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The effect o f DCM U, bentazon, amitrole and SAN 6706 on the formation o f chloroplast pig­
ments and quinones was investigated using plants that were grown in total darkness or continuous 
white, red or far-red light.

All herbicides assayed affected the formation o f  chlorophylls, carotenoids and quinones but 
DCM U had only minor effects. Like for chlorophylls and carotenoids the formation o f  quinones 
was most suppressed in plants grown in the presence o f  the herbicide in continuous white or red 
light, but the effect on the formation o f quinones was much lower as compared to the pigments. 
The observation that the biosynthesis o f quinones is still maintained in SA N 6706 treated bleach­
ed plastids which are lacking chlorophylls and carotenoids indicates that quinones are synthesized 
at the plastitd envelope and stored in the osm iophilic plastoglobuli.

Amitrole and SAN 6706 induced a strong chlorosis. It was o f particular interest that chlorosis 
was also induced by the photosystem II inhibitor bentazon. DC M U was not effective. The inhibi­
tor concentration for 50% inhibition in the chlorophyll and carotenoid content was 5 x l 0 ~6 M for 
SAN 6706,3 x 10-4 M for amitrole and 10~3 M for bentazon.

As already reported by others SAN 6706 treated plants accumulated phytoene in large amounts. 
The highest phytoene content was observed in plants that were grown in the dark. Am itrole treat­
ed plants accumulated lycopene. But in addition other carotenoid precursors like phytoene and 
phjHofluene were also accumulated. In contrast to phytoene lycopene was only accumulated in 
plants that were grown in the light.

Particularly for SAN 6706 and amitrole the expression o f  the bleaching effect was depending on 
the light intensity and light quality that was used during plant growth. The herbicide effect ewas 
predominantly expressed at higher light intensities and after irradiation with red light. The ob­
servation that the induction o f chlorosis is very sensitive to red light as compared to white or blue 
light is suggesting that phytochrome is involved in the developm ent o f  the herbicide toxicity. It 
also supports that in SAN treated plants chlorophylls are photodecom posed directly by light be­
cause of the lack o f photoprotecting carotenoids but mainly /?-carotene in these plastids. Further 
support for this was given by the demonstration that SA N treated plants which were grown at very 
low light intensities turned green and were photosynthetically active.

Introduction

H erbicides which affect photosynthesis have been 
used successfully for the investigation o f electron 
transport m echanism s and the assem bly o f the thy­
lakoid m em brane during chloroplast developm ent 
[1 -7 ] . In this process pigm ent p ro tein  com plexes 
which are involved in the absorp tion  o f sun light and 
the transfer o f the absorbed energy to the pho to ­
synthetic reaction centers like the associated electron 
carriers are inserted into the thylakoid m em brane in 
a highly specific o rientation  in o rder to guarantee 
photosynthesis under op tim um  conditions [6, 8 -  11].

Particularly photosystem  II inhibitors have given 
much insight into the organization  o f the pho to ­
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system II com plex [1 ,6 , 12]. O nly recently bleaching 
herbicides which interfere w ith the biosynthesis o f 
carotenoids and the accum ulation  o f chlorophylls 
have been used extensively for the investigation of 
the light harvesting systems and the photosynthetic 
reaction centers [1 3 -1 5 ].

In previous contributions we have reported  tha t 
the photosystem II herbicides D C M U  and bentazon 
and the bleaching herbicides am itro le and SAN 6706 
have many sites o f action w ithin the chloroplast 
[14-16]. Photosystem  II herbicides inh ib it electron 
transport at the donor side o f  photosystem  II bu t in 
addition alter the long w avelength chlorophyll fluo­
rescence emission and interfere w ith the form ation 
o f subthylakoid particles [15]. T he bleaching pyri- 
dazinones and am inotriazoles changed the pigm ent 
protein complex com position o f the thylakoid m em ­
brane drastically leading to a d istu rbed  transfer o f
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light energy from the light harvesting system s to the 
photosynthetic reaction centers and finally to the 
photooxidative dam age o f the chloroplast [15].

