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I. GENERAL INTRODUCTION

1.1. INTRODUCTORYREMARKS

Apart from theirapplication inagriculturaland horticultural practice,herbicides may claim a considerable interest of plant physiologists.
Besidesthefact that thepractical effects havetheir foundation inphysiological reactions of the plant, this same property may be used in physiological
researchinattemptstofurther elucidatethemechanismoftheunderlyingphysiologicalprocesses.Conversely,itcan beremarked that afurther understanding
ofthephysiologicaleffects mayhaveimplicationsfortheuseofthesesubstances,
and their chemical relatives, in practice. The use of herbicides in physiological
researchisthemoretemptingsinceithasbeenknownforalongtimethatseveral
of these substances exert these effects in remarkably low concentrations, suggesting that theseeffects may berather specific.
Among thevarious physiological processes that may be affected bypoisons,
photosynthesis deserves our attention in several respects. First of all, it is the
main energy producing process, and secondly, general experience has taught
that it shows an intermediate degree of sensitivity against many currently used
poisons.
From this viewpoint, wehave attempted to study the effects of some herbicides on the mechanism of photosynthesis, and on partial reactions of this
process (e.g.photophosphorylation) in the hope that a contribution might be
given to the understanding of the action mechanism of these herbicides on the
modes of electron transport within the photosynthetic process.

1.2. REVIEW OFLITERATURE

1.2.1. Someaspects of theprimary reactions ofphotosynthesis
Inordertofacilitate theunderstandingofthesubsequentdiscussionofresults
obtained, it appears appropriate to present briefly current views about the
mechanism of photosynthesis.
Photosynthesiscanbedefined asalight-mediated electronflowfrom waterto
carbon dioxide,ultimately leadingto oxidation of water to oxygen,and reduction of carbon dioxide to carbohydrate. Light energy absorbed in chlorophyllousand relatedpigments,organized inlamellar systemsintheplantcellsisthe
primary driving force of this electronflow.Indications are available that this
electronflowisaccompanied byphosphorylations, leadingto theformation of
ATP.TheenergyofthisATPispartlyreusedindark stepsoftheprocesse.g.,in
the carbon dioxide reduction chain.
Earlier and more recent research has revealed many detailed features of the
electronflowwhich takes part stepwise, and has led to the characterization of
several compounds involved.
Meded.Landbouwhogeschool Wageningen 71-9(1971)

1

E• oJ ( V )
- 0.6

•ANF"cL
- 0.4
cofactor
- 0.2

NADP

red.

(

C02reduction \

t
I

0
+ 0.2

cycle

J

ox.
+ 0.4
hvl
+ 0.6
2H1

2H2

+ 0.8

°fr^

H20^ I
+ 1.0h

yzo2

FIG. 1.Scheme for the primary reactions in photosynthesis.
* Thisrepresents acondensation of thefollowing suggested reaction schemefor the photolysis
of water:
2 H 2 0 ^ 2 OH" + 2 H +
(1)
2hv
2 OH" — > 2OH + 2e"
(2)
2OH —>• H 2 0 + O
(3)
sum: 2 H . O

2hv

2H+

+ i02+2e"+H20(4)

Oneofthemajor discoveriesinrecentyearshasbeen that, mostprobably, at
leasttwodirectlylightdriven stepsareinvolved,owingtotwoquantumabsorption in two different pigment systems.
Figure 1 shows a current scheme for electron (or hydrogen) transport in
photosynthesis, demonstrating that two photochemical reaction systems act in
series in photosynthesis. This concept was introduced by HILL and BENDALL
(1960)and developed by DUYSENSetal. (1961), WITTetal.(1961),andKoicand
HOCH(1961).Thistheoryisapttoexplainthesecond EMERSONeffect (EMERSON,
1958)andanumber oflight-induced absorption changesof oxidation-reduction
components in the electron transport chain (DUYSENSet al.,1961).
The two photochemical reaction systems mentioned are connected with two
different photosynthesis pigment systems,originally characterized by DUYSENS
as System I and System II.
Meded. Landbouwhogeschool Wageningen 71-9(1971)

SystemI(PSI)containsmostofthechlorophylla, andtransfers theabsorbed
light energy to thephotochemical reaction centre I, currently denoted as P70o
System II (PSII) contains a small portion of the chlorophyll a,and moreover,
phycobilins, chlorophyll b, and carotenoids. It transfers the absorbed light
energy to the-photochemical reaction centre II, denoted as Px.
These photochemical reaction centres P 700 and Px are assumed to become
excited by the energy transferred to them and thus become able to transfer
electrons to subsequent chemical steps of the reaction chain. Thus, Px is supposed to reduce acompound Q,and,consequently, oxidizeanother compound
Ywhichissupposed toplayaroleinapartial reaction systemwhichultimately
serves the oxidation of water and isresponsible for the photosynthetic oxygen
production. Recentevidencesuggeststhat Cl~ and Mn 2+ -ionsareactiveinthis
partofthereactionchain (IZAWAetal., 1969,respectively CHENIAEand MARTIN,
1970).
Evidence suggests, moreover, that the reduced compound Q transfers electronsspontaneouslyalongachaininwhichseveralcytochromesandsomeother
compounds are taken up. This transfer includes, e.g., production of ATP and
further losses of potential energy alongthechain. Consequently, the reduction
capacity, or, probably, more correctly, the redox potential of the subsequent
substances along the chain decreases, and reaches a level, insufficient for the
reduction of carbon dioxide.
At this point, the action ofP 7 0 0 comesintoplay,andexcitation ofthiscompoundbyuptakeoflightenergyfrom PSI,transferselectronsfrom thementionedelectrontransfer chain toacompound Z,whichthusacquiresaredoxpotential,sufficient toreduceferredoxin (Fd)and NADP,whichlattersubstancethen
acts asthe primary reductant for the C02-reduction cycle.
This position of Z enables the occurrence of another important electron
transfer chain,viz.,from Zprobablyviaa'cofactor' backtoPQoraneighbouringcompound, and further alongthealreadymentioned electron transfer chain
toPC(withATPformationincluded),andviarenewedinputofexcitationenergy
from P 700 back to Z.TheATPformation connected withthiselectron transfer
hasbecomeknownas'cyclicphotophosphorylation', (ARNONetal., 1958);some
of its properties will bediscussed further in this paper.
Havingthusoutlinedthemaintrendsofelectrontransfer knownto-dayinthe
photosynthetic process,wewillnowdealfurther withanumber ofspecificproperties and discoveries regarding the various compounds involved. These propertieswillinpartelucidatetheevidenceforthelocalization andmodeofaction
ofthevariouscompounds at different placesintheelectron transfer chain.
P7oo» the photochemical reaction centre I, is a chlorophyll a type with an
absorption maximum at 700nm,and (active at)a redox potential of + 0.43V
(KOK, 1961).The nature of thereaction centre of system II issofar unknown;
DORING et al.(1967and 1969)obtained indications that Px might be achlorophyll atype with an absorption maximum at 682nm. For several reasons one
has to assumethat its E^-valueisdefinity lowerthan that of P 700 - Yisa cofactor,postulated byWITTetal. (1963)asanelectrondonorfor Px.Qisassumedto
Meded. Landbouwhogeschool Wageningen 71-9(1971)
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bethefirstsubstance acceptingenergyfrom Px,and thusactingasthequencher
offluorescence,postulated by DUYSENS(1963).According to MALKINand KOK
(1966)thisfactor still includes two components, whichthey call Qand P.Possibly, one of theseisplastoquinone (PQ).The next substance along the energy
transfer chain isassumed to becytochrome 559which hassomeof theproperties of cytochrome b3 and issupposed to transfer electrons to cytochrome 553
(LEVINE, 1969).
Cytochrome 553isac-typecytochrome, often called cytochrome/; itsredox
potential is + 0.37 V. Plastocyanin (PC) is a copper protein, first isolated by
KATOH(1960);itsredox potential is+ 0.39V.Itwasnot clear,whetherplastocyaninorcytochrome 553istheelectron donor for P 7 0 0 ; accordingtoWESSELS
(1966)and GORMANand LEVINE(1966)plastocyanin istheonethat servesasthe
electrondonor for P70o-Itmaybementioned inadditionthat theinsolubleand
tightly bound cytochrome 563( = cytochrome b6)isthought to play a rolein
cyclicelectron transport (LEVINE, 1969and HIND and OLSON, 1967). KOK etal.
(1965),from studies on the photoreduction of viologen dyeshaving E^ values
between- 0.32and - 0.74V,concluded that the normal potential ofthe strong
reductantZ,generatedinthelong-wavephotoactofphotosynthesis,isaslowas
orlowerthan- 0.7V.WITTetal. (1963)alreadyreported onanelectronacceptor of light reaction I, also called Z, the redox potential of which should be
below- 0.44V.ReductionofNADPbyferredoxin iscatalyzedbya flavoprotein
enzym (FP),viz.ferredoxin-NADP reductase (E.C. 1.6.99.4).
The electron transport from water, via Px, Q, the electron carriers, P 700 , Z,
Fd, to NADP is called non-cyclic electronflow.This electron flow ultimately
produces oxygen, reduced NADP, and ATP. This ATP-production is called
non-cyclicphotophosphorylation (ARNON, 1959).Undercertain conditions,tobe
specified later on, an electronflowoccurs,called cyclicelectronflow,accompaniedby''cyclic'photophosphorylation(ARNONetal., 1958)inwhichelectronsmove
from P 700 to Z, PQ (or possibly Q or cytochrome 559)and the other electron
carriers, back to P70o- This electronflowproduces no oxygen and no NADPreduction. The only product one can measure is ATP. In chloroplasts, cyclic
photophosphorylation onlyoccursafter addition ofacofactor, e.g. PMS or vitamin K. It ispossible to distinguish between cyclicand non-cyclic photophosphorylation, e.g. by irradiation with light of wavelengths beyond 700 nm. In
thiswavelengthregiononlypigmentsystemIabsorbslightenergy.Stillanother
type of electron flow is the pseudo-cyclic electron flow, coupled topseudocyclicphotophosphorylation (ARNON et al., 1961, 1964). This occurs when reduced ferredoxin does not reduce NADP, but is oxidized by oxygen. This
pseudo-cyclic photophosphorylation looks like the cyclicone, because no oxygenissetfree andnoNADPisreduced.However,theelectronflowcorresponds
moretothenon-cyclicone,becausetheelectronsaretransportedfrom water,via
the electron carriers and ferredoxin, to oxygen.
The non-cyclic electron transport, which generates 0 2 , ATP, and reduced
NADP, appears to be the main pathway of photosynthetic energy conversion,
aslongC02-assimilation proceeds.Thefixationofeach C02-moleculerequires
4
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2 reduced NADP and at least 3 ATP. The ATP needed for C 0 2 reduction in
excess of the amount supplied by non-cyclic photophosphorylation, can be
provided bycyclicphotophosphorylation (ARNON, 1965).ARNON also suggested
that the regulatory mechanism in chloroplasts to switch from non-cyclic to cyclic electron transport is the availability of oxidized NADP which accepts electrons from ferredoxin. When all NADP is reduced, a cyclic electron flow, with
coupled phosphorylation, will ensue. In general, the condition for this situation
is shortage of C 0 2 . The electron transfer is of the pseudo-cyclic type when the
electron carriers are strongly shifted to the reduced side and oxygen is present.
The conditions for this mechanism occur especially at high light intensities.
Another important question is whether the possibility exists of energy transfer between the pigments from PS II to those of PS I. In 1963, MYERS and
GRAHAM postulated two alternative models for energy distribution. In the first
model, they assumed that the two pigment systems are so arranged, perhaps
spatially, that transfer is exclusively within each pigment system to its specific
reaction centre. They have called this possibility the separate package model.
They have also imagined a second possibility, viz., the spillover model. In this
they envisage that the energy of quanta absorbed by pigment system II is transferred preferentially to reaction centre II, but may also be transferred to reaction centre I, if the transfer capacity of centre II is constantly occupied. The results of their experiments did not allow them to discriminate between both
models. MURATA et al. (1966) and KOK and RURAINSKY (1966) provided evidencefor thecorrectness of the spillover model,based on resultsof fluorescence
experiments. More recently, JOLIOT et al. (1968) demonstrated absence of photon transfer from PS II to PS I; WILLIAMS(1968)and WILLIAMSet al.(1969)also
rejected the spillover model. However, MURATA (1969) found spillover of excitation energy from PS II to PS I which was suppressed by Mg 2 + .
Further information about possible pathways of photosynthesis can be found
inrecentreviewsby BOARDMAN(1968), FORKand AMESZ(1969)witha discussion
of the spillover model, and LEVINE (1969).
1.2.2. Polyphosphate formation in relation to photosynthesis
Inorganic polyphosphates (poly P) occur in yeasts, green plant cells, fungi,
and many bacteria (WIAME, 1947,and WINTERMANS, 1954;for reviews, see e.g.,
KUHL, 1960, and HUENNEKENS and WHITELEY, 1960). They have never been
found in animals, except in a few insects (SCHMIDT, 1951; HUENNEKENS and
WHITELEY, 1960).Metaphosphates and polyphosphates are distinguished in that
metaphosphates are the low molecular weight phosphates, including cyclic triand tetrametaphosphate. Polyphosphates are the high molecular weight polymers, consisting of either linear or cyclic units, or are mixed polymers. Extraction with trichloroacetic acid yields two fractions: the soluble and the insoluble
poly P fractions. The poly P of the insoluble fraction can be hydrolysed by
heating to 100°C in IN HC1during 7 minutes, this fraction is called A 7 min.
P. Thechain oftheinsolublepoly Pislonger than that of thesoluble poly P, and
correspondingly their molecular weight is higher.
Meded. Landbouwhogeschool Wageningen 71-9(1971)
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Biologically,theinsolublepolyPfraction isthemostimportant one,because
this fraction is in enzymatic equilibrium with ATP. With a purified enzyme
(polyphosphate kinase; E.C.2.7.4. 1.) from Escherichia coli, KORNBERGetal.
(1956)found theformation ofTCA-insolublepolyP,accordingtotheequation:
x ATP + (P0 3 -)„ ^±x ADP + (P0 3 -) n + x

