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Inhibitors o f photosystem II reactions from the “diuron-type” and “phenol-type” have been 
compared regarding their mechanism o f action.

“Diuron-” as well as “phenol-type” inhibitors act at the acceptor site o f  photosystem II by 
displacing the secondary acceptor quinone Q B from its binding site.

“Phenol-type” inhibitors additionally interfere with the donor site, which is demonstrated in 
studies of chlorophyll fluorescence and luminescence. This mechanism o f action is shown to be 
similar but not identical to that reported for hydroxylamine.

Introduction

A variety of chem ically d ifferent classes o f 
herbicides and experim ental inhibitors act by in te r­
rupting photosynthetic electron transport at the 
reducing site o f PS II [1, 2], One com m on feature o f 
these chemicals -  besides their inh ib ito ry  action  
upon PS II dependent photoreactions — is the com ­
petitive binding at a com m on receptor site in 
thylakoid membranes [3 -5 ].

Several independent observations have led to the 
distinction between “d iuron-type” inh ib ito rs and 
“phenol-type” inhibitors; e.g. d ifferent inh ib ito ry  
efficiency in trypsin treated  thylakoids [6 , 7], and in 
chloroplasts isolated from  herbicide resistant weeds
[4]; the involvement o f d ifferent receptor p roteins 
[8 , 9]; a different residence tim e at the ir b ind ing  site
[ 1 0 ]; an “essential” structural elem ent, com m on only 
to the “diuron-type” inhibitors [ 1 ]; the requ irem ent 
for different m olecular param eters in QSA R studies
[ 1 1 ] and a different m odification  o f the th e rm o ­
luminescence pattern in thylakoids [ 1 2 ].
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The present study was undertaken to define the 
essential differences in the m echanism  o f action of 
these two types o f inhibitors. We have com pared 
representatives o f both groups o f herbicides w ith 
respect to their inhibitory action on the reducing 
and oxidizing site o f PS II. Selected “d iu ron -type” 
compounds are: diuron (DC M U , a phenylurea), 
atrazine (a s-triazin), pyrazon (a pyridazinone). 
“ Phenol-type”: ioxynil (a benzonitrile), dinoseb 
(a nitrophenol), BNT (brom onitrothym ol).

Material and Methods

All studies were perform ed with spinach ch loro­
plasts, prepared intact and osm otically shocked 
imm ediately prior to use [13]. C hlorophyll fluo­
rescence and luminescence were m easured essen­
tially as described before [14].

Results

1) Inhibitor induced f 0-rise

As first dem onstrated by Velthuys and Amesz, the 
diuron induced increase o f chlorophyll fluorescence 
oscillates with a period o f 2 , depending on the n um ­
ber o f preillum inating flashes [15]. This inh ib ito r in ­
duced /o-rise is caused by the d isplacem ent o f the 
bound sem iquinone Q i from its b inding site 
[16, 17], concom itant w ith a shift o f the electron 
from Q i towards Q A. For a recent discussion o f this 
mechanism, see ref. [18]. As shown in Fig. 1, in ­
hibitor induced binary oscillations o f chlorophyll 
fluorescence were found for all six inhibitors studied, 
which indicates a com m on m echanism  o f action 
at Q b.
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Fig. 2. Chlorophyll luminescence in presence o f “diuron- 
type” inhibitors. Thylakoid menbranes were illuminated 
with ns flashes, spaced 20 s apart.

