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When DCM U and D C M U -type in h ib ito r concentrations vary over a large range, different 
effects may be observed on chlorophyll fluorescence param eters such as fluorescence transients, 
areas over fluorescence induction curves as well as kinetics o f  area  accum ulation . These results 
would indicate a heterogeneity o f PS II electron acceptors, or an in h ib ito r p a rtition ing  behavior 
dependent on the concentration. Also, a threshold  value can be reached  at supra-op tim al con­
centrations, beyond which the back reaction  is alm ost com pletely blocked. Such an approach 
makes it possible to find out inconsistencies in the  results, b ro u g h t a b o u t by dual effects o f some 
inhibitors such as phenol-type herbicides, as previously proposed.

Introduction

The biorational design o f photosynthesis-in­
hibiting herbicides im plies an accurate know ledge 
of their molecular chloroplastic target as well as o f 
the interactions between inhibitors and the site o f 
action, particularly when different chemical families 
have to be com pared. In the past, several au thors 
have accum ulated evidence o f a com m on site o f 
action for various PS II inhibitors [1 -4 ] , and the 
term DCM U-type inhibitors has been proposed 
accordingly. Using a multi-methodological approach 
(partial photochem ical reactions, fluorescence, 
luminescence, com petitive binding, e tc ...) , the 
various chemicals tested were shown to in teract 
with a common site Q B, the PS II secondary elec­
tron acceptor. However, by com paring the inh ib ito r 
concentrations with the corresponding effects upon 
these various phenom ena, some peculiarities or 
discrepancies appeared. The purpose o f this paper 
will be to discuss some o f questions related  to 
responses obtained when inh ibitor concentrations 
vary over a wide range.

Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-l,l-dim ethyl- 
urea; ioxynil, 4-hydroxy-3,5-diiodobenzonitrile; lenacil,
3-cyclohexyl-5,6-trimethyleneuracil; pyram in, 5-am ino-
4-chloro-2-phenyl-3-(2H)-pyridazinone; PS, Photosystem ; 
Qa , prim ary quinone electron acceptor o f Photosystem  II; 
Q b, secondary quinone electron acceptor.
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Materials and Methods

The techniques used in this paper have been 
previously described [3, 4, 8 ].

Results and Discussion

Chlorophyll fluorescence

DCM U-type inhibitors cause various changes in 
chlorophyll fluorescence kinetics of treated ch loro­
plasts or Chlorella.

Two param eters have been selected from the 
observed fluorescence induction curves;

— the area Am.M over the fluorescence induction 
normalized to the steady-state fluorescence Fmax, 
representing the size of the PS II electron acceptor 
pool [5] or the photochem ical quenching capacity 
[6 ], This value is expected to vary with D C M U - 
type inhibitor concentrations, because the re­
oxidation of the prim ary PS II electron acceptor 
Qa is inhibited.

— the fluorescence transient Fx, ascribed to the 
oxidation of an in term ediary pool and QA by 
PS I [7] is also directly related to the D C M U -type 
herbicide concentrations [3, 4],

When values of either Amax or Fmax -  F fF m[ax 
obtained with chloroplasts (in percent o f the control) 
are plotted versus the log of inhibitor concentration, 
a typical sigm oidal pattern is observed, as shown in 
Fig. 1 a for the fluorescence transient. However, the
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Fig. 1. Relation between the log of inhibitors concentration 
and fluorescence transient expressed in % of the control 
(Fig. 1 a), and between the inhibitor concentration and the 
log of fluorescence transient values, as percent of inhibi­
tion (Fig. 1 b, DCMU and ioxynil shown only), measured 
with tobacco chloroplasts. Chlorophyll concentration 
30 y!ml; photon flux density: 85 (iE x m_2x s-1.

usual log-probit transform ation for a sigm oid into a 
linear function does not apply in this case (low cor­
relation coefficient). The best fitting is ob ta ined  by 
transforming values of Fmax — F f F max o r Amax as a 
percent o f inhibition into the ir log versus the 
inhibitor concentration. A typical exam ple is p res­
ented in Fig. 1 b (the concentration scales for 
DCMU and ioxynil have been displaced in o rder to 
have a better comparison between the two inhibitors) 
for DCM U and ioxynil, showing a b iphasic pattern : 
a rapid change occurs in concentrations below  the 
Iso, whereas a second linear relationship  appears for 
higher concentrations, bu t w ith a d ifferent slope. 
Although this relationship is not shown here for all 
the DCM U-type inhibitors, sim ilar responses were

previously observed [4] with all the com pounds, and 
half effect values corresponded well to the pI5o values, 
except in the case of ioxynil. This discrepancy has 
been further confirm ed by chem ically triggered 
luminescence and silicomolybdate studies, indicating 
that phenol-type herbicides (such as ioxynil and 
dinoseb) were acting on both side o f PS II [4, 8 ],

The presence o f two distinct portions ob ta ined  in 
plotting the log o f effect versus inh ib itor concentra­
tion could receive several tentative explanations. 
The rapid variation o f both fluorescence transients 
(Fig. 1 b) and areas (not shown) over the induction  
curve in relation to the inh ib ito r concentration, as 
reflected by the first linear portion, occurs in a 
range of concentrations near the I50, w hereas above 
a threshold value, both param eters do not change 
drastically with the increasing inh ibitor concentra­
tions. This may indicate a fast sa tura tion  o f the 
binding site (Q B-protein) until a certain value is 
reached, beyond which inh ib ito r binding w ould 
proceed with a slower rate. However, this w ould not 
comply with usual partitioning or specific b inding 
kinetics. A lternatively, the observed separation 
could arise from  a threshold concentration above 
which all the back reactions are alm ost com pletely 
blocked leading to a lim ited effect on fluorescence 
when concentration increases. This hypothesis could 
be further tested by m easuring the sam e param eters 
under conditions o f a PS II single turn-over.