(1)

primer

A further study (KORNBERG, 1957) of the poly P synthesizing enzyme from E.
coli showed that poly P, prepared bychemical or enzymatic synthesis, may be
utilized inthequantitativephosphorylation ofADPtoATP,accordingto:
x ADP + (P0 3 -) n ^ xATP + (P0 3 -) n _x

(2)

Under unfavourable growthconditions,oratcertain stagesinthegrowthcycle,
the accumulation of ATP might giverise to poly P formation via reaction(1).
Upon resumption of growth, ATP utilization would yield ADP, which would
thenberecycled to ATPbyreaction (2).Thefunction ofpoly P would thusbe
analogous to that of the N-phosphate compounds, phosphocreatine and phosphoarginine,in animal tissues.It isof interest to note, that cellscapable ofaccumulatinglargeamountsofpolyP,i.e.yeast,bacteriaandalgae,donotcontain
the N-phosphate compounds (HUENNEKENSand WHITELEY, 1960). For a more
recent survey of poly Pin biology, seereview by HAROLD(1966).
Studies of the possible role of energy-rich phosphate compounds in photosynthesisstarted after initialworkof VOGLERand UMBREIT(1942)andEMERSON
etal. (1944)withthe autotrophic sulfur bacterium Thiobacillus thiooxidansand
withChlorellapyrenoidosarespectively.Inourlaboratory, phosphateexchanges
were studied in relation to photosynthesis in purple sulfur bacteria and in
Chlorella (WASSINK etal, 1949; WASSINK etal.,1951and WINTERMANS,1955).
Following the changes in phosphorus metabolism by extracting the cells with
TCA, and measuring the shifts between the inorganic phosphate fraction and
the TCA-insoluble phosphate fraction, the mentioned authors found that illuminated Chlorella cells can convert orthophosphate into high molecular
weight polymers of phosphoric acid, particularly in the absence of C0 2 . The
formation of thesepolyphosphates in the light continues for several hours at a
slowlydecreasingrate.PolyPformation inthelightdoesnotrequireoxygen,an
important distinction from phosphate fixation in the dark, the latter being
oxygen dependent. WINTERMANSregarded polyphosphates asenergy-richphosphoruscompoundsformed viaATPattheexpenseoflightenergyintheprimary
reactionsofphotosynthesis.Theenergy-rich phosphate groupsaresupposed to
be transferred from ATP and stored as poly P,particularly in the abesneeof
C0 2 , when the normal photosynthetic demands on energy-rich phosphate
groups have been curtailed (see e.g. WASSINK, 1957). More recently, evidence
for therole ofenergyreservoirs ofpolyP hasbeen reported by MIYACHIetal.
(1964)for Chlorellaellipsoideaand by SYKESand GIBBON(1967)for Chlorobium
6
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thiosulphatophilum. Also in the laboratories of SIMONIS (KANAI and SIMONIS,
1968and ULLRICHand SIMONIS, 1969) and KYLIN (KYLIN, 1966 and KYLIN and
TILLBERG, 1967), poly P formation in relation to photosynthesis has been

studied inAnkistrodesmus braunii andScenedesmus, respectively.
VAN RENSEN (1969)demonstrated that, inanalogy with WINTERMANS' data,in
the absence ofC 0 2 and0 2 , phosphate fixation byScenedesmus cells represents
polyphosphate formation bycyclic photophosphorylation in vivo.
1.2.3. Effects of herbicides on photosynthesis
Although theapplication oftoxicchemicalsforweedcontrol has already been
practiced formore than half a century (NORMAN etal, 1950),the development
of herbicides affecting photosynthesis started only about 15years ago.
WESSELSand VANDERVEENwereamongthefirst tostudytheeffect ofherbicides on
photosynthesis; in 1956they investigated the action of some derivatives of
phenylurethane and of 3-phenyl-1,1-dimethylurea on the HILL reaction. GAST

et al. (1956) werethefirsttostudy the effect ofsimazine (2-chloro-4,6-bis(ethyIamino)-5-triazine) on plants. Thebipyridylium herbicides, such as diquat and
paraquat, appeared still later in photosynthesis literature (MEES, 1960). Despite
their short history, theeffect ofherbicides on photosynthesis hasalready been
elaborately studied, mainly because they affect photosynthesis inextremelylow
concentrations, suggesting a large degree of specificity, and importance for
elucidating detailed aspects ofthemechanism ofthe process.
Among thesubstituted phenylurea derivatives, DCMU andCMUare most
studied. The effect ofboth substances onphotosynthesis isnearly thesame,although DCMU isabout tentimes more effective. These herbicides inhibitthe
7
HILL reaction at very low concentrations, viz., 10" molar (WESSELS and VAN
DER VEEN, 1956).Oxygenevolution inScenedesmus was found inhibited for50%
at about 10~ 7 M (VAN STEEKELENBURG, 1959 and VAN RENSEN and VAN
STEEKELENBURG, 1965).
GEOHEGAN (1957) reported that after glucose application, the concentration
of three phenylurea compounds required toinhibit growth of Chlorellavulgaris
is increased. GENTNER and HILTON (1960) fed sucrose to barley viatheleaves,
simultaneously with theapplication of fenuron, monuron (CMU), neburon or
DCMU tothe root medium inwhich the 10-dayoldbarley plants were growing.
The sucrose was found todecrease inhibition ofnew growth bytheherbicides.
The authors believed that theresults proved that thetoxic symptoms produced
in barley bythe phenylureas were primarily due toaherbicide-induced deficiency of photosynthate.
DUYSENS et al. (1961), studying the oxidation-reduction of a cytochrome,
found that itsreduction, mediated byphotosynthetic system II,isinhibited by
DCMU. ZWEIG et al. (1963) have shown that substituted phenylureas cause
stimulation of fluorescence in Chlorella.
SWEETSER (1963) studied interactions between phenylurea herbicides and
flavins, and found that FMNcaused photochemical inactivation of CMU and
Meded. Landbouwhogeschool Wageningen 71-9(1971)
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other substituted phenylureas; a compound of high molecular weight which was
no longer antiphotosynthetic, was isolated from the CMU-FMN reaction
mixtures. A close relationship was found between the ability of phenylurea
compounds to react photochemically with FMN and their capacity to inhibit
photosynthesis. Molecular models of FMN and DCMU show surprising
similarity in structure. SWEETSER postulated that CMU exerts its inhibitory
effect on photosynthesis through interaction with FMN or a flavoprotein in
the electron transfer pathway.
IZAWA and GOOD (1965) and VAN RENSEN and VAN STEEKELENBURG (1965)
showed that DCMU is accumulated by isolated chloroplasts and by Scenedesmus cells respectively. Yet, this compound can be removed by washing, as was
demonstrated by WESSELS and VAN DER VEEN (1956), VAN STEEKELENBURG
(1959), ZWEIG and GREENBERG (1964), and VAN RENSEN and VAN STEEKELENBURG (1965).
GINGRAS et al.(1963)and GINGRAS and LEMASSON (1965)showed that oxygen
evolution of Chlorellaisinhibited moie strongly byCMU inthe light-dependent
part of the photosynthesis-light curve than in the light-saturated one. VAN
RENSEN and VAN STEEKELENBURG (1965) demonstrated the same effects for
DCMU in 0 2 -evolution of Scenedesmus.
DCMU has no effect on C0 2 -fixation in algae, adapted to photoreduction
with hydrogen (BISHOP, 1958). The phenylureas inhibit photophosphorylation
coupled to oxygen evolution, but less so phosphorylation catalyzed by PMS
(GOOD, 1961). Inhibition of non-cyclic photophosphorylation and NADPreduction inchloroplasts by DCMU can be removed by the ascorbate-DCPIP
couple as an electron donor (JAGENDORF, 1959 and VERNON and ZAUGG, 1960),
although complete recovery is not always obtained (HOCH and MARTIN, 1963).
It thus appears that inhibition by phenylureas must be located close to PSIT.
Attempts to localize this inhibition site more precisely have not been successful
until now, because of still elusive features in the mechanism of photosynthetic
oxygen evolution. There are also some indications for another site of action.
Resultsfromexperiments ofASAHIand JAGENDORF(1963)withdisruptedandaged
chloroplasts, of GINGRAS et al. (1963)with Chlorella, and from experiments on
glucose-assimilation of TANNER etal. (1965)suggested that thereissuch a second
site sensitive to high concentrations of CMU and DCMU, associated with PS I.
However, according to VAN RENSEN (1969) it is as well possible to explain these
effects by assuming one site of action only.