How far these herbicide induced alterations in 
the transfer o f light energy are caused by the d is­
orientation of the pigm ent protein  com plexes or by 
the changed pigm ent com position o f the thylakoid 
m em brane should be w orthw hile for an investi­
gation.

In order to approach this p roblem  fu rthe r the 
chlorophyll, carotenoid and quinone content o f rad ­
ish  seedlings that were grown in the presence o f the 
photosystem II inhibitors D C M U  and bentazon and 
the chlorosis inducers SAN 6706 and am itro le was 
investigated. The effect o f light intensity  and light 
quality on the expression o f the herb ic ide toxicity 
was also investigated. The consequences o f the 
herbicide induced changes in p lastid  p igm ent and 
quinone com position for the absorp tion  and transfer 
o f light energy the stability  o f the thy lakoid  m em ­
brane and photosynthesis will be discussed.

Materials and Methods

Cultivation o f  plants

A pplication o f photosystem  II herb ic ides (D C M U , 
bentazon) and bleaching herbicides (SAN 6706, 
Amitrole) as well as cultivation  o f p lants was carried 
out as described previously [17]. Irrad ia tio n  o f plants 
with fuorescent w hite light was perfo rm ed  using O s­
ram Fuora lamps (55 W; 8 W /m 2). Irrad ia tion  w ith 
red light was carried out using P hilips lam ps 
(TL 40 W/15; 1.6 W /m 2), a red filter (Plexiglas 555, 
Fa. Rohm  D arm stadt) and an in frared  filter. The 
far-red light source consisted o f O sram  Linestra 
lamps (120 W; 1.0 W /m 2) a blue filter (Plexiglas 
627, Fa. Rohm D arm stad t) and an in frared  filter 
(KG1, Fa. Schott M ainz).

Extraction, chromatography and quantitative 
determination o f  plastid  pigm ents and quinones

After 6 days growth in total darkness or continu­
ous red, far-red or w hite light plants w ere harvested 
and their pigments and quinones ex tra ted  [17]. C h lo ­
rophylls were quantita tively  estim ated according to 
Ziegler and Egle [18]. Q uinones w ere separated  and 
quantitatively estim ated according to L ichtenthaler 
et al. [19] and G rum bach  [17], S epara tion  and q u an ­
titative determ ination o f carotenoids was carried  out

according to Egger [20], H ager and M eyer-Ber- 
tenrath [21] and Britton and G oodw in [22].

For the rapid and convenient separation  o f ch loro­
phylls and carotenoids a new separation  system con­
sisting of silicagel ready plates or neu tralized  silica 
gel and diethylether as solvent system was devel­
oped. All presented data are m eans o f six in ­
dependent experim ents ±  standard  error.

Results

Formation o f  p la c id  pigm ents and quinones

Etiolated radish seedlings are devoid o f ch loro­
phylls but synthesize carotenoids and quinones [17]. 
In the dark bentazon, D CM U  and am itro le had  no 
inhibitory effect on the form ation o f carotenoids and 
quinones but their biosynthesis was ra ther p ro ­
nounced (Table I —III). Only in SAN 6706 trea ted  
seedlings the carotenoid and quinone content was 
drastically reduced. S im ilar results were also o b ta in ­
ed from plants that were grown in the presence o f 
the herbicides in continuous far-red light although  
the total carotenoid and quinone content was m uch 
higher due to phytochrom e action [23]. T he small 
amounts o f chlorophylls that were ob ta ined  in these 
plants may be explained by the trace am ounts o f 
light (<  730 nm) that was still passing th rough  the 
filter system of the far red light source.

As already reported in previous investigations the 
main differences in the accum ulation  o f p lastid  p ig­
ments and quinones becam e visible only in the light 
and after longer illum ination tim es (Table I - I I I )
[24].

In radish that was grown in the presence o f 
DCMU, or bentazon the carotenoid content was re­
duced as com pared to the un treated  plants b u t even 
more drastically in plants tha t were grown in the 
presence of am itrole, or SAN 6706 (Fig. 2). T he ob ­
servation that the photosystem  II inh ib ito r bentazon 
was also inducing chlorosis like the bleaching h erb i­
cides SAN 6706 and am itrole was very surprising  
(Figs 1 and 2).