2) Inhibitor and flash induced luminescence

Chlorophyll luminescence is thought to originate 
from charge recom bination at PS II. Thus, lum ines­
cence depends on the concentration of reducing and 
oxidizing equivalents. We found for all six com ­
pounds tested an inhibitor induced lum inescence 
burst, provided the inh ibitor was added following a 
preillum inating jas flash (Fig. 2). D ifferences in the 
peak height of the luminescence burst as well as in 
peak integral can be partially explained by a d iffe r­
ent penetration speed towards the site o f action, 
which has been reported for several “phenol-type” 
inhibitors [5, 7], However, it is apparen t from  the 
data in Fig. 3 that “phenol-type” inhibitors (rep ­
resented by BNT) have an additional effect on 
luminescence which is not observed with “diuron- 
type" inhibitors (represented by atrazine). W hen, 
following inhibitor addition, further flashes are

Fig. 3. Chlorophyll luminescence in presence o f “phenol- 
type” inhibitors. Conditions as in Fig. 2.

given with “d iuron-type” inhibitors, lum inescence 
stays high and practically constant over a num ber of 
flashes. W ith “phenol-type” inhibitors, on the other 
hand, there is a gradual decline o f the flash-induced 
luminescence, eventually resulting in a sim ilar effect 
as that known for hydroxylam ine (see effect in 
presence of atrazine. Fig. 2). Hence, sim ilar to 
hydroxylamine, “phenol-type” inhibitors appear to 
affect charge recombination at PS II reaction centers. 
A special feature o f that type o f inh ib ition  is its 
gradual developm ent upon illum ination.

3) Light-dependent inhibition o f the PS II donor site

Upon an actinic flash in presence o f d iuron there 
is reduction o f Q A (high fluorescence) followed by 
QX reoxidation, which can be m onitored via fluo­
rescence decay to the “d ark ” level. In presence of 
hydroxylamine and d iuron, fluorescence stays high

M

Fig. 1. Inhibitor induced / 0-rise depending on the number 
of preilluminating flashes. Thylakoid membranes were 
illuminated with the indicated number of (is flashes, and 
15 s after the last flash the inhibitor was added. The 
resulting increase in f 0 was measured in weak, monitoring 
light, which did not induce any fluorescence increase by 
itself.



K. Pfister and U. Schreiber • Comparison o f Diuron- and Phenol-Type Herbicides 391

following a flash, as the backreaction is blocked (see 
Fig. 4 in ref. [4]). Thus, an elevated / 0-level found 
after a flash in presence of an inh ib ito r provides an 
indication of a donor site inhibition. We subjected 
chloroplasts in presence of inhibitors to a series o f 
strong actinic flashes of 25 ms duration  spaced 20 s 
apart and measured th e /0-level with a weak m onitor­
ing beam. With “diuron-type” inhibitors a series o f 
flashes did not lead to any appreciab le increase in 
the /o-level (data not shown). W ith “pheno l-type” 
inhibitors (see Fig. 4 for ioxynil), the / 0-level was 
found to be increased at the end o f each 2 0  s dark  
interval. This behaviour dem onstrates the gradual 
development of inhibition at the PS II donor site as 
indicated already by the lum inescence da ta  from 
Figs. 2 and 3. An additional feature o f this type of 
inhibition is shown by the experim ent o f Fig. 4b. In 
this experiment the illum ination tim e was increased 
by a factor of ten with respect to the conditions in 
Fig. 4 a. Surprisingly, it was found that a 250 ms 
flash produces about the sam e /o-rise as a 25 ms 
flash. Actually, ten 25 ms flashes are about ten tim es 
as effective as one single 250 ms illum ination , 
although the same am ount o f light was given. 
Similar results as shown for ioxynil (Fig. 4) were 
obtained also with BNT and dinoseb (data not 
shown). The dependence of the donor site effect 
upon the spacing of the actinic flashes was further 
studied by varying the dark interval and keeping

Fig. 4. Increase o f/0-level upon repeated flash illumination 
in presence of ioxynil. Illumination time a: 25 ms; 
b: 250 ms. Chlorophyll fluorescence was recorded in weak 
measuring light.

