1990). We investigated its accumulation in leaves of
wheat and in leaves and cotyledons of mustard (Fig. 1B).
The changes in content of this precursor were in one di-
rection in all variants of the experiment. The highest dark
content of Pchlide was found after treatment with ALA
and was 481, 853, 691 % for leaves of wheat and leaves
and cotyledons of mustard, respectively. Glu induced a
considerable Pchlide accumulation (272 % for wheat
leaves, 255 % for mustard leaves, and 158 % for mustard
cotyledons), compared with the controls. The amount of
the precursor was larger in this variant than in the one
affected by the modulator. The separate functions of ALA
and Glu were stronger than their combinations with
a modulator.
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Fig. 2. Changes of chlorophyll a (Chl a), chlorophyll 5 (Chl b),
and carotenoid (Car) contents in wheat leaves under the influ-
ence of different combinations of 5-aminolevulinic acid (ALA),
glutamic acid (Glu), and 1,10-phenanthroline (Phen). They were
darkened after the treatment for 17 h and irradiated for 12 h
with 48 W m™.

Next we studied the effect of the tested herbicide
combinations on the quantity of the photosynthetic pig-
ments. Fig. 2 shows the changes of the amounts of Chi a,
Chl b, and Car in leaves of wheat, influenced by the ap-
plied compounds and irradiated for 12 h by 48 W m™

Discussion

In green plants the pool of Proto is only a few percent of
the amount of the precursors of Chl biosynthesis (Rebeiz
et al. 1988). The separate usage of Phen as well as in
combination with Glu caused a large increase in the con-

INDUCTION OF PORPHYRIN BIOSYNTHESIS

The largest decrease from the control probe in Chl a
amount was observed under Phen treatment (82 %). Used
separately, ALA and Glu did not cause changes while
their combinations with Phen showed a small decrease
(92 and 95 %). In different variants of the experiment,
Chl & content fluctuated within the limits of experimental
error. The quantity of Car decreased under the influence
of Glu+Phen and Phen (92 and 91 %, respectively). Gen-
erally, the tested combinations did not affect the quantity
of Chl ¢ in wheat leaves. In mustard leaves (Fig. 34) the
content of both Chls decreased when treated with Phen,
the larger change being found in Chl! a (up to 84 %). In
Chl b such tendency appeared under Glu treatment (92
%). The content of Cars increased slightly under ALA
and ALA+Phen treatments (108 %) and decreased under
treatment with Phen (92 %). The largest changes were
observed in Chl a in mustard cotyledons (Fig. 38). Phen
separately and especially in combination with ALA and
Glu decreased much the Chl ¢ amount (92, 69, 74 %,
respectively). Glu slightly increased the amount of Chl «
(108 %). Changes in the amount of Chl b were insignifi-
cant: there was some decrease in the Glu+Phen and Phen
treatments. The content of Cars increased slightly when
treated with Glu (108 %), but decreased when treated
with Glu+Phen (92 %).

Visually we established no photodynamic effect in
wheat by the used photodynamic combinations. The
plants did not differ from the controls neither by habitat
nor by leaf colour. The mustard leaves were especially
sensitive to the treatment with tetrapyrrole-dependent
photodynamic herbicides. In all treated plants we ob-
served loss of turgidity of leaves and cotyledons com-
pared to the controls. In the leaves we observed partial
chlorosis and necrosis. An acute form of the symptoms of
photodynamic damage appeared when plants were treated
with ALA and ALA+Phen. There was a dehydration of
the stems in these cases. Slightly expressed photodynamic
effect was observed in plants treated with Phen only.

We examined the amount of total protein in order to
investigate possible toxic influence of different photo-
herbicide combinations (values not shown). The protein
amount did not change in the different variants of the ex-
periment. The results proved that the used combinations
of chemicals have a specific effect upon the synthesis of
the precursors rather than any inhibition of the protein
synthesis. This was also proved by the fact that the con-
version of Chl precursors was not considerably repressed.

tent of Proto in the dark. The straight correlation between
the increased content of Proto and the photodynamic
damage to leaves showed that it is the main inducer of the
photodynamic effect (Averina ef al. 1988). Though the
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content of Proto accumulated in the dark was quite large
in the mustard cotyledons too (Fig. 14), its photodynamic
effect was not evident in light. This could be due to the
different morphology of the two organs, their different
sensitivity, and the rates of tetrapyrrole turnover found
previously by Rebeiz er al (1984). More efficient
changes of precursors were found in mustard than in
wheat plants. In organ comparison there were greater
changes in leaves than in cotyledons.

Chelators have a porphyrinogenic mechanism of ac-
tion that involves the induction of porphyrin synthesis via
5-ALA accumulation in bean (Duggan and Gassman
1974). Glu, the substrate of ALA biosynthesis, may be the
limiting factor in the activated ALA-synthesising enzyme
system (Averina et al. 1989). Its introduction in the men-
tioned conditions may remove the deficiency of the sub-
strate and induce the accumulation of protoporphyrin IX
(Proto IX) in darkness (Averina et al. 1989).
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Fig. 3. Changes of chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoid (Car) contents in mustard leaves (4) or cotyledons (B)
under the influence of different combinations of 5-aminolevulinic acid (ALA), glutamic acid (Glu), and 1,10-phenanthroline (Phen).
They were darkened after the treatment for 17 h and irradiated for 12 h-with W m2,

There is a correlation between the changes in the
amount of Proto IX and Pchlide under the influence of the
tested substances. Comparing the quantities of Proto IX
and Pchlide in wheat and mustard leaves we found
(Fig. 1) that ALA and Glu induced higher accumulation
of Pchlide while Phen led to a higher accumulation of
Proto 1X (Nandihalli and Rebeiz 1991).

Chl a is synthesised as the main metabolite in the bio-
synthetic path, while Chl b is a product of some addi-
tional transformation (Kotzabasis and Senger 1989). In
the investigated plant species and specific organs, Chl a
was more sensitive than Chl b. Similar results, i.e. strong
degradation of Chl a while Chl & content changes only

slightly, were observed after the use of other modulators -

such as 2,2"-dipyridyl (Toneva et al. 1997) and in ALA-
treated leaves of wheat and lettuce (Hirtel ef al. 1993).
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