As com pared to the carotenoids the qu inone con­
tent o f the plastid was only slightly reduced by all 
herbicides assayed. However, it was o f particu la r in ­
terest that the expression o f the herbicide effect in 
continuous white light was exactly the sam e or even 
pronounced when the plants were grown in con tinu­
ous red light (Table I - I I I ) .



Table I. Chlorophyll content (|ig/400 plants) o f  radish seedlings treated with photosystem-II or bleaching herbicides after 
6 d growth in the dark or continuous far-red, red or white light.

Control 10~5 m SAN 6706 10~4 M Amitrole 10“4 m D C M U  10-4 m  Bentazon
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Chlorophylls
dark
cont.far-red light 
cont.red light 
cont.white light

738.8
16192.0
24462.2

892.8
208.8 
213.8

777.2
7814.8
6374.4

705.2
15280.4
19383.3

983.6
14725.6
17235.0

Table II. Carotenoid content ((ig/400 plants) o f radish seedlings treated with photosystem-II or bleaching herbicides after
6 d growth in the dark or continuous far-red, red or white light.

Control 10~5 m SAN 6706 10“ 4 M Amitrole 10~4 m D C M U  10“ 4 m  Bentazon

Carotenoids
dark
cont.far-red light 
cont.red light 
cont.white light

665.8
949.8 

3280.8 
4545.6

413.6
1169.6 
266.4 
215.2

783.2
1116.0
1954.8
1796.0

807.8
1111.6
2493.2
2705.6

687.2
1166.0
2004.4
2474.4

Table III. Prenylquinone content (^tg/400 plants) o f radish seedlings treated with photosystem-II or bleaching herbicides 
after 6 d growth in the dark or continuous far-red, red or white light.

Control 10~5 M SAN 6706 10-4 M Amitrole 10~4 M DC M U 10-4 M Bentazon

Prenylquinones
dark 715.1 447.8 612.7 659.9 690.0
cont.far-red light 1410.8 989.9 1096.1 1024.5 996.7
cont.red light 1291.6 942.8 1061.2 994.9 1054.7
cont.white light 1362.4 1007.4 973.8 1002.9 846.9

•  DCMU;□ BENTAZON; O AMITROLE;« SAN 6706

Fig. 1. Inhibition o f chlorophyll formation by photosystem  
II or bleaching herbicides. Plants were grown for 6 days in 
continuous white light.

Fig. 2. Inhibition o f carotenoid formation by photosystem  
II or bleaching herbicides. Plants were grown for 6 days in 
continuous white light.
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Formation o f  carotenoids

Light acting through phytochrom e enhances the 
formation of chlorophylls, carotenoids and quinones 
(Table I —IV, Table VI) [2 5 -2 7 ]. In etio lated  radish 
seedlings the lowest carotenoid content was observed 
while plants grown in continuous far red light ac­
cum ulated carotenoids in higher am ounts (Table 
IV). The highest carotenoid content was found in 
plants that were grown in continuous w hite o r red 
light.

As shown in Table II in the used concentrations 
am itrole and SAN 6706 did not suppress the fo rm a­
tion of carotenes and xanthophylls in the dark  or 
continuous far red light w hile in plants th a t were 
grown in the presence o f D C M U  or bentazon caro ­
tenoid form ation was even enhanced. It should  be 
mentioned, however, that under unphysiological 
high concentrations o f SAN 6706 (10~4 m) or am i­
trole ( 1 0 ~ 3 m) the carotenoid content was also d ras ti­
cally reduced in etiolated plants. O nly in the light 
(white or red) the herbicides assayed suppressed the 
form ation o f carotenoids. Plastids from  plants grow n

in the presence o f D CM U or bentazon in the light 
contained less /7-carotene and less xanthophylls than 
untreated plants. A sim ilar reduction bu t no in h i­
bition in the carotene and xanthophyll content was 
also obtained in am itrole treated  plants (T able IV).

As com pared to am itrole SAN 6706 induced a 
strong chlorosis and the /?-carotene and xanthophyll 
content was reduced to 5% o f tha t from  untreated  
plants.