Kinetics o f area accumulation 
over the fluorescence induction curves

The growth o f the area over the fluorescence 
induction curve indicates the progress o f pho to ­
chemical events in PS II [9]. K inetics o f area 
accum ulation in D CM U  [9] or D C M U -type in h i­
bitors poisoned chloroplasts [3] have been proposed 
to largely reflect the reoxidation o f the prim ary 
PS II electron acceptor QX-

In Chlorella, various concentrations o f D C M U  
and D CM U -type herbicides are tested for the ir 
effect on area growth kinetics. Two phases are 
observed for D C M U  (Fig. 2 a) and lenacil (Fig. 2 b), 
a DCM U-type herbicide. However, by varying the 
inhibitor concentration, the two phases a and ß  are 
not equally affected. W hen concentrations o f 
DCM U or D CM U -type herbicides are in the 
vicinity o f the I50, the two phases are not as distinct 
as with higher concentrations and the kinetics o f
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Fig. 2. First order reaction kinetic treatm ent o f  the  a rea  
growth over the fluorescence induction curves m easured  
with Chlorella, norm alized to steady state fluorescence. 
AREA =  fraction of the corresponding area size increases 
with time. Chlorophyll concentration: 30 y/ml; pho ton  flux 
density: 85 |iE x m-2 x s_ l. 2 a: D C M U ; 2 b: lenacil.

phase ß  do not change. By rising concentrations 
largely above I50, both phases a and ß  are affected 
(Fig. 2 b).

The presence of a and ß  com ponents has been 
attributed, in higher plant chloroplasts, to the 
existence of two spatially separated photocenters

[10]. Alternatively each P S II  center would be 
connected to two prim ary electron acceptors Qj 
and Q 2 [11] both of which can be reduced in the 
presence of D CM U, but in a sequential m anner. In 
turn, both prim ary electron acceptors may be linked 
to Q b, or only one would transfer its electrons 
directly to the PQ pool, creating a relatively D CM U- 
insensitive pathway [12]. Also, Q 2 could be located 
in the m em brane within an environm ent better 
protected from outside interferences than Q] [ 1 1 ],

From the results presented, it is difficult to 
explain that the variations o f Q A photoreduction  
arises from a heterogeneity in the organisation o f 
the pigment units serving two types o f PS II reaction 
centers. The differential effect o f D CM U  and 
DCM U-type inhibitors upon com ponents a and ß  in 
relation with the herbicide concentration would 
rather indicate a heterogeneity o f the PS II electron 
acceptors. Alternatively, the possible existence o f a 
relatively less DCM U -sensitive electron transport 
pathway may also account for the observed d iffe r­
ential effects on a and ß  com ponents. On the o ther 
hand, reduced quinones diffuse rapidly in the m em ­
brane. Q b can be exchanged with PQ (H 2) leaving 
vacant the binding site on the Q B-protein, sug­
gesting that D CM U  could replace a PQ molecule
[13]. Consequently, replacem ent kinetics could be 
controlled by inhibitor concentration, giving rise to 
variable fluorescence yield related to QA pho to ­
chemical reduction.

Our results, obtained with Chlorella, are con­
sistent with what has been found on higher plant 
envelope-free chloroplasts. It has been shown recently 
that DCM U-type and phenol-type herbicides show 
sim ilar effects upon com ponents a and ß  by in ­
creasing inhibitor concentrations, but the PS II ß  
(or Qb) com ponent is suppressed at high herbicide 
concentration [14]. This result is in contradiction w ith 
our finding, since both phases a and ß  are observed 
even at high D CM U  or D C M U -type inh ibitor con­
centrations (Fig. 2 b). The discrepancy may find its 
origin in a different plant m aterial i.e. Chlorella and 
higher plant chloroplasts.

Concluding Remarks

As previously proposed [3, 4], the exact deter­
m ination of PS II inh ibitor m ode o f action im plies a 
multim ethodological approach, in order to accum u­
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late evidence for a com mon site o f action. A lthough 
very meaningful and easy to undertake, fluorescence 
induction studies do not provide a com plete p icture 
o f possible interaction between inhibitors and one 
component of the photosynthetic electron transport 
chain. It has been widely dem onstrated that fluo­
rescence yield is not only controlled by the redox 
state o f the acceptor side of PS II bu t also by the 
donor side. Phenol-type herbicides were shown to 
affect both sides o f PS II [3, 4, 8 ]. Therefore, m any 
results using only one herbicide concentration could 
have been masked by the dual effects. By varying

largely the inhibitor concentration, it was possible 
to dem onstrate some peculiar data particularly  in 
comparing half-effect values obtained from  variable 
fluorescence, initial fluorescence and chem ical- 
triggered luminescence data, as well as with m ea­
surements o f partial photochem ical reactions. The 
results presented here put m ore em phasis on the 
necessity to work not only on qualitative aspects but 
also on quantitative determ ination , in order to 
display some differences between sub-lethal and 
lethal concentrations with respect to the photosyn­
thetic electron transport.
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