The group of substituted amino-triazines includes several compounds from
which simazine and atrazine are best known. GAST (1958) showed that the accumulation ofstarch by Coleusblumeiisinhibited after treatment with simazine.
To determine whether simazine interferes with sugar formation or with starch
accumulation, GAST kept starch-free Coleusleaves inthe dark in a sucrose solution, found that they were able to form starch in the presence of simazine, and
thus concluded that simazine must inhibit sugar formation. MORELAND et al.
(1959) reported that glucose kept barley seedlings alive and growing in the
8
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presence of otherwise lethal concentrations of simazine.
VAN STEEKELENBURG(1959)demonstrated that simazine inhibits oxygen evolution in Scenedesmus for 50% ata concentration of 1 0 - 7 M ; for simetone the
required concentration is4 x 10~ 6 M (VANRENSENand VAN STEEKELENBURG,
1965).
ROTH (1958) observed that simazine inhibits photosynthesis inElodea. EXER
(1958)and MORELANDetal.(1959)havereported that simazine inhibits the HILL
reaction in chloroplasts at concentrations of about 10~ 7 M. Most phytotoxic
triazines seem toinhibit the HILL reaction inchloroplasts; however, thedegree
of inhibition isnot always paralleled by a corresponding degree of herbicidal
effectiveness (GYSIN and KNUSLI, 1960). VAN OORSCHOT and BELKSMA (1961)
monitoring by infrared analysis the C0 2 -exchange of plants, maintained in a
closed chamber, found that C0 2 -uptake of several plant species isstrongly inhibited by simazine.
IZAWA and GOOD (1965) showed that atrazine is accumulated by isolated
chloroplasts. This isnot so with simetone inScenedesmus cells (VAN RENSEN and
VAN STEEKELENBURG, 1965). Both simazine and simetone can be removed by
washing, as was reported by VAN STEEKELENBURG (1959), BISHOP (1962), and
VAN RENSEN andVAN STEEKELENBURG (1965). The last authors also demonstra-

ted that simetone exerts a stronger effect on oxygen evolution of Scenedesmus
in thelight-limited part ofthe photosynthesis-light curve than inthe light-saturatedone.
Triazines inhibit chloroplast reactions when ferricyanide or FMN istheelectron acceptor butfail todosowhen PMS istheacceptor. This probably means
that the mechanism inhibited is the mechanism normally responsible for the
oxidation of water to molecular oxygen. Triazines with two imino-hydrogens
are more strongly inhibitive than those with only one (GOOD, 1961). ZWEIGetal.
(1963) showed that atrazine and simazine are able to stop oxygen evolution
from illuminated Chlorella, andcause stimulation of chlorophyll fluorescence.
BISHOP (1962) reported inhibition ofphotosynthesis in Scenedesmus by aminotriazines, however, noinhibition ofphotoreduction inhydrogen adapted algae.
Concentrations which inhibit photosynthesis donotinfluence therespirationof
the algae. In pea chloroplasts, the FMN-catalyzed photophosphorylation is
much more sensitive to simazine than the vitamin K3-catalyzed reaction.
BISHOP (1962) reported that the various effects produced on photosynthesis,
photoreduction, photophosphorylation, andtheHILL reaction arethesamefor
all triazines with two imino-hydrogens, asfarastested.Itappears probable that
also these triazines inhibit photosynthesis somewhere close to PS II.
The effect ofbipyridylium compounds hasbeen studied byvarious authors,
see e.g. thereview by MORELAND (1967). Thetwobest known compounds are
diquat andparaquat which both cause similar responses (HOMER et al., 1960).
MEES (1960) showed that light increased therate ofkilling of bean leaf discs
by diquat. Furthermore, etiolated wheat seedlings treated with diquat inthe
light, showed a rate of killing comparable to that shown bylight-grown seedMeded. Landbouwhogeschool Wageningen 71-9(1971)
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lingstreated withdiquatinthedark,indicatingthatchlorophyllwasrequired to
obtain the maximum rate of killing. After pretreatment with CMU, or in the
absenceofoxygen,nostimulatingeffect oflightontherateofkillingofchlorophyll containing samples by diquat was observed. Diquat sometimes caused
initial stimulation of respiration, and inhibition later on. The stimulation was
dependent on continuous supply of diquat to the tissues, while the inhibition
wasnot. MEESconsidered freeradicalformation anessential stepinthedevelopment of the toxic action of diquat.
. BRIAN (1964)reported that the light induced reduction of NADP in chloroplastsisinhibited by diquat bycompetition for electrons. Reduction of diquat
ispreferent, owingtotheredoxpropertiesofthetwosystems.Inthedark,respiration supplieselectronsfor reduction ofdiquat. Bothin lightand indarkness,
thesituation leads to theproduction of free radicals. Secondarily, in the presenceofoxygen,peroxidesareformed whichhavebeensuggested to disruptcell
membranes, and ultimately cause the death of thecells.
LANG and SEAMAN (1964) found rapid chlorosis and death of Lemna and
Azollabylowconcentrationsofdiquatorparaquat. Inbothcases,chlorosiswas
directly related to concentration, light intensity, and duration of treatment.
Electron microscope observations indicated major differences in the ultrastructure of chloroplasts between treated plants and controls; breakdown in the
regular pattern ofchloroplast lamellae and granawasfrequently observed.
MERKLEetah (1965)observed thatanaerobiosisprotected thepigmentsystem
ofbeans, exposed to light, from bleaching byparaquat. Changesin membrane
permeability by paraquat in light occurred, also in the absence of oxygen, in
mesquite,honeysuckle,and broadleafbean.Thesechangesinpermeabilitywere
also temperature dependent.
VAN OORSCHOT (1964, 1966) showed that diquat strongly decreased C0 2 uptake of bean leavesin the light. The relative inhibition was almost equal at
different light intensities.Thereduction of C02-uptake wasfollowed bya gradual development of chlorotic and necrotic spots on the leaves. Simultaneous
application of diquat and simetone had more or less additive effects on C0 2 uptake, but the development of symptoms was suppressed.
Mostresultsontheeffects ofbipyridyliumherbicideson photosynthesis have
beenobtainedinstudieswithhigherplantsorisolatedchloroplasts.VAN RENSEN
(1969a) and also TURNER et ah (1970) reported experiments on the effects of
diquat on the gas exchange of unicellular algae, Scenedesmus and Chlorella
respectively.
Allthe aboveresults areconsistent withthehypothesisthat thereductionof
diquat to afree radical isanessentialstepinthesequenceoftoxicreactions.In
thelight,diquat isreducedinthephotosyntheticprocess;inthedark inrespiration. Through interaction of the diquat free radical, water, and 02, toxic peroxidesareformed, andmaybeinvolvedinthedegradationofproteinsandother
large molecules in the protoplasm.
•Fromexperiments withdiquat, VAN RENSEN(1969)concluded that thereare,
most probably, two phosphorylation sites in the cyclicelectron transfer chain.
10
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1.3. SCOPE OFTHE PRESENTINVESTIGATION

Against the background of the preceding discussion, an attempt has been
made to contribute to the elucidation of the mechanism of action of three
photosynthesis-inhibiting herbicides. Because these compounds act on photosynthesis already in very low concentrations, it might be expected, that their
effects wererather specific, and, therefore, that theywerea suitabletool in the
study of the mechanism of photosynthesis.
Thus, we have investigated the effects of DCMU, simetone, and diquat on
oxygenevolution in Scenedesmus with the aid of the WARBURGtechnique, and
moreover, collected observations on theeffect oftheseherbicidesonpolyphosphateformation inrelationtophotosynthesis,inordertotryto locate,ifpossible, their sites of action in the photosynthetic electron transfer chain.

Meded. Landbouwhogeschool Wageningen 71-9 (1971)
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II. MATERIALS AND METHODS

II.1. SOMENOTESON THE HERBICIDESUSED

DCMU [N'-(3,4-dichlorophenyl)-NN-dimethylurea] is the best known representative ofthesubstituted ureas.Inagriculturalresearchitsnameisdiuron,
but in photosynthesis research it iscommon to usethe abbreviation, therefore
thenameDCMUisusedinthispaper.Inhigherplants,theseureasaretakenup
by the roots, transported by the xylem and accumulated in the leaves, where
theyinhibit photosynthesisatconcentrations of0.02to2ppm.Thesolubilityof
DCMU inwater isvery low,viz.,42ppm at 25°C.Thetoxicity ofthe ureas to
mammalsisrelativelylow;theoralLD 50ofDCMUforratsisabout3400mg/kg
(3400ppm) (WURZER, 1969).
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The chemical formula of simetone is 2-methoxy-4,6-bis (ethylamino)-l,3,5triazine. The best known compound of the triazine group is simazine. The
aqueoussolubilityofsimazineat26°CandpH=7 is5 ppm;that ofsimetoneis
2340 ppm (WARD and WEBER, 1968). Because of the very low solubility of
simazine, simetone has been used in this investigation. Also the triazines in
higherplantsaretakenupbytheroots,transported viathexylemand accumulated in the leaves,wherethey inhibit photosynthesis at concentrations of 0.02
to 2ppm. The toxicity of triazines to mammals isalso low,the oral LD 50 for
rats varies from 3000-5000 mg/kg (3000-5000 ppm).
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Diquat is used in the experiments as its dichloride monohydrate (l,l'-ethylene-2,2'-bipyridylium dichloride monohydrate), it is one of the bipyridylium
herbicides. The compound forms a pale yellow monohydrate in water. The
meltingpoint is > 320°C.Thematerial isreadily soluble;up to 70gin 100ml

S
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^
H2

^

H2

2 CI

water at 20°C,and itisstable inacid and neutral solutions.Coloured complex
products are formed in alkaline solution, which products appear to be due to
to the opening of one of the pyridine rings.This process isassociated with the
uptake ofonemoleculeofalkali (BRIANetal.,1958).Sprayed inthelight,these
herbicides causerapid killingof leaves.Its distribution pattern islikethat of a
chemical transported through the xylem rather than through the phloem
(BALDWIN, 1963).Upon contact with the soil, there is a rapid loss of activity.
All quaternary bipyridylium salts with herbicidal activity aie reducible to oneelectron free radicalsinacomparatively narrow rangeofredoxpotentials,viz.,
-349 to -548mV (BOON, 1966).The redox potential of diquat is-349 ± 3mV.
The reduction of diquat occurs according to the equation:
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in which A~ may bechloride or bromide. The oral LD 50 of diquat for rats is
400mg ion/kg (400ppm) (WURZER, 1969);photosynthesis isinhibited at concentrations of 2-20 ppm.

II.2. CULTIVATION OFTHEALGAE

The algae (Scenedesmus sp.) were kept as sterile stock cultures in tubes with
1-5%agar and a medium which per liter contains:
NH 4 N0 3
K 2 HP0 4
MgS0 4

0.33g
0.2 g
0.2 g

FeS0 4
Na-citrate
EDTA

0.006g
0.004g
0.002g

Inaddition,2mlofacombinedA4andB7solutionoftraceelements,according
to ARNON (1938),were supplied.
The cells for the experiments were cultured as follows: an inoculum taken
from an agar slant, was suspended in about 5 ml sterilized culture medium.
Meded. Landbouwhogeschool Wageningen 71-9(1971)
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With a sterilized pipette, 1ml of this suspension was brought into a one liter
erlenmeyer, containing 250ml culture medium, which per liter contains:
a. KN0 3
b. KH 2 P0 4
c. MgS0 4

2.5 g
0.135g
0.50 g

d. FeS0 4
Na-citrate
EDTA

0.006g
0.004g
0.002g

Inaddition,2ml ofacombinedA4andB7solutionoftraceelementsaccordingto
Concentrated stock solutions of the salts were
sterilized separately (a, b,and c)orinmixturesasmentioned above(d,and the
solutions of trace elements). The erlenmeyer flasks were placed on a rocking
table and illuminated from below by fluorescent tubes. Room temperature
was22°C. Thesuspension wasflushedwithastream ofaircontaining 5% C0 2 ,
through acapillary tubeclosed byacotton plug.After 4-6 days,thecellswere
used for an experiment. Cell density then was 3-5 mm3 cells/ml.
The algae wereharvested by centrifugation, usually at 3000rpm during 5to
10 minutes and the density of the suspension determined with the aid of
TROMMSDORFFtubes.Cells werethen suspendedintap water,washed once,and
resuspended in the medium used in the experiments, being adjusted to the
desired density value. The final densities of these suspensions are given in
mm3 packed wetcells perml.
ARNON (1938) were supplied.