Formation o f  the carotenoid precursors phytoene  
and lycopene

Amitrole and SAN 6706 interfere w ith the b io ­
synthesis o f carotenoids [2 8 -3 2 ], A m itro le specifi­
cally inhibits the cyclization o f lycopene to a- and 
/7-carotene [16]. SAN 6706 inhibits the desatu ration  
o f phytoene [29 -31 ]. How far the inh ib ito ry  effect 
o f both herbicides is due to light intensity and light 
quality is shown in Table V. Plants grown in the 
presence of DCM U, bentazon or un treated  plants 
contained no phytoene and lycopene only in very 
small am ounts (Table V). Irrespective o f the light in ­

Table IV. Carotenoid content (|ag/400 plants ± S E ) o f  radish seedlings treated with photosystem-II or bleaching herbicides 
after 6 d growth in the dark or continuous far-red, red or white light.

Control 10"5 m SA N  6706 10-4 m  Amitrole 10-4 m D C M U 10~4 M Bentazon

ß-Carotene
dark
cont.far-red light 
cont.red light 
cont.white light

49.2 ±  4.1 
80.0 ±  3.9 

679.2 ± 1 2 .4  
1122.4±  9.5

47.6 ±  5.7 
123.2 ±  4.7 
34.8 ±  2.4 
82.4 ±  0.3

59.2 ±  3.9
330.0 ±  3.0
628.0 ± 2 5 .0  
480.8 ±  5.5

70.4 ±  7.2 
88 .0±  2.5 

443.6 ±  9.4 
576.0 ±  1.3

64.8 ±  5.9 
112.0 ±  4.9 
401.2 ± 1 4 .0  
566.4 ±  2.8

Lutein +  Zeaxanthin
dark
cont. far-red light 
cont.red light 
cont.white light

363.6 ±  1.9 
681.2 +  40.1 

1474.8 ± 1 8 .0  
1861.6 ±  31.2

202.0 ±  3.1
622.8 ± 1 7 .2
102.8 ±  3.3 
99.2 ±  2.0

381.2 ±  1.6
429.2 ±  4.4 
677.6 ± 10 .5  
560.0 ± 1 6 .0

406.4 ±  1.7
582.4 ± 2 0 .0  

1274.4 ± 3 0 .4  
1236.0 ±  21.2

333.6 ±  1.4 
620.0 ± 1 7 .4  
8 1 4 .4 ±  14.5 

1047.2 ±1 0 .8

Antheraxanthin
dark
cont. far-red light 
contred light 
cont.white light

90.0 ±  1.3 
68.8 ±  1.2

458.8 ± 2 4 .0
396.8 ±1 2 .8

49.6 ±  0.3 
171.2 ±  8.1
42.0 ±  1.3
16.0 ±  2.4

120.8 ±  1.6 
95.2 ±  5.7 

162.0 ±  7.1 
249.6 ± 1 6 .0

114.4 ±  1.5 
108.0±  7.5 
208.8 ± 1 3 .4
198.4 ± 1 2 .4

114.0 ±  0.9
180.8 ±  6.7
236.8 ±  4.0 
198.4 ±  10.0

Violaxanthin
dark
cont.far-red light 
contred light 
cont.white light

132.2 ±  1.4 
155.0 ±  3.3 
342.8 ±1 6 .0  
562.4 ±  16.4

88.0 ±  1.5 
172.8 ±  10.0 
53.2 ±  3.1 
11.2 +  1.2

184.0 ±  2.0 
184.8 ±  5.7
304.0 ±10.1  
281.6 ±  14.4

185.6 ±  1.4 
221.6 ±  11.2 
279.2 ±  11.8 
336.8 ±  8.0

154.0 ±  1.4 
253.2 ±  7.4 
316.8 ±  4.1 
342.4 ±1 1 .6

Neoxanthin
dark
cont.far-red light 
contred light 
cont white light

30.8 ±  1.4
44.8 ±  1.0 

325.2 ±  17.8 
582.4 ± 1 2 .0

26.4 ±  2.8 
79.6 ±  5.8 
33.6 ±  1.7 

6.4 ±  0.4

38 .0 ±  1.7 
76.9 ±  5.0 

183.2 ±  8.1 
224.0 ±  9.6

31.0 ±  0.4 
111.6 ±  7.2 
287.2 ± 1 2 .0  
358.4 ± 1 0 .4

20.8 ±  0.5 
74.0 ±  1.9 

235.2 ±  3.0 
320.0 ±  7.2



Table V. Formation o f lycopene and phytoene (ng/400 plants) in radish seedlings treated with photosystem-II or bleach­
ing herbicides after 6 d growth in the dark or continuous far-red, red or white light.

