Acta Biologica Szeged. 26 (1—4), pp. 21—31 (1980)

EFFECTS OF CERULENIN AND PYRIDAZINONE HERBICIDES
ON THE GREENING OF BARLEY LEAVES UNDER A LOW
INTENSITY OF LIGHT

G. Laskay, E. LEnoczkl and L. SzALAY

Department of Biophysics, Attila Jozsef University, Szeged
(Received September 20, 1979)

Abstract

Fluorescence spectra of barley leaf samples, incubated for 18—20 hours at 25 °C with cerulenin
or with the pyridazinone herbicides SAN 6706, SAN 9789 and SAN 9785 in a concentration of 1 mg/g
leaves, were taken regularly at —196 °C during greening under white light of 20 or 30 gWem~*
(for cerulenin or SAN, respectively) and are shown 10 min, and 12, 48 and 96 hours after the begin-
ning of greening. The pigment composition was determined via absorption spectroscopy; the chlo-
roplast ultrastructure was studied electron-microscopically.

Cerulenin treatment leads to profound structural changes of the membrane system, accompani-
ed by significynt differences in the pigment contents (the absolute amount of pigments becomes less,
while there is a relative increase of carotenoids compared to chlorophylls, and several fluorescence
bands are absent). Similar, but less expressed structural changes and alterations in the pigment com-
position are caused by SAN-treatment. In all cases the biosynthesis of some membrane constituents
(fatty acids, carotenoids), and thus the development of a normal organization of the photosynthetic
apparatus, is inhibited.

Introduction

Etiolated leaves are very suitable objects for studying the relation between the
chloroplast structure and the photosynthetic processes, since the biosynthesis of
pigments, proteins, enzymes and other membrane constituents proceeds in parallel
with the gradually evolving photosynthetic capacity during the greening of etiolated
plants (ARNTZEN and BRIANTAIS, 1975). The biosynthesis of chlorophylls and the
formation of in vivo chlorophyll forms during greening can easily be traced, e.g.
with low-temperature fluorescence spectroscopy: in etiolated leaves only fluorescence
bands at 633 and 655 nm (F633 and F655), characteristic of protochlorophyll(ide)s,
can be observed; under illumination other fluorescence bands, characteristic of
photoproduced forms of pigments, accompanied by those synthetized in the dark,
gradually appear (THORNE, 1971 ; BOARDMAN, et al., 1970; KAHN et al., 1969; LiTvIN
and SiNesHCHEKOV, 1975). Under normal conditions the pigment states and the
environment of pigments are developed after 36—48 hours of greening and the
fluorescence spectrum has maxima at about 687, 695 and 740 nm.

Lipids and fatty caids are important and characteristic chloroplast constituents
(LeecH and MURPHY, 1977) and it is well known that these constituents differ highly
in etioplast and mature chloroplast membranes (ROUGHAN and BOARDMAN, 1972;
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TreMOLIERES and MAZzLIAK, 1970; Tevini, 1971; SELLDEN and SELLSTAM, 1976).
Important qualitative and quantitative changes should therefore take place in these
constituents during the greening process. Cerulenin (an antibiotic produced by the
fungus Cephalosporium caerulens) has been found to be a specific inhibitor of fatty
acid biosynthesis in bacteria (D*AGNoLo et al., 1973), in fungi (OuNo et al., 1974)
and in higher plants (WARING and LATies, 1977), while at the same time it affects the
structural and functional properties of membranes in algal cells (LEnoczKi et al.,
1979 ; HERCZEG et al., 1979) and in chloroplasts of higher plants (SzALAY et. al., 1979).
The mechanism of action of pyridazinone herbicides is not well understood, but it
seems certain that pyridazinones inhibit the biosynthesis of the lipid constituents
of membranes (HiLTON et al., 1969; BARTELS and HyDE, 1970; HiLTON et al., 1971),
and they are considered to be specific inhibitors of carotenoid biosynthesis (BARTELS
and Hypg, 1970; BARTELS and McCULLOGH, 1972; LICHTENTHALER and KLEUDGEN,
1977; VAisBERG and ScHIFF, 1976); according to HiLTON et al. (1969 and 1971) and
JouN (1976), they are inhibitors of the biosynthesis of linolic acids and galactolipids.