II.3. MEASUREMENT OFGASEXCHANGE

Measurements of gas exchangeweremadewith a WARBURG apparatus. This
apparatushadathermostat bathof 100 X30 cm,whichcould bekeptattemperatures between 15 and 35°Cbyanelectricheater,controlled byathermorelay
with an accuracy of 0.05°C, and a cooling system consisting of a continuous
flow of tap water through a copper coil.The water in the thermostat bath was
stirred byan electricpump.Arocking frame on which6manometers could be
placed, wasmounted in front ofthe bath.Thereaction vessels,used inmostof
the experiments, had one side-arm and flat bottoms (diam. ca. 6 cm); their
volume was about 28ml.
The vessels were illuminated from below by incandescent lamps (Philips
Attralux 24V, 150W,type 13378E/06).Theywerecooled bytwosmall(20W)
fans.Thelightintensityofthelampswasdeterminedwithathermopilewithand
without a SCHOTT RG 8filter. The range of transmission of thisfilterreaches
from about 675nm to about 3000nm; its transmission is 70 % at 700nm and
90 % at 750 nm. The light intensity values given in the text of this paper are
corrected for the infrared radiation as transmitted by the SCHOTT RG 8 filter,
and represent incident light intensities at the bottom of the vessels. Different
light intensities were obtained by neutral metal screens, placed between the
lamps and the vessels, below the water bath. Unless stated otherwise, the unweakenedlightintensityintherangeuptoabout 690nmwas4 X 105ergs/cm2,
sec.
14
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In some experiments, SCHOTT RG N9 filters were used. They were placed at
the bottom ofthe water bath, between the lamps and the vessels. The thickness
of these filters was 3mm and their transmission inthe wavelength region ofinterest isshown infig.2.The transmission begins to decrease again at 800nm;at
1000 nmit is 50%, and at 1500nm about zero. Under the conditions of our
experiments, the filters, atthelevel ofthe vessels, transmit about 50% of the
total radiation ofthe tungsten lamps.
Measurements with theWARBURG apparatus arebased onthe manometric
principle, which implies that only those reactions canbe observed, in which
gases areformed or disappear. From theoverall equation of photosynthesis:
C 0 2 + H 2 0 -• C H 2 0 + 0 2
it follows, however, that for each C0 2 -molecule consumed, one molecule of 0 2
isreleased, whichimplies that no netgasexchangeatallwould beapparent. This
difficulty canbe overcome byvarious methods,two of whichwillbediscussedin
some detail below.
a. Measurements in which theC02-tension iskept constant
It is readily understood that thechange in manometric reading (h)is due
solely tooxygen evolution or uptake if the partial pressure of C 0 2 inthegas
space ofthe reaction vessel ismaintained constant. Asiswell-known, mixtures
ofcarbonates and bicarbonates havebeenintroduced by WARBURG(1919)to this
purpose. Inour experiments, mixture no9 was used, consisting of0.015 mol.
carbonate and 0.085mol.bicarbonate;pH was9.37.Thisbuffer isin equilibrium
withaC0 2 -concentrationof79 X 1 0 - 6 Mat25°C,whichcorresponds to about
0.24 vol. %C 0 2 inthe gas phase.When properly used, thisconcentration is not
a limiting factor forphotosynthesis of Chlorella, as was already observed by
WARBURG.
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Thegasexchange(x)wascalculated inthewell-knownwaybymultiplyingthe
measured pressure change (h) by the vessel constant (Vc):

x = h.V„

in which

V. =

273 _,
V. x — + Vf.a
T

In this formula, Vgrepresents the volume of the gas space in thevessel, the
capillary tube and themanometer, Vf the volume ofthe liquid phase and a the
absorption coefficient for oxygen at temperature T(the temperature applied in
theexperiment,inCK).P0istheequivalent of760mmmercuryexpressedinmm
ofmanometer liquid. Byusing BRODIE solution,acommon manometer liquid,
consisting of an aqeous solution of bile saltsand NaCl in suitable concentrations, P„ = 10,000mm.The bile saltsserve aswettingagents inorder to make
the liquid move smoothly through the capillary measuring tube of the manometer. In most of theexperiments, 10mlalgal suspensionwereintroduced into
thevessels.Withatotal volumeofabout 28ml,Vcfor oxygenwasabout 1.70at
25°C.Onemanometervesselwasprovided withsuspension liquid withoutalgae
and served as a thermobarometer, registering spurious manometer shifts for
which the readings are to be corrected.
b.a. Simultaneous measurements of C02 and02, using theindirect methodof
Warburg
Thismethod (WARBURG, 1926) is based upon the principle that changes in
thevolume of two gasesof markedly different solubilities in the liquidused in
theexperimentscanbemeasured by simultaneously following the manometric
pressure changes occurring in the presence of identical reaction mixtures in
twoflasksof about equal total volume but with markedly different gas and
liquid volumes. With respect to our experiments, identical samples of algae
suspendedeitherin5or 10mlofthesamesuspensionliquidunderidenticalconditions of light intensity and temperature, may beassumed, under due precautions, to have the same gas exchange. This will cause unequal pressure
changes in both manometers,owingto thedifferent solubilitiesof C0 2 and 0 2
inthesuspensionliquid.WARBURGhasshownthatthegasexchangeinu,lcanbe
computed from thepressurechangesofthetwomanometersbythe formulae:
x

o2

=

h k C o 2 — ^ Kco 2
*co 2 Kco 2
ko2

k-o2

hk02-HK02
x

co 2

ko2

K0l

c

Kco 2

• co2

in which
h is the manometric reading of the vessel with 5ml suspension liquid in mm,
H isthemanometric reading of thevessel with 10ml suspension liquid in mm,
k02 and kC02 are the vesselconstants for thevessel with 5ml suspension liquid
for 0 2 and C0 2 respectively,
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K 02 and K C02 arethe vessel constants for the vessel with 10ml suspension liquid
for 0 2 and C 0 2 respectively.
It should be observed that, of course, in this method, carbonate/bicarbonate
mixtures can not be applied as suspension media, since the pressure change
owing to C0 2 -exchange should not be suppressed. The liquid used in our experiments was tap water or the medium used in the phosphate fixation experiments, as specified further on.
In order to provide sufficient amounts of C 0 2 for photosynthesis, the algal
suspension was saturated with a mixture of 95% air and 5% C 0 2 by flushing
during 15 minutes. The suspensions were then introduced into the WARBURG
vessels, and the vessels were flushed with the same gas mixture in the dark for
half an hour. During this period, the vessels were shaken in order to attain
equilibrium between gas phase and liquid.
b.p. Measurements with the one vesselmethod if the photosynthetic quotient is
known
This is an experimental simplification of the foregoing method (WASSINK,
1946).The principle isthat it ispossible to determine the rate of photosynthesis
with one volume of liquid only if the photosynthetic quotient under the conditions of the experiments is known. If the quotient - 0 2 / C 0 2 = p, the following
relations hold:
x 02

p h k 0 ! k C02
_ hk02kC02
—
ana
x
—
COl
—
—

P ^COj

^o2

P ^002

ko2

Theseformulae areparallelsofthosederived for respirationby WARBURG(1924).

II.4. MEASUREMENT OF POLYPHOSPHATE FORMATION
WINTERMANS(1955)has shown that the major part ofthe inorganic phosphate
which disappears during illumination of the algaein the absence of C 0 2 , can be
recovered in theA7min.phosphate fraction. Thisisthe fraction which contains
the polyphosphates.
In our experiments, polyphosphate formation is measured as disappearance
of inorganic phosphate during illumination of the algae. The method of
WINTERMANS has been used with some modifications. For an experiment, the
cells were centrifuged, washed once in a phosphate-free medium, containing
K2SC>4., and suspended in the medium used in the experiments. This medium
contained 2.6 g K 2 S 0 4 and 200 mg K H 2 P 0 4 in 1000 ml distilled water, while
pH was adjusted to 4.0 with dilute H 2 S 0 4 . Suspensions containing 5mm 3 cells
per ml were introduced into 25ml cylindrical vessels.The vessels were placed in
thewater bathof the WARBURG apparatus, kept at about 25°C, and illuminated
from below with the same lamps as used in the gas exchange experiments. Dur-
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ingthe30minutesdarkpretreatmentand duringtheincubationinthelight,the
vessels were continuously flushed with purified nitrogen, which contained less
than 0.1% argon,lessthan0.001 % 0 2 , and lessthan 0.001% ofother contaminants.
For extraction and determination of total inorganic phosphate in the suspension,theprocedure of LOWRYand LOPEZ(1946)wasfollowed. Thismethod
is designed for the determination of orthophosphate in the presence of very
labileorganicphosphates(seealsoWASSINK, TJIA,and WINTERMANS, 1949). One
and a half ml of the algal suspension were added to 0.5 ml cold 20% TCA.
After 5minutes, 8ml 0.1 molar Na-acetate were added, and the mixture was
centrifuged. Samples of 5ml of the supernatant were pipettedandusedforthe
determination of orthophosphate. Tothesample,4mlofacetate buffer (pH =
4.0),0.5ml1 %ammoniummolybdateand0.5ml I%ascorbicacidwereadded.
After standing for 10minutes at room temperature, a blue colour, due to ammonium phosphomolybdate had developed, and the extinction of the samples
at700nmwasmeasuredwithacolorimeter.Withtheaidofthecalibration curve,
concentrations of orthophosphate werecalculated in ^gP/ml.

II.5. ABBREVIATIONS

ADP
ATP
Atrazine
CMU
DCMU
Diuron
Diquat
DCPIP
Fenuron
FMN
Monuron
NADP
Neburon
Paraquat
PMS
Poly P
ppm
PS I
PS II
rpm
Simazine
Simetone
TCA
18

adenosine diphosphate
adenosine triphosphate
2-chloro-6-ethylamino-4-isopropylamino-l,3,5-triazine
N'-(4-chlorophenyl)-NN-dimethylurea
N'-(3,4-dichIorophenyI)-NN-dimethylurea
see DCMU
l,r-ethylene-2,2'-bipyridylium (2A - )
2,6-dichlorophenolindophenol
NN-dimethyl-N'-phenylurea
flavine mononucleotide
see CMU
nicotinamide-adenine dinucleotide phosphate
N-butyl-N'- (3,4-dichlorophenyl)-N-methylurea
l,l'-dimethyl-4,4'-bipyridylium (2A~)
phenazine methosulphate
inorganic polyphosphate
parts per million
photosynthesis pigment system I
photosynthesis pigment system II
revolutions per minute
2-chloro-4,6-bis (ethyIamino)-l,3,5-triazine
2-methoxy-4,6-bis(ethylamino)-l ,3,5-triazine
trichloroacetic acid
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III. OXYGEN EVOLUTION AND POLYPHOSPHATE
FORMATION IN SCENEDESMUS

III. 1. INTRODUCTION

Asalready expounded in section I.2.2., WINTERMANS(1955)studied thepoly
Pfoimation in Chlorella inrelation tophotosynthesis byfollowing thechanges
in orthophosphate content of TCA-extracts of Chlorella suspensions. Figure
3showsa typical picture from WINTERMANS'work. In the dark, the changesin
phosphate content are small, both in the presence and absence of C0 2 . In the
light,thechangesaremuchlarger,whilephosphatefixationismuchlargerinthe
absenceofC0 2 thaninitspresence.Thefixationinthelightcontinuesfor hours
at a slowly decreasing rate. WINTERMANSdemonstrated that the major part of
the phosphate that has disappeared, is recovered in TCA-insoluble polyphosphates. He explained his results by assuming the formation of energy-rich
phosphates in the process of photosynthesis; these energy-rich phosphates are
transferred to poly P when photosynthesis is curtailed by lack of C0 2 .
Sincethat time,photosynthesis research has made great progress, and itlies
at hand to assume that this process represents cyclic photophosphorylation in
vivo. Byillumination intheabsenceofC0 2 , NADPandferredoxin become fully
reduced,consequentlyZtransferselectronstothecyclicelectrontransportchain
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presence and absence of C 0 2 ; pH ± 4.0,ca. 4mm3 cells/ml; f shift to light, 4. shift to darkness. From WINTERMANS (1955).
Meded. Landbouwhogeschool Wageningen 71-9(1971)

19

which results in cyclic photophosphorylation (see fig. 1). We decided to study
this process in some more detail, also in its relation to oxygen evolution.
The experiments, described in thispaper differ from those of WINTERMANSby
the use of Scenedesmus instead of Chlorella. Moreover, the algal suspensions
were flushed with highly purified nitrogen instead of C0 2 -free air both during
the 30minutes pretreatment in the dark and the 90minutes light incubation. In
this way, pseudocyclic photophosphorylation and a contribution to the formation of energy-rich phosphates by oxidative phosphorylation were excluded.
Recently, ULLRICH (1970)found 32 P-incorporation in poly P in Ankistrodesmus
braunii increased in C0 2 -free air as compared with a nitrogen atmosphere.
This increase depended on light intensity and oxygen concentration. ULLRICH
does not ascribe this increase to a contribution of oxidative phosphorylation,
but thinks of the inhibition of photosynthesis by oxygen (WARBURG-effect),
which leads to an increase in glycolate formation, and a decrease in pool sizes
of C0 2 -reduction cycle intermediates, even in the absence of C 0 2 ; the excess
ATP formation may be available for poly P synthesis.