Control 10“ 5 M SAN 6706 10~4 M Am itrole 10~4 M DC M U 10-4 M Bentazon
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Phytoene
dark n.d. 1138.0 ±  58.7 60.1 ±  4.7 n.d. n.d.
cont.far-red light n.d. 578.2 ±  10.5 632.4 ± 2 8 .7 n.d. n.d.
cont.red light n.d. 894.8 ±40.1 98.0 ±  18.7 n.d. n.d.
cont.white light n.d. 712.3 ± 2 1 .7 200.0 ±  11.4 n.d. n.d.

Lycopene
dark n.d. 1.0 ±  0.1 6.8 ±  1.3 n.d. n.d.
cont.far-red light n.d. 3.8 ±  0.3 61.0 ±  2.5 n.d. n.d.
cont. red light trace 3.2 ±  0.2 148.0 ±  3.7 trace trace
cont.whithe light trace 3.4 ±  0.4 136.0±  2.8 trace trace

tensity or light quality  that they received SAN 6706 
treated plants accum ulated phytoene in large 
amounts. Lycopene was present in these plants only 
in trace amounts. The highest accum ulation  o f phy­
toene occurred in SAN treated  plants that were 
grown in the dark. Slightly lower concentrations 
were obtained during growth in continuous far red, 
red or white light.

A m itrole treated plants accum ulated  lycopene. In 
contrast to the biosynthesis o f phytoene in SAN 
treated plants lycopene biosynthesis was enhanced 
by light (Table V). W hile etio lated  am itrole treated  
plants contained lycopene only in m inute am ounts 
much more carotenoid precursor was synthesized in 
continuous far red light. The highest lycopene con­
tent was detected in plants that were grown in red or 
white light.

Besides in lycopene plastids from  am itrole treated  
plants were also enriched in phytoene. Particularly  
growth in continuous far red light stim ulated in for­
m ation o f phytoene. How far these differences ob ­
tained in the phytoene and lycopene content are con­
trolled by phytochrom e is under investigation. H ow ­
ever, as already shown for carotenoids the effect o f 
SAN 6706 or am itrole on the biosynthesis and ac­
cum ulation o f lycopene and phytoene was also very 
sim ilar in plants grown in continuous w hite or red 
light.

Formation o f  quinones

Phytochrom e enhances the form ation  of quinones 
(Table VI) [27], W hile in etio lated  seedlings the 
lowest quinone content was detected growth in con­
tinuous far red, red or w hite light pronounced the 
form ation o f all quinones determ ined. In contrast to

the differences obtained in the carotenoid  content 
between untreated plants th a t were grown in far red 
and white (or red) light the quinone content was 
more or less the sam e (Table VI).

All herbicides assayed suppressed the form ation 
o f plastoquinone-9, plastohydroquinone-9 , a-to- 
copherol and a-tocoquinone bu t the inh ib ito ry  effect 
was much less as com pared to the carotenoids. A gain 
sim ilar as for carotenoids the m ain  inh ib ito ry  effect 
on the form ation o f quinones was expressed only 
during growth in continuous w hite or red light.

Among all herbicides assayed SAN 6706 exhibited 
the strongest effect. In SAN treated  plants the con­
centration o f the oxidized quinones plastoquinone-9  
and a-tocoquinone was drastically  reduced while the 
formation o f a-tocopherol and p lastohydroquinone-
9 was unaffected. This observation m ost likely sug­
gests that quinone biosynthesis can still take place in 
SAN bleached plastids and th a t the newly synthe­
sized quinones are p robably  stored in the osm io- 
philic plastoglobuli. An enrichm ent in plastoglobuli 
o f SAN bleached plastids has been dem onstrated  by 
electron m icroscopical studies [33].