In order to influence the fatty acid and lipid composition in etiolated leaves
and to induce changes in the greening process accompanied by changes in the mic-
romorphologic, spectroscopic and photosynthetic properties, we applied cerulenin
and pyridazinone treatment. Our aim was to study the formation of the pigment
system during the greening process in correlation with the microstructural changes
caused by inhibitors of the lipid biosynthesis of the membrane constituents under
extremely low-intensity illumination.

Materials and Methods

Cerulenin® (from Koor-Trading, Austria) and pyridazinones® (products of Sandoz and deno-
ted briefly as SAN 9789, SAN 9785, and SAN 6706) were used without further purification

Barley plants ( Hordeurn vulgare L. ) were cultivated for 7—8 days in the dark and leaves 4—5 cm
in length were treated with inhibitors at 25 °C. The control leaves floated in a Petri dish containing
culture medium.* The cerulenin treatment was performed in culture medium containing 1 mg ceru-
lenin/g fresh leaves. For SAN — treatment, SAN was first dissolved in acetone, the acetone solution
was poured on to a filter paper placed in the dish, the solvent was evaporated and culture medium
was added to the dish. The amounts of chemicals were adjusted to a final concentration of 1 mg
SAN/gfresh leaves. This treatment was carried out under very weak green light. After 18—20 hours
of incubation in the dark, greening was initiated under the white light of a tungsten filament lamp
of 20 or 30 uWem™* intensity for cerulenin or SAN treatment, respectively. Very weak light was
used in order to slow down the light reactions and to diminish the photodestruction of chlorophylls.

The fluorescence spectra ‘were taken at —196 °C with a Perkin-Elmer MPF 44/A spectrofluori-
meter from 600 to 770 nm at 430 nm excitation. The fluorescence spectra were corrected for the
spectral sensitivity of the apparatus, and were normalized to maximum intensity.

The pigment content was determined from ethyl ether extracts by the multi-wavelength met-
hod of Frencr (1960), using the absorption spectra of the extracts. Due to the difficult removal of
the solution from the leaves, it was estimated that the error of this determination was about 10%.

The electron-microscopic pictures were taken with a JEOL 100B electron-microscope after
the usual preparation of the leaf samples (KovAcH, 1959).

1 (28), (3R), 2, 3-epoxy-4-ox0-7, 10-dodecadienoyl amide
* 4-chloro-5-(methylamino)-2-(a, &, a-trifluoro-m-totyl)-3(2H)-pryridazinone: SANDOZ 9789;
4-chloro-5-(dimethylamino (-2-(x, a, a-trifluoro-m-totyl)-3(2H)-pyridazinone: SANDOZ 6706
4-chloro-5-(dimethylamino)-2-phenyl-3(2H)-pyridazinone : SANDOZ 9785

10,2% Wuxal solution, practically a Knop solution containing trace elements.
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Results and Discussion
Effect of cerulenin on the greening process

The fluorescence spectra of etiolated leaves showed the F633 and F655 bands
as expected. Treatment with inhibitors did not cause appreciable changes in the
spectra of leaves kept in the dark. However, if the greening starts under weak illumi-
nation, the fluorescence spectra become more complex, several bands appear, and
in the course of the greening both the location and the intensity of bands exhibit
characteristic changes. In addition, cerulenin treatment causes great alterations in
the spectral distribution of the fluorescence.

Under low-light conditions an F675 band appears and the F633 band decreases,
in agreement with the results of LitviN and BELIAEVA (1971). After a 10-min illumi-
nation, a shift of the bands toward longer waves, an increase of the bands at longer
waves, and the appearance of new bands are observed (Fig. 1). In cerulenin-treated
leaves these processes seem to be slower: in the control leaves the F683 band develops
after a 60—90-min illumination, whereas in cerulenin-treated leaves 10—12 hours
is needed; by this time the increase of the F740 band has already started in the cont-
rol leaves (Fig. 2.A). The development of the final stage of fluorescence spectra is
shown in Fig. 2.A—C. After 3 days of illumination the control leaves have a fluores-
cence spectrum characteristic of normal green leaves; this type of spectrum is obta-
ined only after about 4 days in cerulenin-treated leaves (Fig. 2. C), but even this
spectrum is still very different from that of normal leaves. The fluorescence spectrum
of untreated leaves has a more expressed structure than that of cerulenin-treated
ones. This may be due to the collapse of the membrane structure in lipid-deficient
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Fig. 1. Fluorescence spectra of control and cerulenin-treated barley leaves after 10 minutes of
illumination measured at —196 °C.
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Fig. 2. Fluorescence spectra of control and cerulenin-treated barley leaves after 12 hours (A). 48
hours (B) and 96 hours (C) of illumination measured at —196 C.