III.2.

OXYGEN EVOLUTION AND POLYPHOSPHATE FORMATION
IN RELATION TO LIGHT INTENSITY

In order to study therelation between oxygen evolution and poly P formation,
it wasregarded necessary tosuspend thealgaeinmedia ofthesame composition.
Therefore, oxygen evolution was not measured in WARBURG buffer, but in the
medium used in the phosphate fixation experiments. First, the photosynthetic
quotient was determined under these conditions, according to the method as
described in section II.3.b.oc.;it wasfound to be 1.06. With the aid of this value,
a light intensity series could be carried out according to the method, described

3

2

Light intensity in 10 e r g s / c m . s e c .

FIG. 4. Phosphate fixation under an N2-atmosphere, and 02-evolution, at a range of light
intensities; pH ± 4.0,5mm3 cells/ml.
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in section II.3.b.|3. From a harvest of algae, a sample was first taken to measure
oxygen evolution, and afterwards another sample of the same harvest was
used for determining phosphate fixation, in relation to light intensity. The
results are shown in fig. 4.
It is striking that phosphate fixation is light saturated at about 13,000 ergs/
cm 2 .sec, whileoxygen evolution continues to increase linearly in theentire light
intensity range studied, confirming WINTERMANS(1955).In the dark, phosphate
fixation reaches about 10% of the value observed in the light satuiated part of
the curve.

III.3.

EFFECT OF AMMONIUM CHLORIDE ON POLYPHOSPHATE FORMATION

In view of results of HIND and JAGENDORF (1965) and others, showing that
N H 4 + inhibits photophosphorylation in chloroplasts, the effect of N H 4 + on
phosphate fixation was studied in intact Scenedesmus cells. The effect of 6.6 X
10~ 3 M NH 4 C1on phosphate fixation isshown in table 1.It is clear that, also
in this case, NH 4 C1 has an inhibitory effect on poly P formation.
TABLE 1. Effect of 6.6 x 10" 3 M NH4C1on the fixation of phosphate in Scenedesmus spec.

under an atmosphere of pure N 2
Exp. no.
1
2
3
4
5
6
7
Average

ontrol

with NH4CI

% Inhibition

1.3
1.4
0.7
3.0
3.0
1.2
1.8
1.1

72
69
67
42
35
60
40
63

4.6
4.6
2.1
5.2
4.6
3.0
3.0
3.0
3.8 ± 0.4

1.7 ± 0.3

56 ± 5

5 mm3 cells/ml, pH ± 4.0; data in [xgP/ml,fixedin 90 min.

III.4.

OXYGEN EVOLUTION AND POLYPHOSPHATE FORMATION
IN RELATION TO THE ACTIVITY OF SYSTEM I

It iswell-known that the absorption spectrum of PS I reaches farther into
the infra-red than the absorption spectrum of PS II. This makes it possible
to select PS 1dependent processes by illumination with long wavelength red
light. Since poly P formation isobserved especially under conditions promoting
cyclicphotophosphorylation, wehavestudied itinfar-red light. To this purpose
SCHOTT RG N9 filters (3 mm) were placed at the bottom of the water bath,
between the lamps and the vessels. Under the conditions of our experiments,
Meded.Landbouwhogeschool Wageningen 71-9 (1971)
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TABLE 2. 02-evoIution in Scenedesmus spec.
fj.10 2 /ml.hour

Same,corrected for
dark uptake
0
322
100
8

-22
300
78
-14

Dark
White light
With SCHOTT RG 8filter
With SCHOTT RG N9 filter

WARBURG buffer no 9, 10mm3 cells/ml, intensity of the white light 40 x 10*ergs/cm2.sec.

thesefilterstransmit 50%of thetotal irradiation ofthetungsten lamps,at the
levelofthe vessels.Table2showstheoxygen exchangein Scenedesmus. In the
dark,thereis02-uptake,inthelight(Revolution. Both SCHOTTRG 8and RG
N9filtersdecrease02-evolutionascomparedwiththevalueinwhitelight.After
correcting for the dark 02-uptake, oxygen evolution with SCHOTT RG 8 filter
turned out tobe 31%,however,with SCHOTTRGN9filteronly2\ % ofthe02evolution inwhite lightin thesameexperiment. Thisshowsthat in lighttransmitted by SCHOTTRG N9, there is very little activity of PS II. Nevertheless,
polyPformation occursinthislight,asshowninfig.5. Thelight intensitycurve
forthisprocess,inRGN9-filteredlight,showsalongerlightlimitedrangethan
it does in whitelight. A calculation from 17comparable experimentsrevealed
that phosphatefixation inwhitelightwas4.1 ± 0.41u.g P/ml.90min.,whilein
SCHOTT RG N9-filtered light the uptake was 3.9 ± 0.14 u.gP/ml. 90 min. In
these experiments,the intensity of the white light was 4 x 105ergs/cm2.sec.
whichisanover-saturatingvaluefor thewhitelightexperiments(fig.3).
It thusappearsthatintroducingtheRGN9filtercausesafar greaterdepressionin02-evolutionthan inpolyPformation, ascomparedwithwhitelight.
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FIG. 5. Phosphate fixation under an ^ - a t mosphere at a range of
intensities of red light,
obtained by neutral metal filters in combination
with SCHOTT RG N9 filt e r s ; p H ± 4 . 0>

,0mm3

cells/ml.
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III.5. DISCUSSION

Phosphate fixation in the dark is about 10% of that obtained under light
saturation (fig. 4). Because the suspensions were flushed with nitrogen, dark
fixation probably is due to glycolysis.
The light saturation ofpoly Pformation at lower lightintensities as compared
with oxygenevolution wasobserved alreadybyWINTERMANS(1955)for Chlorella,
and was confirmed for Scenedesmus (fig. 4).
Table 2 demonstrates that in light, transmitted by SCHOTT RG N9 filters,
there is almost no oxygen evolution. This shows lack of activity of PS II in this
long wavelength light. The fact that poly P formation continues in this light
demonstrates that this is a PS I dependent process. Thus, it can be concluded
that under the conditions of our experiments, poly P formation is the result of
cyclic photophosphorylation, catalyzed by PS I.
In recent years, early light saturation has been observed for several other
processes, probably connected with cyclic photophosphorylation, and several
suggestions have been made regarding the discrepancy between light saturation
of intact photosynthesis which is invariably found at substantially higher light
intensities than that of the phenomena now under consideration.
ARNON (1969) reported that the rate of ferredoxin-catalyzed cyclic photophosphorylation reaches saturation at lower light intensities than the rate of
ferredoxin-catalyzed non-cyclic photophosphorylation in spinach chloroplasts.
A simple suggestion offered seems to be that the limiting factor for early light
saturation of polyphosphate formation is the limited capacity of the poly P
kinase. However, it is clear that this does not explain the early light saturation
of several other phenomena (see e.g. TANNER and KANDLER, 1969, Table 4).
These authors concluded that for the best-studied PS I dependent process, viz.,
that of anaerobic photo-assimilation of glucose, the reaction limiting the rate
observed at light saturation indeed is located in the process of cyclic photophosphorylation and not in other (dark) processes.
In a previous communication (VAN RENSEN, 1969),the evidence was stressed
that in the case of 0 2 -evolution, the energy absorbed by PS II and PS I is used
for the formation of ATP, 0 2 , and reduced NADP, while in the case of poly P
formation there is a cyclic electron transport with ATP formation only. This
situation may in principle explain the difference in light intensities for saturation. The causal mechanism possibly isthe one suggested by BONAVENTURA and
MYERS(1969)(seealso MURATA, 1970),and DUYSENS(unpublished communication, 1970). BONAVENTURA and MYERS proposed that there is aslowvariation in
the fraction (a) of total absorbed quanta delivered to reaction center 2, dependent on light intensity and wavelength of illumination. They suggested that conformational changes may control the distribution of quanta to the two Systems
byaltering theproximity of pigments to reaction centers. DUYSENSextended this
suggestion by supposing that by illuminating preferently PS II, H + -ions are
produced at sites between PS II and PS I. Because of this acidification, the pigment proteins undergo conformational changes in a way that pigments belongMeded. Landbouwhogeschool Wageningen71-9 (1971)
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ing to PSII,become connected with PSI. DUYSENSdid this suggestion to explain the slow decrease (after a rapid increase) offluorescenceyield of chlorophyll a2 in light preferently absorbed by PS II, after illumination with light
preferently absorbed by PS I (DUYSENSand TALENS, 1969).These studies were
carried out with the blue-green alga Schizothrix calcicola.
For measuring photo-assimilation ofglucoseor poly Pformation, in ourexperiments algae are illuminated with white light in the absence of C0 2 . Also
under theseconditions PSII should produce H+-ions. According to DUYSENS'
abovementioned picture,pigments'bend' from PSIIto PSI,and moreenergy
becomes available to the PSI dependent process, which results in light saturationforpolyPformation atlowerlightintensities.Inthisrespectitisinteresting
tonotethat inlightpreferently absorbed byPSI,- thentheonlysourceofelectronsfor thereactionsystem- thelightintensitycurveforpolyPformation less
definitely shows light saturation than when both PS I and PS II are involved
(fig. 5).Cyclicphotophosphorylation invivo ismeasured under conditions, not
occurring in normal photosynthesis, since then non-cyclic and cyclicprocesses
occur simultaneously. Therefore, it appears premature to discuss the lack of
stoichiometric relationship between photosynthetic C02-fixation and cyclic
photophosphorylation (TANNER et al, 1969 and RAVEN, 1970) until more is
known about the causal mechanism of light saturation of cyclic photophosphorylation in vivo.
TANNER et al.(1969)and RAVEN (1970) questioned the role of cyclic photophosphorylation in supplying the excess ATP,necessary for C02-assimilation.
TANNER et al.(1969) stated that cyclic photophosphorylation generates ATP,
notservingaspecificfunction, butsupportingquiteanumberofATP-requiring
reactions.
Atthefirstsight,itlookssurprisingthat NH 4 + , whichisanormal constituent
ofmanyculturemedia,underconditionsofpolyPformation inhibitsphosphate
fixation(table 1).There are two possibilities to explain this observation. It is
possible, that photosynthetic phosphorylation is uncoupled, probably via the
mechanism proposed by CROFTS(1967).On the other hand, ammonium could
induce an enhanced protein synthesis,whichwouldcompeteforATPwithpoly
P formation. Byutilization of ATPin protein synthesis, phosphate isset free,
which results in decreased phosphatefixation,as is measured.
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IV. EFFECTS OF THE PHENYLUREA DERIVATIVE DCMU

IV.1. EFFECTSONOXYGENEVOLUTION

IV.1.1. Inhibition inrelation totheconcentration of the herbicide
Inthisexperiment, oxygenevolution wasfirstmeasured inaseriesofvessels.
Different concentrations of DCMU were then added to the separate vesselsof
theseries;30,60,and90minutesafter theaddition,oxygenevolutionwasmeasured again. Figure 6shows theeffect, 30minutes after the addition of the herbicide.After 60and 90minutestheeffect ofDCMU isthesame.Oxygenevolution isinhibited for 50%at about 2 X 10"7M DCMU.
100 o
c

o
o
ON

FIG. 6. Effect of different
concentrations
of
DCMU on (^-evolution,
30 min. after addition;
5 mm3 cells/ml.