The influence o f  light intensity on the herbicide effect

T hat herbicides which inh ib it electron transport 
or produce chlorosis express the ir toxicity only in the 
light and after longer illum ination  tim es has been re­
ported by several independent groups [24, 34 — 36]. 
This is simply explained by the fact tha t the electron 
transport chain the p rim ary  target for the photosys­
tem II inhibitors is only form ed in the light during 
chloroplast development. On the other hand bleach­
ing herbicides like SAN 6706 and am itro le in ter­
fere with the existing carotenoid  biosynthesis al-
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Table VI. Prenylquinone content (ng/400 plants ± S E ) o f  radish seedlings treated with photosystem-II or bleaching after 
6 d growth in the dark or continuous far-red, red or white light.

Control 10~5 m SA N 6706 10-4 M Am itrole 10- 4m D C M U  10 4 m  Bentazon

Plastoquinone-9
dark
cont.far-red light 
cont.red light 
conLwhite light

Plastohydroquinone-9
dark
cont.far-red light 
cont.red light 
cont.white iigm

a -Tocopherol 
dark
cont.far-red light 
cont.red light 
cont.white light

ct-Tocoquinone
dark
cont.far-red light 
cont. red light 
cont.white light

270.3 +  24.9
370.5 ± 25 .0
442.6 +  42.5
428.3 ±15.8

122.0 ±  13.5 
211.8 ±  13.5 

84 .9 ± 2 1 .4  
96.4 ±  10.0

181 .0+18.0
343.0 ± 5 5 .0
208.0 ± 2 6 .0  
2 17 .4 ± 2 8 .0

170.5 ±18.1
265.5 ± 1 8 .0
282.6 ± 2 3 .0  
340.8 ± 2 5 .0

192.5 ± 2 0 .8  
264.8 ± 1 7 .0  
274.1 ± 3 3 .0  
223.3 ± 2 8 .5

201.5 ±21.3
382.6 ±30 .0  
288.3 ±  25.1*5 1-L-1Q A i i o.-t

65.9 ±  12.5 
228.6 ± 3 5 .0  
283 .4±21 .7  
305 5 +  3^ 1

224.0 ± 1 7 .4  
261.3 ± 2 5 .4
336.1 ± 2 2 .0  
28! .0 ± 1 4  1

217.5 ±  25.0 
303.7 ±30.1  
270.0 ± 1 9 .0  
193.2 ±  9.6

238.8 ± 2 5 .7  
235.2 ± 3 0 .4  
269.6 ± 2 0 .0  
160.4 ± 1 7 .2

211.3 ±  14.6
618.3 ±  35.0 
520.2 ± 48 .0  
544.0 ±35.1

231.9 ± 3 6 .0  
512.5 ±  55.1 
551.2 ±  17.2
572.9 ± 2 7 .8

179.9 ±  10.0 
460.5 ± 5 0 .2  
488 .2 ± 3 8 .0  
453.8 ± 1 6 .4

241.2 ± 3 5 .0  
418 .0±38 .4  
413.8 ±  48.0
442.2 ± 58 .9

228.8 ± 2 5 .5
463.2 ± 4 0 .0
490.2 ±26.1  
435.7 ± 3 4 .7

32.0 ±  5.4
39.4 ±  8.6
40.5 ±  8.0 
41.0 ±  7.1

28.0 ±  6.6 
37.0 ±  1.5 
23.3 ±  2.0 
32.6 ±  5.2

27.8 ±  7.4 
31.3 ±  5.0
28.9 ±  4.0 
21.6 ±  6.4

30.7 ±  5.8 
37.3 ±  2.1 
28.5 ±  2.1
26.7 ±  3.7

29.9 ±  4.3
33.5 ±  1.0 
20.8 ±  3.3
27.5 ±  4.0

ready in the etioplast. However, SAN treated plants 
which are grown at low light intensities tu rn  green 
and contain fully developed chloroplasts w hich are 
photosynthetically active while at h igher light in ten ­
sities the leaves are lacking chlorophylls and caro te­
noids. Plastids from these leaves are pho tosyntheti­
cally inactive. F rom  this it is suggested th a t not only 
the prim ar action of the bleaching herb ic ide on ca­

rotenoid biosynthesis bu t ra the r the com bined action 
o f strong light and oxygen is leading to the photooxi- 
dative destruction of the chlorophylls which are  no 
more protected by the carotenoids.