cells and the deficiency of fully-developed pigment forms (as an alternative, one
can think of the change of the condition of energy migration which can occur in a
poorly-organized pigment system). It is worth mentioning that a band apperas a-
round 725 nm in the difference of the spectra of treated and untreated samples shown
in Fig. 2.C.

The pigment content is much less in cerulenin-treated leaves than in control
leaves; the accumulation of chlorophylls is considerably inhibited, but that of caro-
tenoids is less inhibited by cerulenin (Fig. 3). The ratio chl-a /chl-b is much higher
in every stage of greening of cerulenin-treated leaves than in control leaves. The
ratio chlorophylls/ carotenoids increases in control leaves and decreases in cerulenin-
treated leaves during the greening process (Table 1). The relative increase of the
carotenoid content in treated leaves indicates that carotenoids are less sensitive than
chlorophylls to the cerulenin treatment. The most striking effect of the lipid deficiency
is seen in the ultrastructure of the chloroplasts.

The electron-microscopic pictures of chloroplasts after 4 days of greening show
the well-known ordered, lamellar structure; however, due to the low-light conditions
the fine structure is poorer in the membranes than for leaves greening under normal,
higher-light conditions (Fig. 4). In cerulenin-treated leaves the organization of the
chloroplasts is much less: instead of longer stacked lamellae with more or less gra-
nal structure, membrane fragments but no grana are present (Fig. 5).

The effect of cerulenin on the greening process under low-light conditions seems
to be primarily attributable to the inhibition of fatty acid biosynthesis. Though
complete analysis of the fatty acid content is not available at present, preliminary
results show that the fatty acid content is less in treated samples. The fatty acid
deficiency leads to damage to the membranes, and thus to hindrance in the structural
basis of the development of a normal pigment system as revealed by the fluorescence
spectra and the pigment analysis discussed above.

Effect of pyridazinone herbicides on the greening process

The herbicide treatment does not influence the greening as much does cerulenin
treatment. Except in the case of SAN 9785 treatment, the greening of treated samples
was almost as fast as that of the control (Fig. 6.A); the F687 band can be observed in
all samples. The greening of the control leaves is completed in about 2 days, but the
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Fig. 3. Pigment content of control and cerulenin-treated barley leaves at several stages of greening
measured and calculated on the basis of absorption spectra of pigment extracts.

accumulation and organization of chlorophylls is slower in treated leaves (Fig. 6.B).
After 3—4 days of greening the spectra of SAN 6706—and SAN 9789-treated leaves
practically coincide, with bands around 738 and 687 nm. However, the structure of the
latter band (seen in the control) cannot be observed in treated samples (Fig. 6.C).
These fluorescence spectra are reminiscent of those in Fig. 2.C. Even the presence
of the difference spectrum band at 725 nm is seen (Fig. 7). The treatment with SAN
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Fig. 4. Electron micrograph of untreated barley chloroplast (magnification 30.000).
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Fig. 5. Electron micrograph of cerulenin-treated barley chloroplast (magnification 30.000).
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Fig. 6. Fluorescence spectra of control and SAN-treated barley leaves after 12 hours (A), 48 hours
(B) and 96 hours (C) of illumination measured at —196 °C.
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Fig. 7. The fluorescence difference spectrum of SAN 9789-control after 96 hours of illumination
calculated on the basis of fluorescence spectra.

9785 leads to a very small difference in the fluorescence spectra of treated and control
leaves in the final stage of greening.