DCMU concentration in 10 M

IV.1.2. Inhibition asaffectedbysuspension density of the algae
Figure 7 shows the inhibition of 02-evolution by 2 X 10"7M DCMU at
different suspension densities. First, 02-evolution was measured at 5 different
suspensiondensities,and30minutesafter additionoftheherbicide,oxygenevolution was measured again. As follows from the linear course of the control
curve,photosynthesiswaslightsaturated, alsoatthehighest suspension density. The degree of inhibition becomes lower at higher suspension densities. It
seemedinterestingtorepeatthisexperimentwithalowerDCMU concentration
and highersuspension densitiesinorder tocheck whethera DCMU concentrationcould befound, inhibiting atlowsuspensiondensities,but havingno effect
at high ones. The results are shown in fig. 8. With 2 mm3 cells/ml, 10"7M
DCMU inhibits 02-evolutionfor 38%;with 6mm3 cells/ml, inhibition isonly
2%.Itshould beobservedthatthereis 10%stimulation ofoxygenevolutionby
10"7M DCMU at 8mm3 cells/ml. This experiment strongly suggeststhat the
Meded.Landbouwhogeschool Wageningen 71-9(1971)
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cellsaccumulatethepoison,andthattheirnumberisdecisiveforhowmucheach
cell isgoingto store.

2

3 4 5 6
mm 3 C e l l s / m l

FIG. 7. Effect of 2 x 10" 7 M DCMU on
02-evolution at different suspension densities; • = before addition of theherbicide,
O = after addition; numbersalonglower
line: % inhibition.

0

2

4

6
8
mm 3 C e l l s / m l

FIG. 8. Effect of 10"7M DCMU on 02evolution at different suspension densities;
• = before addition of the herbicide,
O = after addition; numbers along lower
line: % inhibition.

90

120

Time in m i n u t e s
FIG. 9. Removal of DCMU-inhibition by washing; • = control, O = 10 _7 M, A = 3X
10 _7 M; 4mm3 cells/ml.
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10" 6 M; 4 mm3 cells/ml.

IV.1.3. Washing experiments
In view of the suggested accumulation of DCMU by the algal cells (section
IV.1.2),it wasof interest to investigate whether DCMU could be washed out.
To this purpose, oxygen evolution wasmeasured first, then two different concentrations of DCMUwereadded toseparatevessels,and theeffect oftheherbicide determined. Now, the cellswere centrifuged and washed twicewith tap
water. Hereafter, they were suspended in a fresh amount of buffer solution to
thesamesuspensiondensityasbefore,andthe02-evolutionwasmeasuredagain.
As found by VAN STEEKELENBURG (1959), and reported by VAN RENSEN
and VAN STEEKELENBURG (1965),the inhibitions by 10~7M and 3 x 10~7M
DCMUcanbecompletelyremoved bywashing(fig.9).However,fig.10reveals
that in cells which havebeensuspended in5 X 10~7Mandin 10~6M DCMU,
02-evolution remains partly inhibited after washing.
IV.1.4. Inhibition asaffectedbylight intensity
Figure 11showstheeffect oflightintensity ontheinhibition of02-evolution
by 2 x 10 -7 M DCMU. After the measurement of 02-production at different
light intensities,theherbicide wasadded to thesuspensions,and oxygenevolution measured again.Ascanbeseenfromfig. 11,oxygenuptake indark isnot
influenced by this concentration of DCMU. However, this does not affect the
Meded. Landbouwhogeschool Wageningen 71-9(1971)
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conclusions, drawn in sections IV.1.1. and IV.1.2.. Theinhibition in the lightlimited part ofthecurveisstronger than that inthelight-saturated part. In fig.
12(corrected for respiration) it isdemonstrated, that a DCMU concentration
can befound, inhibitinginthelight-limited part ofthecurveand without effect
in the light-saturated part.
IV.1.5. Inhibition asaffectedby temperature
Lightintensity serieswerecarried outattwotemperatures.Oxygenevolution
was first measured at 30°C, then at 20°C. After the addition of 2 X 10"7M
DCMU to thevessels,thetemperature wasraised again to 30°C,and the effect
of DCMU determined. Then, another determination wascarried out at 20°C.
Thus,four photosynthesis-light curveswereobtained, showninfig. 13.Table3
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TABLE 3.Percentage of inhibition of 02-evolution by 2 x 10 _7 M DCMU at two light intensities and three temperatures
Light intensity in
10*ergs/cm2, sec.

20°C

25°C

30°C

4
23

71
60

74
61

72
65

contains data (calculated from figures 11and 13)on the inhibition by the herbicideatthreedifferent temperaturesandtwolightintensities,oneofwhichwas
inthelightlimitingrange,theotherinthelightsaturated one.Forallthreetemperatures thepercentages of inhibition arehigher at the limitinglight intensity
than at the saturating one. There isvery little difference in inhibition between
the three temperatures at equal light intensities.
IV.1.6. EffectofDCMU onthephotosynthetic quotient
The photosynthetic quotient was determined according to the method, described insection II.3.b.a., intheabsenceand inthepresenceof 10~7MDCMU.
Table4 demonstrates thatinthenon-buffered medium, 10"7M DCMU hasno
effect on the photosynthetic quotient.
Meded. Landbouwhogeschool Wageningen 71-9 (1971)
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It should be observed that in this experiment, without DCMU, the rate of
oxygen evolution per hour is 50 times the volume of the algae, while in experiments in WARBURG buffer, this value varied from 20 to 30. The lower rate of
photosynthesis in alkaline media as compared with more neutral ones was
reported e.g. by KOK (1951), WARBURG (1952), and MYERS (1960). This phenomenon is generally ascribed to the lower C0 2 -concentration and the unphysiologically high pH of the most commonly used WARBURG buffers.
TABLE 4. Effect of DCMU on the photosynthetic

Control
10" 7 MDCMU

quotient

(il02-evolution

(il C0 2 -uptake

Photosynthetic
quotient

1965
1635

1822
1506

1.08 ±0.01
1.08 ± 0.02

40 mm3 cells/vessel,suspended in tap water; data in [/.1/vessel.hour, saturatinglightintensity,
25°C.

IV.2.

EFFECTS ON POLYPHOSPHATE FORMATION

IV.2.1. Inhibition in relation to the concentration of the herbicide
Preliminary experiments had shown that polyphosphate formation is far less
sensitive to DCMU than oxygen evolution.
The effects of different DCMU concentrations on phosphate fixation are
demonstrated in fig. 14.The herbicide wasadded at the beginning of 30 minutes
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FIG. 14.Effect of various DCMU concentrations on phosphate fixation under an N2-atmosphere; light intensity 40 x 10* ergs/cm2.sec., pH ± 4.0, 5mm3 cells/ml.
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dark pretreatment. The two higher concentrations were obtained by preparing
concentrated solutions of DCMU in methanol. These solutions were prepared
insuchawaythat, after addition ofequal volumesto thesuspensions,the final
concentration of methanol in the reaction media was0.67%, and the required
DCMU concentrations wereobtained. For reasonsofcomparison, two control
vesselswereincluded, onewithout methanol, and onewiththementioned concentration of thissubstance. Even 1.3 X 10~6M DCMU hasnot yetany effect
on poly P formation, while oxygen evolution isalmost completely inhibited at
this concentration (fig. 6). Even at 6.6 X 10"5M the inhibition of phosphate
fixationisonly 54%.
1V.2.2. Observations inrelation tolight intensity
Inordertostudytheeffect oflightintensityontheinhibitionofpolyPformation by DCMU, two herbicide concentrations werechosen, onecausing about
50%inhibition and the other almost without effect. The influence of these two
concentrationswasstudiedatthreedifferent lightintensities.Itcanbeconcluded
from table 5that the inhibition at33 X 10 -6 M DCMU isthesameatallthree
light intensities. However, at 6.6 x 10~6M, the inhibition at 10 X 10*ergs/
cm2.sec.was43%, whileat the higher light intensities it wasonly4%.It isimportanttonoticethatat 10 x 104ergs/cm2.sec.polyPformation islightsaturated(fig.4).Itensuesthattheinhibitionby6.6 X 10"6MDCMUislightdependent; at lowlight intensities the inhibition is stronger than at higher ones.Also
intheoxygenevolutionexperiments,inhibition wasstrongeratlowerlightintensities than at higher ones(fig. 11and 12).
TABLE 5.Effect of two DCMU concentrations on phosphate fixation under a nitrogen atmosphere at three different light intensities
DCMU
concentration

Light intensity in
10*ergs/cm2.sec. -

Phosphate Fixation
Control

with DCMU
1.6 ± 0 . 1
1.5 ± 0.2

% Inhibition

3.3 x 10- 5 M
3.3 x 10"5M
3.3 x 10" ! M

40
20
10

3.0 ± 0.4
2.8 ± 0.2
3.0 ± 0.2

1.4 ±0.1

46 ± 4
46 ± 4
52 ± 5

6.6 x 10"6M
6.6 x 10"6M
6.6 X 10"6M

40
20
10

2.6 ± 0.2
2.3 ± 0.1
3.4 ± 0.6

2.5 ± 0.1
2.2 ± 0.1
1.9 ± 0.3

4±2
4±2
43 ± 2

pH ± 4.0, 5mm 3 cells/ml; data in (igP/ml fixed in 90min.

IV.2.3. Inhibition inlightpreferently absorbedby System I
For reasons to bepresented in more detail lateron itappeared ofinterest to
investigate whether DCMU-inhibition of poly P formation in light preferently
absorbed by PS I, was different from the effect in white light. To this purpose
the technique, mentioned before, using SCHOTT RG N9 filters, was applied;
there isalmost no activity of PSII in the light thus obtained. Figure 15shows
Meded. Landbouwhogeschool Wageningen 71-9(1971)
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FIG. 15. Effect of various DCMU concentrations on phosphate fixation under an ^ - a t mosphere and in light, filtered by SCHOTT RG N9 filters; intensity of white light 40 x 10*
ergs/cm2.sec., pH ± 4.0, 5mm 3 cells/ml.

the effect of DCMU on poly P formation in this wavelength region. It can be
concluded that the DCMU effect isstronger than that on poly Pformation in
whitelight,butweakerthanthatonoxygenevolution. Forinstance,comparison
offig. 15with figs. 6and 14shows that thepercent inhibition ofpoly P formation by 1.3 X 10"6M DCMU in the long wavelength red light is about 40%,
whileitisonly 1%onpolyPformation inwhitelight(fig. 14);inthelattercase
oxygen evolution isalmost completely inhibited (fig. 6).As mentioned before,
oxygen evolution inthelight,filtered by RG N9,ispractically zero,alsointhe
absence of any inibitor.