The influence o f  light quality on the herbicide effect 
In previous experim ents we have shown th a t all 

herbicides assayed do not interfere w ith the action o f

FLUORESCENT WHITE LIGHT

CO 200 Lux ^ 1-
CO 2000 Lux +
SAN 200 Lux-4 -  

teAN 2000 Lux

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

y g /1 0 0 plants

RED LIGHT (X_ =660nm) • max

CO 20 Lux
CO 200 Lux ------1------
SAN 20 Lux -J-
JSAN 200 Lux

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

pg/ 1 0 0  plants

Fig. 3. Effect of different intensities o f  white or red light on the formation o f  chlorophylls in radish seedlings that were 
grown in the presence o f the bleaching herbicide SAN 6706.
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0 200 400 600 800 1000 1200 1400 1600

ug/100 plants

RED LIGHT ( X =660nm )

________ CO 20 Lux
CO 200 Lux —  

j  SAN 20 Lux 
■f SAN 200 Lux__________

0 200 400 600 800 1200 1600

p g /100 plants

Fig. 4. Effect o f  different intensities o f  white or red 
light on the formation o f carotenoids in radish seedlings 
that were grown in the presence o f the bleaching herbicide 
SAN 6706.

phytochrom e [23]. Phytochrom e is ra ther p ronounc­
ing the herbicide effect. This is supported  by the  o b ­
servation that the herbicide effect is p redom inently  
expressed during growth in red light. T hat the in ­
duction of chlorosis by bleaching herbicides is very 
sensitive to red light was also reported  by others [34, 
35].

Discussion

The application o f the photosystem  II in h ib ito r 
DCM U did not change the pigm ent and qu inone 
com position o f the plastid drastically although  
photosynthesis was inhibited (Tables I —VI). Like 
DCM U, bentazon was also inhibiting  photosynthesis 
but in addition  exhibited chlorotic properties (F igs 1 
and 2). This may be the reason why bentazon b e­
sides inhibiting electron transport at the donor side 
o f photosystem II was also affecting photosystem  I 
while DCM U was mainly affecting photosystem  II.

As com pared to the electron inhibitors the py ri­
dazinone SAN 6706 and am inotriazole induced a 
strong chlorosis leading to the photooxidative d e ­
struction o f the chloroplast. SAN 6706 which specifi­
cally inhibits the desaturation o f phytoene was a 
much stronger chlorosis inducer than am itro le

which inhibits the cyclization o f lycopene (Figs 1 
and 2, Table V). This observation m ost likely sug­
gests that lycopene in part is capable o f replacing the 
protective function o f ^-carotene or carotenoids. 
Further support for the photoprotective function o f 
carotenoids was given by the fact that the bleaching 
effect o f SAN 6706 and am itrole was only expressed 
in strong light and was nearly abolished in plants 
that were grown under low light intensities.

An analysis o f the influence o f d ifferent light 
qualities on the herbicide effect revealed that the 
herbicide effect was very sensitive to red light sug­
gesting that phytochrom e is involved in the expres­
sion of the herbicide effect. It also shows that the 
chlorophylls themselves are photodecom posed d i­
rectly in red light in SAN treated carotenoid de­
ficient plastids

As com pared to the photosynthetic pigm ents the 
form ation o f plastid quinones is not a direct target o f 
herbicide action neither for photosystem  II nor for 
bleaching herbicides. Q uinone biosynthesis may be 
suppressed in the plastids by the lack o f ATP or re­
ducing aequivalents caused by the inhibition  o f 
photosynthesis but is still m aintained and the syn­
thesized quinones are stored in the osm iophilic plas- 
toglobuli if  they can not be incorporated into the 
thylakoid m em brane. This has also been detected by 
the observation o f high am ounts o f plastoglobuli in 
SAN bleached or bentazon inhibited plastids [33, 
37].