Table 2 contains the results of pigment analysis. The pigment content shows great
differences in treated samples as compared to the control after 3 days of greening:
the absolute amounts are much less in all cases: 40—80% chlorophyll-a, 30—50%
chlorophyll-b and 50—80% carotenoid are present in treated samples. The ratios
chlorophyll-a to -b and chlorophylls to carotenoids are different for different her-
bicides; in general, the relative amount of chlorophyll-a to -b is higher in treated
samples. In the case of SAN 9785 the ratio of chlorophylls to carotenoids is nearly 1,
due to the high inhibition of the accumulation of chlorophylls and the very low
influence of SAN 9785 on the accumulation of carotenoids. As regards the develop-
ment of this situation, Table 2 shows data for the greening process from 12 to 72
hours of greening.

The effects of these herbicides on the ultrastructure of the chloroplast are simi-
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Table 1. Values of chl-a/chl-b and chl-s/ carotenoids ratios of control (c) and cerulenin-treated
(cer) barley leaves at several stages of greening.

’ [ ¢ Control SAN 6706 SAN 9789 SAN 9785
PIETENC | (r) | nMOL/G nMOLIG| % |nMOL/G| % |nMOL/G| %
il 12 53.6 33 [ 808 | 424 | 790 243 | 453

24 69.3 1058 | 1527 | 998 | 1439 | so1 | 723
48 94 | 866 | 957 | 886 | 980 415 | 526
7 1118 | 681 | 609 | 8.7 | 784 | 432 | 386
12 139 | 97 | 700 7.8 56.3 67 | 483
Chl-b 24 26.5 169 | 63.6 | 186 | 700| 91 | 343
a8 319 186 | S1.8 | 187 | s86| 117 | 328
7 358 165 461 | 178 | 497 109 | 304
12 7.8 | 464 | 647 | 376 | s524| 372 | s19
Car 24 84.1 492 | 584 | 545 648 520 | 618
48 61.5 46.7 759 38.1 61.9 46.5 755
7 59.2 354 | 598 | 273 | 461 | 492 | 831
12 3.8 4.4 54 3.6
g:::: 24 26 6.3 5.4 5.5
48 2.8 4.7 48 4.1
72 3 4.1 5.0 40
12 0.9 1.1 13 0.8
Chl-a+b 24 1.1 2.5 22 1.1
St 48 2.1 23 28 | 1.3
72 2.4 2.4 3.9 J 1.1

Table 2. Pigment content and ratios of control and SAN-treated barley leaves at several stages of
greening measured and calculated on the basis of absorption spectra of pigment extracts.
The values of control were chosen to be the basis of comparison in each case.

t(hrs) P 12 i 24 | 48 . 1296

| €| cr | C| Cr | €| Cr | | Cer

Chl-a/Chl-b | 38| 80 | 26| 67 | 28| s3 [ 31| 50
Chl-a +Chl—b | ‘ | | i

Car 09 ’ 15 | i3] £ | 24 ‘ 14 2.4} 1.0
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lar to those of cerulenin, but less expressed. The electron-micrographs of SAN-
treated samples show both ordered and broken lamellae; two or (seldom) three
are stacked, and in a comparatively short section only (Fig. 8). Compared to the
control, both the amount and the quality of the membranes are different, indicating
that these herbicides inhibit the formation of membrane constituents.
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Fig. 8. Electron micrograph of SAN 9789-treated barley chloroplast (magnification 22.000).

From fluorescence spectroscopic evidence we can conclude that these herbici-
des hardly influence the transformation of protochlorophyll (ide)s to the final chloro-
phylls, and (for a time) the accumulation of chlorophylls is also practically intact,
but the organization of chlorophylls is inhibited. The electronmicrographs reveal
that the formation of chloroplast membranes is damaged by herbicide treatment.
It is not clear what the primary cause of the herbicide effect is: SAN 6706 and
SAN 9789 are known to inhibit the biosynthesis of carotenoids, and according to
our experiments the inhibition reaches even 50%, this (at least in part) may be respon-
sible for the structural alterations in the membranes. No direct effect is known on
chlorophyll biosynthesis. The defects in the organization of the photosynthetizing
apparatus (lack of a normal pigment system with proper pigment forms, deficiency
of the membrane structure resembling the defects caused by cerulenin-treatment, but
less expressed), can be ascribed to similar, not fully understood reasons.
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