IV.3. DISCUSSION

a. Oxygen evolution
Oxygen evolution in Scenedesmus, at saturating light intensity and 5 mm3
cells/ml, isinhibited for 50%by2 X 10~7M DCMU (fig. 6).Thisvalueagrees
with thosereported in literature. WESSELSand VANDERVEEN(1956)found 50%
inhibition ofthe HILLreactioninchloroplasts at2 X 10~7M DCMU. ZWEIGet
al.(1963) reported 50% inhibition of oxygen evolution in Chlorella at 1.7 X
10"7M DCMU.
The fact, that the control curves infig.7and 8are linear,demonstrates that
photosynthesis was light saturated, also at the highest suspension densities.
The inhibition of oxygen evolution by DCMU decreases with increasing suspension density, which may be explained by accumulation of DCMU by the
32
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algae. Fig. 8shows that, at 10"7M DCMU, the inhibition of 02-evoIution at
lowersuspensiondensitieschangesintoastimulationat8mm3cells/ml,crossing
the control curve at about 7mm3 cells/ml. Also IZAWA and GOOD (1965)observedthatwithadenserchloroplastsuspensionhigheramountsofDCMUwere
required to producethesamedegreeofinhibition. Moreover, theyshowed that
theabsorptionofDCMUbyisolatedspinachchloroplastsinvolvesatleastthree
simultaneous processes:(a) anirreversible binding or destruction of DCMU in
the proportion of one molecule of DCMU for about 1000 chlorophyll molecules; this is not associated with inhibition, (b)unequal partitioning between
external and internal liquid phases, (c)an absorption of DCMU whichcorresponds closely to the degree ofinhibition. Asideof accumulation of DCMU by
the algalcells,alsoprocess(a) can contribute to the decrease of inhibition percentages with increasing suspension density. Process (a)can also explain the
finding that 10~7M DCMU does not inhibit oxygen evolution at a suspension
densityofabout7mm3cells/ml.Thestimulationofoxygenevolutionby 10~7M
DCMU at 8mm3 cells/ml may be described as an example of the rather common phenomenon that agents, inhibitory for physiological processes at high
concentrations, become stimulatory in regions of low concentrations. The
effectivity of a very low concentration in the case of high suspension density
may be due to the accumulation phenomenon. In our case, this stimulation
could perhaps beexplained byassuming that thelowconcentration of DCMU
bringsthecomponents ofthephotosynthetic electrontransport chaininamore
favourable redox balance, probably via a mechanism which willbeexpounded
inmoredetailinthegeneraldiscussion. AVRONand NEUMANN(1968)described
a stimulatory action of DCMU on cyclic photophosphorylation under some
conditions, and inhibition under other conditions. They ascribed thisto differencesinthe redox level during the reaction under different conditions. Also in
the Botanical Laboratory of the University of Stockholm (TILLBERG, KYLIN,
and SUNDBERG, personal communication), stimulation of oxygen evolution in
Scenedesmuscellswasobserved at very low DCMU concentrations. The effect
depended on the age and the phosphate state of the cells. For an explanation,
the mentioned authors conceive the possibility of a change in redox level of
electron transport chain intermediates, causing a decrease in pseudo-cyclic
02-uptake(cf. HEBERand FRENCH, 1968),whichresultsinanincreased apparent
oxygen evolution.
Fig. 9shows that the inhibitory effect of 10 - 7 and 3 X 10~7M DCMU can
easilyberemoved bywashingthecellstwicewithtapwater.However,the effect
of5 X 10 - 7 and 10"6Mcould notcompletelyberemovedbytwowashings(fig.
10).AlsoWESSELS and VAN DER VEEN(1956)reported,that theinhibitory action
of CMU in isolated chloroplasts canberemoved by simply washing away the
CMU. SCHIFF et al.(1967) removed DCMU from Euglena by centrifugation.
WithChlorella, ZWEIGand GREENBERG(1964)found equalin-and outflux diffusionrates of CMU, suggestingfree in-and outflux. However,it wasdifficult to
remove all the absorbed molecules from the cells. With respect to the remaining inhibition at thehigher DCMU concentrations after washing(fig. 10),
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probablycompleteremovalofinhibition mightbeobtained after morethantwo
washings.Although DCMUpossibly isaccumulated bythealgalcells(fig. 7),it
can be concluded from these washing experiments that the bond between
DCMU and the site of action isa looseone.
Fig. 11shows that a range of DCMU-concentrations exists which, whileinhibitingphotosynthesis,havenoeffect onrespiration. Theinhibition ofoxygen
evolution is higher under light-limited conditions than at light-saturation
(fig. 11).Accordingtofig.12,itispossibleto obtaininhibition ofoxygenevolution inthelight-limited part of thephotosynthesis-light curve without an effect
at the light saturation level. The same results were obtained byGINGRASe?a/.
(1963) and GINGRAS and LEMASSON(1965) for the effect of CMU on oxygen
evolution in Chlorella. In the light-dependent part of a photosynthesis-light
curve,therateofphotosyntheticoxygenevolutionisdeterminedbytheamounts
ofATPandreduced NADPformed. Inthelight-saturated partofthecurve,the
amounts of ATP and reduced NADP are in excess, and the rate of photosynthesisisdetermined either bydark enzymeactivities (e.g.at lowtemperatures),
or,incidentally,bylimitedC02-supply.Thefactthatitispossible,withDCMU,
toinhibit oxygen evolution in thelight-dependent range,leavingthe light-saturatedlevelunchanged (fig. 12),demonstratesthatDCMUinhibitssomewherein
the light dependent reactions leading to the formation of ATP and reduced
NADP, and not in the dark reaction system belonging to the C02-reduction
cycle.This situation explains why theinhibition of theoxygen evolution in the
lightlimitingrange- liketheuninhibited process- isnot temperature-sensitive
(fig. 13and table 3).
Theapparent inhibition inthelightsaturation range byDCMUathigh concentrations must probably be understood as a deficient supply of ATP and
reduced NADP which, even in these cases, may be supposed to gradually disappear iflightintensity wasduelyincreased. Sincethissupply thusismediated
by light dependent reactions, it may explain why, also in the light saturating
range, no effect of temperature on the degree of inhibition isobserved (fig. 13,
and table 3). GINGRASand LEMASSON(1965)and GINGRAS(1966)also failed to
findaneffect oftemperature onthe inhibition of oxygenevolution in Chlorella
byCMUeitherinthelight-limitedpartoftheintensitycurveorinthesaturated
part.
The absence of an effect of DCMU on the photosynthetic quotient (table 4)
demonstrates the strong coupling, in vivo, under stationary conditions, of 0 2 evolutionandC02-uptake.
b. Photophosphorylation
Fig. 14shows that 1.3 X 10_6M DCMU, which almost completely inhibits
02-evolution (fig.6),hasnoeffect onpolyPformation. However,athigherconcentrations, poly P formation is also inhibited. Complete inhibition was not
obtainedevenatthehighest concentration applied. Asdiscussed inChapter III,
polyPformation representscyclicphotophosphorylation invivo. Otherprocesses,dependent on cyclicphotophosphorylation invivo also arelesssensitive to
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DCMU than oxygen evolution. TANNER et al. (1965) showed that at DCMU
concentrations, completely inhibiting 0 2 -production in Chlorella, anaerobic
photo-assimilation of glucose still proceeds at a rate of 70to 80% of that of the
control. TANNER et al. (1966) also demonstrated that at higher DCMU concentions the inhibition of glucose-assimilation did not exceed 60%. SIMONIS (1967)
reported that 14C-fixation in Ankistrodesmus braunii is much more sensitive to
DCMU than light-induced 32 P-incorporation into the organic phosphate fraction, under a nitrogen atmosphere. JESCHKE(1967)found that concentrations of
DCMU that almost completely inhibit oxygen evolution in Elodea do not affect
the light-induced CI"-uptake in the absence of C 0 2 .
From the differences in sensitivity to DCMU between 0 2 -evolution and
effects based on cyclic photophosphorylation in vivo, TANNER et al. (1965) concluded to two sites for DCMU inhibition: a) in the water splitting reaction, and
b)somewhere inthe system coupled to light reaction Iat higher DCMU concentrations.InChapter VII, part 2.1., a hypothesis on the mechanism of the action
of DCMU will be discussed, in which only one site of inhibition is required to
explain the mentioned difference in sensitivity.
From table 5,it isclear that the degree of inhibition by 6.6 X 10" 6 M DCMU
depends on light intensity; at the higher light intensities the inhibition is only
4%, while at the lowest one it is43%.The degree of inhibition by 3.3 X 10"5 M
DCMU isnot influenced by light intensity. TANNER et al.(1965)found that also
the degree of inhibition of glucose-assimilation in Chlorella by DCMU concentrations below 10 _ 6 M was light intensity dependent. The results presented so
far show that, in addition to the effect of light intensity on DCMU-inhibition of
0 2 -evolution, alsothe effect of light intensity on DCMU-inhibition of processes
based oncyclicphotophosphorylation strengthens theconclusion that the localization of the action of DCMU is in the light dependent reactions.
In far red light, preferently absorbed by PS I, the inhibition of poly P formation byDCMU isstronger than inwhitelight(fig. 15 incomparison withfig.14).
32
SIMONIS (1967) found that the inhibition of light-induced P-incorporation in
Ankistrodesmus was stronger in white light than in far red. However, TANNER et
al. (1966) showed that glucose-assimilation in Chlorella was more inhibited by
DCMU in red light than in white light. Also in subchloroplast particles from
isolated chloroplasts, DCMU abolished cyclic photophosphorylation catalyzed
by PMS in red light, while there was much less effect in white light (ANDERSON
and MCCARTY, 1969).
The already mentioned hypothesis (discussed in detail in chapter VII; p. 2.1.)
suggested that in far red light inhibition of poly P formation by DCMU is
stronger than that in white light, which was experimentally confirmed afterwards, as shown above. So much may be said here that the mentioned hypothesis does not contradict the conclusion, already drawn from the experiments in
white light only, that the inhibition by DCMU islocalized in light limited reaction sequences.
It should not be omitted that SIMONIS' cited result is at variance with this picture as well as with the other findings reported here.
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V. EFFECTS OF THE 5-TRIAZINE
DERIVATIVE SIMETONE

V.l. EFFECTSON OXYGENEVOLUTION

V.l.l. Inhibition inrelation totheconcentration of the herbicide
To obtain anidea ontheeffectiveness of simetone asan inhibitor of photosynthesis in Scenedesmus, the influence of thiscompound on 02-evolutionwas
studied ina range of concentrations. Oxygen production wasmeasured before,
and 30, 60, and 90 minutes after addition of different concentrations of the
herbicide tothevesselsofaseriesof WARBURGmanometers. Fig. 16 shows the
effect ofsimetone on oxygenproduction, 30minutesafter addition; 60 and 90
minutesafter addition the effect was the same. 02-evolution is inhibited for
50% by about 4 X 10~6M simetone.
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FIG. 16. Effect of various
simetone concentrations on
02-evolution, 30 minutes
after addition; 4 mm 3 cells/
ml.

V.1.2. Inhibition asaffectedbysuspension density of the algae
Thepercentinhibition ofoxygenevolutionbysimetone,measured 30minutes
after addition, was more or less the same at different suspension densities
(fig. 17). At a still higher density and a lower simetone concentration, viz.
2 X 10 -6 M, the inhibition percentages again are nearly equal (fig. 18).This
points to easy equilibration of concentrations in and outside thecells.
V.1.3. Washing experiments
In the experiment, illustrated infig.19,oxygen evolution wasfirstmeasured
in three pairs of vessels.Ten minutes after the addition of water to the control
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FIG. 20. Removal of simetone-inhibition by washing; • = control, O = 5 x 10"5M, A =
10"*M; 4 mm3 cells/ml.

pair, and 2 X 10~6M and 10~5M simetone respectively to the other pairs of
vessels,the 02-production wasagain determined. Now, aliquots of suspension
of each pair of vessels werecombined, centrifuged, and washed twice with tap
water and resuspended inafresh amount ofbuffer. Thesuspension densitywas
made up to the same value as that at the beginning of the experiment. Oxygen
evolution wasthen measured inthreevessels,onefor eachtreatment. The data
showthattheinhibitingeffect couldberemovedbywashing(fig. 19).Withhigherconcentrations ofsimetone,resulting innearly completeinhibition ofphotosynthesis, the inhibiting effect could not fully be removed after washing twice
with tap water (fig.20).
V.1.4. Inhibition asaffectedby light intensity
Fig. 21 shows the effect of 4 x 10 -6 M simetone on oxygen evolution at
different light intensities. The dark oxygen uptake is unaltered, so there is no
effect onrespiration atthisconcentration ofsimetone.Thepercentinhibitionof
oxygen production is higher in the light-limited part of the curve than inthe
light-saturated one. With 6 x 10~7M simetone there is inhibition at limiting
ight intensities and none at light saturation (fig. 22).
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FIG. 21.Effect of 4 x 10"6M simetone on 02-evolution at various
light intensities; • = before addition of the herbicide, O = after
addition; numbers along lower
curve: %inhibition;3mm3cells/ml.
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V.1.5. Inhibition asaffectedby temperature
In order to study the effect of temperature on the inhibition by simetone,
photosynthesis-light curves weredetermined at 20°and 30°C.After measuring
oxygenevolution at 30°Catthevariouslightintensities,thetemperature ofthe
water bath was lowered to 20°C, and 02-production wasagain determined.
Then, 4 X 10_6M simetone wasadded, and the oxygen evolution measured at
20°and 30°C.Itcanbeconcluded fromfig.23and table6that both at20°and
30°C the percent inhibition is higher at light-limiting intensities than at lightsaturated ones.Atboth lightintensities,thereisnoeffect oftemperature onthe
percent inhibition (table6).
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TABLE 6. Percentage inhibition (Revolution by4 x 10"6M simetone at two light intensities
and three temperatures
Light intensity in
10*ergs/cm2.sec.