Chlorophylls and carotenoids are bound to protein
[38] and contained in the thylakoid m em brane in 
highly specific orientated  integral protein com plexes 
[2, 8, 39]. N early half o f the chlorophylls and prob­
ably all xanthophylls are contained in the light h ar­
vesting complex [39]. P urified  photosystem  I par­
ticles are enriched in /2-carotene and contain no xan­
thophylls [4 0 -42 ]. Photosystem  II particles also con­
tain /7-carotene as m ajor carotenoid [43, 44], As ac­
cessory pigments carotenoids absorb light and trans­
fer the absorbed energy to  the photosynthetic re­
action centers [45]. They also protect the chloroplast 
from photooxidative destruction  which is caused by 
singlet oxygen or trip le tt chlorophylls [46]. This pro­
tection is predom inently fulfilled by /2-carotene 
which is very close associated to the chlorophyll a 
molecules in photosystem  I [47,48].

Particularly in greening leaves chlorophyll tripletts 
have been detected [49, 50] and it is known tha t du r­
ing the first hours o f greening, sim ilar as it is the



case in plants that are grown in the presence o f  a 
bleaching herbicide, when the thylakoid m em brane 
is not yet fully developed the newly form ed ch loro­
phylls are very photolabile. Therefore under con­
ditions where chlorophylls and carotenoids are not 
yet integrated into the thylakoid m em brane caro­
tenoids must be present for the protection  o f  ch loro­
phylls and developing photosynthesis. Any herb ic ide 
that is inhibiting carotenoid biosynthesis m ay th e re ­
fore disturbe this protection m echanism  leading to a 
photooxidative dam age o f  the reaction centers.

On the other hand pure preparations o f  ph o to ­
system I and II particles are enriched in /?-carotene 
and the removal of /7-carotene from chloroplasts by 
organic solvents inhibits photosynthetic activity [51, 
52]. This may explain the observation th a t in plastids 
from radish seedlings th a t were grown in the p res­
ence of SAN 6706 under low light intensity ph o to ­
synthesis is m aintained. U nder these conditions 
there is enough /7-carotene present and chlorophylls 
like photosynthesis are not destroyed by photooxi- 
dative processes. In chloroplasts from  these coty­
ledons only photosystem I is slightly affected as was 
dem onstrated previously by the decrease in the long 
wavelength chlorophyll fluorescence em ission at 
740 nm and PAGE-studies as well as the low er caro­
tenoid content [15]. As com pared to SAN, in p lastids 
from am itrole treated plants that were greened under 
low light intensities, photosytem  I was m uch less af­
fected supporting that the protective function of

K. H. Grumbach • Herbicides and Chloroplast Developm ent

/7-carotene can be partly replaced by lycopene which 
is present in these plastids in large am ounts.

As com pared to the photosystem  II inh ib ito rs 
D CM U  and bentazon which affect photosynthesis by 
inhibiting electron transport the bleaching h erb i­
cides SAN 6706 and am itrole interact w ith the 
photoprotection m echanism  o f the chloroplast by in­
hibiting carotenoid biosynthesis. D uring ph o to ­
decom position o f the chloroplast the effect on 
photosystem I seems to be the initial response to the 
herbicide attack which induces a carotene d e­
ficiency. Only later a photodestruction  o f preexisting 
chlorophylls and carotenoids in the tny iakoia m em ­
brane takes place. This photodestruction is p robably  
caused by the inhibition o f the cyclic electron trans­
port around photosystem  I as dem onstrated by R id ­
ley [35]. Photosystem I and cyclic electron transport 
seem to be very im portant for the d issipation o f  ex­
cess light energy and any herbicides tha t affects or 
destroyes this protection m echanism  either by in­
hibiting electron transport or by inhibiting  caro­
tenoid biosynthesis and changing the /7-carotene to 
chlorophyll ratio in photosystem  I may finally in ­
duce chloroplast degradation.
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