At sec

Fig. 5. Flash induced increase of J0 in dependence on the 
darktime between flashes. / 0 was measured in weak 
monitoring light. Outline of the experiment as indicated in 
the upper part.

the flash duration  constant. As a representative 
result, it is dem onstrated in Fig. 5 for BNT tha t a 
dark tim e of > 2 0 s  (at 3 x 1 0 ~ 5 m) or >  7 s  (at 
1 0 _4 m) is required for the m axim al increase in / 0 

following a single flash.
From these results we conclude that light is 

required for the full developm ent o f the donor site 
effect and that light m ust be given in properly  
spaced light/dark  cycles for m axim um  efficiency. 
There was no enhancem ent o f the donor site effect 
by preillum inating flashes given before the ad d i­
tion of the phenols. F rom  this the involvem ent o f 
long living S-states seems unlikely. One m ay assum e 
that the observed effect depends on a product w hich 
is formed in a photoact and becomes subsequently  
modified in a dark reaction.

Discussion

A common property o f “d iu ron”- and “phenol- 
type” inhibitors is their m echanism  of action at the 
acceptor site o f PS II, as can be deduced from  a 
large num ber o f experim ents w ith different k ind o f 
approaches, e.g. studies o f chlorophyll fluorescence 
induction, inhibition of PS II dependent pho to reac­
tions and com petitive binding assays [1, 2]. The 
inhibitor-induced binary oscillations o f fluorescence 
(Fig. 1) provide further evidence for a com m on 
mechanism, nam ely the displacem ent o f the bound  
quinone Qb from its binding site. Also stim ulation
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of Chlorophyll luminescence (Figs. 2, 3) is in ac­
cordance with this view. Contrasting results abou t a 
lack of an ioxynil or BNT induced lum inescence 
burst have been reported [19, 20]. These au thors 
utilized dark adapted Chlorella cells w ithout p re­
illuminating flashes for studying “dark lum ines­
cence”. Presumably with this type o f lum inescence, 
no electrons supplied by Qb are involved.

The luminescence studies (Figs. 2, 3) suggest for 
the “phenol-type” inhibitors a m echanism  o f action 
at the PS II donor site which resem bles tha t o f 
hydroxylamine. From electron transport studies 
(inhibition of silicom olybdate reduction) a second 
site o f action has been already proposed for ioxynil 
[19]. Further experiments dem onstrating a donor 
site inhibition using fluorescence induction studies 
are described in ref. [21]. Interestingly, in add ition  
to the light requirem ent for the donor site in h ib i­
tion by the phenols, there is also the need for 
relatively long dark periods between the actinic 
illumination. U nder our experim ental conditions no 
indications for a PS II donor site inh ib ition  were 
found for the “diuron-type” inhibitors.

It should be noted that in m ost o f our experi­
ments the inhibitors were used in concentrations far 
above the I50-concentration for inh ib ition  of electron 
transport. As proposed in [17], and m ore extensively

discussed in [16] and [18], binding of PS II inhibitors 
is much weaker when PS II centers are in the 
Q a/Q b state. This was the case in our fluorescence 
(Fig. 1) as well as in lum inescence experim ents 
(Figs. 2, 3), which explains the requirem ent for 
rather high inhibitor concentrations in contrast to 
those used in continuous light studies, e.g. Iso-deter­
minations. The significance o f the observed donor 
site inhibition by the phenols as a contribution to 
their inhibitory efficiency or herbicidal phytotoxi­
city is difficult to evaluate. It is possible that the 
light-dependent increase o f the donor site inhibition  
(Figs. 4, 5), sim ilar to the previously described 
light- and tim e requirem ent for maxim al inh ib ition  
[7] and binding [22], becom es m ore pronounced in 
continuous light and increases herbicidal efficiency 
of the phenols in vivo.

In view of the current understanding of PS II 
herbicide binding, we propose the following model: 
the PS II herbicide binding site consists o f a 32 kD  
protein (“Q B-pro te in”) and a 4 1 - 4 4 k D  reaction 
center protein. Binding o f a “diuron-type” herbicide 
results in an alm ost exclusive inhibition at the 
reducing site o f PS II via the 32 kD protein. Phenols 
affect additionally -  although weaker -  the donor 
site possibly via an interaction with the 41 kD 
protein.
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