20°C

25°C

30°C

4
23

68
62

69
61

70
65

V.1.6. Effectofsimetone onthephotosynthetic quotient
Accordingtothemethod,described insection II.3.b.a., theeffect ofsimetone
on the photosynthetic quotient wasinvestigated.Table7shows,thatthephotosynthetic quotient isnot influenced by 2 X 10~6M simetone.
TABLE 7. Effect of simetone on the photosynthetic quotient

Control
2 x 10"6M \
Simetone 1

(xl02-evolution

(il C0 2 -uptake

Photosynthetic
quotient

2183

2067

1.06 ±0.02

1192

1138

1.06 ±0.02

40 mm3 cells/vessel,suspended intap water; data injxl/vessel.hour; saturating light intensity,
25°C.

40

Meded,Landbouwhogeschool Wageningen 71-9(1971)

V.2. EFFECTSON POLYPHOSPHATEFORMATION

V.2.1. Inhibition inrelation totheconcentration of the herbicide
The influence of simetone on phosphate fixation was studied at a range of
concentrations inordertocomparethesensitivityofpolyPformation with that
ofoxygenevolution.Thecompound wasadded atthe beginningof the30minutes pretreatment. Fig. 24 shows that 3.3 x 10_5M simetone which inhibits
oxygen evolution for 90%(fig. 16),still has no effect on poly P formation. On
the other hand, stronger inhibitions could be obtained than with DCMU (fig.
14); 6.6 X 10~*M simetone inhibits poly P formation for 84%.This range of
concentrations could not easily beapplied in the case of DCMU, owing to its
low solubility in water.
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FIG. 24. Effect of various simetone concentrations on phosphate fixation under an N 2 atmosphere; light intensity 40 x 10*ergs/cm2.sec, pH ± 4.0, 5mm3 cells/ml.

V.2.2. Observations inrelation tolight intensity
Since wefound that the inhibition of oxygen evolution by simetone wasinfluenced bylight intensity (fig. 21),it wasof interest to study thiseffect in poly
Pformation (table8).AsinthecaseofDCMU(table5),atasimetoneconcentrationwhichinhibitspolyPformation for about 50%,viz.13X 10"5M,no effect
of light intensity wasobserved.Asimetoneconcentration of3.3 X 10~5M has
no effect on poly P formation at high light intensity, but inhibition arises
with decreasing light intensity. Lowering down to 2 X 10* ergs/cm2.sec. was
necessary to obtain a clear effect, which intensity, however, stillisabovelight
saturation for poly P formation (fig.4).
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TABLE 8. Effect of two simetone concentrations on phosphate fixation under a nitrogen
atmosphere at various light intensities
Simetone
concentration
5

5

13 x 10" M
13 x 10" 5M
13 x 10" 5 M
3.3
3.3
3.3
3.3

x 10"
x 10"
x 10"
x 10"

M
M
*M
5
M
5

Light intensity in
10*ergs/cm2.sec.

Phosphate fixation

% Inhibition

Control

with Simetone

40
20
10

3.2 ± 0 . 8
2.3 ± 0 . 1
3.2 ± 0 . 8

1.7 ± 0 . 3
1.25 ± 0.1
1.8 ± 0 . 5

46 ± 4
46 ± 4
44±5

40
8
4
2

5.8 ± 0 . 5
4.9 ± 0 . 1
4.55 ± 0.5
4.25 ± 0.5

5.7 ± 0 . 5
4.8 ± 0 . 2
4.15 ± 0 . 6
3.35 ± 0.4

1 ±1.5
2 ±3
9 ±4
21 ± 3

pH ± 4.0, 5mm3 cells/ml; data in u,gP/mlfixedin 90 min.

V.2.3. Inhibition inlightpreferently absorbedbySystemI
Fig.25showstheeffect ofarangeofsimetoneconcentrationsonpoly Pformation in far red light.Thislightwasagainobtained by SCHOTTRGN9 filters
onthebottom of the waterbath, between thelampsand the vessels.Thetransmission of thesefiltershasbeen shown infig.2,and table2demonstratesthat
thereisalmostnoactivityofPSIIinthespectralregionthusisolated.Acomparisonoffig.25withfigures16and24showsthattheinhibitionofpolyP formation
infarredlightbysimetoneislessstrongthantheinhibitionofoxygenevolution,
but stronger than the inhibition of poly P formation in whitelight.
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FIG. 25.Effect of various simetone concentrations on phosphate fixation under an N 2 atmosphere and in light, filtered by SCHOTT RG N9 filters; intensity of whitelight:40 x 10*
ergs/cm2.sec, pH ± 4.0, 5mm3 cells/ml.
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V.3. DISCUSSION

a. Oxygen evolution
A comparison of the results of this chapter with those of the previous one
leads to the conclusion that the inhibitory effects of simetone show much the
same features as those of DCMU. Only, simetone is clearly less effective than
DCMU, showsno signsof accumulation bythealgae,and hence,can be washed
out more easily.
At saturating light intensities, oxygen evolution in Scenedesmus is inhibited
for 50% by about 4 X 10~ 6 M simetone (fig. 16).There are only few reports in
literature on the effect of simetone on photosynthesis. In our hands it was 20
times less effective than DCMU (VAN RENSEN and VAN STEEKELENBURG, 1965);
GOOD (1961) reported that simetone inhibits the HILL reaction in isolated
chloroplasts for 50% at 2 X 10 - 6 M, which was 5times less effective than the
closely related simazine.
There is no influence of suspension density on the rate of inhibition by simetone (fig. 17and 18). This suggests an easy equilibration of concentrations inand outside the cells.In this connection it is worth while to point to IZAWA and
GOOD'S conclusion (1965) that in the absorption of CMU, DCMU,and atrazine
by isolated chloroplasts at least three simultaneous processes are involved (cf.
section IV.3).Of these,process b) is concerned with the partitioning between
external and internal liquid phases, and reflects the relative solubility of the inhibitor in the two phases. This process depends on the inhibitor used and it is
here that one of theimportant differences between inhibitors isfound. Although
IZAWA and GOOD (1965) did not include simetone in their partitioning studies,
their reasoning suggests that the difference with DCMU (fig. 7and 8) probably
is due to the much higher water-solubility of simetone.
Our finding that the inhibitory effect of simetone on oxygen evolution can
easily be removed by washing the cells twice with tap water (fig. 19) confirms
BISHOP'S (1962) report on simazine.
Recovery after washing two times with tap water was still within 10% with a
concentration of simetone, about 10 times the concentration causing 50% inhibition of oxygen evolution. For DCMU, only the effect of concentrations, not
exceeding 2 times that causing 50% inhibition of oxygen evolution could be
removed by washing. This difference probably is due to the much higher solubility than DCMU of simetone in water. From these washing experiments it can
beconcluded that thebond between simetoneand itssiteofaction isaloose one.
Respiration is not influenced by 4 X 10~ 6 M simetone (fig. 21). The fact that
low concentrations of simetone inhibit inthelightdependentrange of thephotosynthesis-light curve, and leave the light-saturated level unchanged (fig. 22),
suggests the localization of this inhibition in the light dependent reactions
leading to the formation of ATP and reduced NADP. A similar conclusion was
reached for DCMU in section IV.3. With reference to the discussions for
DCMU, the situation for simetone may as well explain why, at a given light intensity, no effect of temperature on the inhibition of simetone was observed
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neither inthelight-limited nor inthesaturated part oftheintensity curve,even
at relatively high concentrations of the inhibitor (fig. 23and table6).
Theabsence ofaneffect of simetone on thephotosynthetic quotient (table7)
againshowsthestrongcouplingof02-evolutionandC02-uptakeunderstationary conditions.
b. Photophosphorylation
There are no reports in literature on the effect of simetone on cyclicphotophosphorylation in, vivo.We have demonstrated that 3.3 X 10"SM simetone
which inhibits oxygen evolution for 90%, has no effect on poly P formation
(fig. 24).This is similar to what was found for DCMU at an appropriate concentration(fig. 14).InthecaseofDCMU,difficulties withtheaqueoussolubility
prevented the use of concentrations causing more than 50% inhibition. The
solubility of simetone being much better, 84%inhibition of poly P formation
could be obtained (fig.24).
Just asin thecaseof DCMU, noinfluence oflight intensity wasobserved on
the degree of inhibition of poly P formation by a high concentration of simetone,viz. 13 X I0 _5 M. However,aswith DCMU, inhibition by3.3 X 10 -5 M
waslight intensity dependent (table8).
Again, like in the case of DCMU, the inhibition of poly P formation in far
red light ishigher than that in white light, but lower than theeffect on oxygen
evolution (seefigures16,24,and25).
The above discussion may have shown that also for poly P formation the
resultsaresimilartothose obtained with DCMU.Adiscussion onthemodeof
action of DCMU and simetone in relation to current views on the course of
photosynthesis will be attempted in the general discussion (section VII.2.1.).
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VI. E F F E C T S O F T H E B I P Y R I D Y L I U M C O M P O U N D D I Q U A T

VI.1. EFFECTS ON OXYGEN EXCHANGE*

VI.1.1. Inhibition of oxygen evolution in relation to the concentration of the
herbicide
Literature (MEES, 1960, and HOMER et al., 1960)reports that darkness during
treatment withdiquat retards theincrease oftheeffect oftheherbicide with time.
In order to test this, inhibition of oxygen evolution was determined in suspensions, kept in contact with various diquat concentrations for 30, 60, or 90 minutes in darkness (fig. 26). Besides, the effect of a range of concentrations on
0 2 -production was measured in suspensions that had been kept in contact with
the herbicide for 30, 60, or 90 minutes in the light (fig. 27). Both figures show
that the inhibition increases with the duration of the contact. Comparison of
figures 26 and 27 shows that at diquat concentrations below 10~ 4 M, pretreatment in darkness yields a smaller effect on subsequent light-induced 0 2 -evolution than pretreatment in the light. In further experiments, the effect of 2 X
10" 5 M diquat was mostly measured one hour after addition of the herbicide,
while the algae were kept in the light during this time. This treatment yields an
inhibition of about 50%.
VI.1.2. Stimulation of oxygen uptake in relation to the concentration of the
herbicide
In viewof results of MEES(1960),showing that oxygen consumption by bean
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FIG. 26. Inhibition of 0 2 evolution by different concentrations of diquat after
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Someresultsfrom thissectionhavebeenpresented in: VAN RENSEN (1969a).
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FIG. 27. Inhibition of 02-evolution by different concentrations
of diquat after 30 (•), 60 (O),
and 90 (A) minutes incubation
with the herbicide in light; 3
mm 3 cells/ml.

D i q u a t c o n c e n t r a t i o n in 10 M

leafdiscssometimeswasinitially stimulated upon addition ofdiquat, the effect
on 02-uptakein Scenedesmus was studied. It follows from fig. 28that oxygen
consumption indeed is increased after addition of the herbicide. The stimulation increases with time; 30minutes after addition of 2 X 10_5M diquat 02uptake is 165% ofthecontrol,and 220%with 10"*M.After 60minutes, these
valuesare185%and235%,for2 X 10 _5 Mand 10 -4 Mrespectively.Itshouldbe
added that with still longer incubation times, e.g. 120minutes after addition,
2 X 10~5Mdiquatinhibitsoxygenuptake for20%,and 10"*M diquat doesso
for 50%.

Diquat c o n c e n t r a t i o n

in 10

M

FIG. 28.Effect of various concentrations of diquat on 0 2 -uptake in the dark after 30 (•)
and 60(O) minutes dark incubation; 4 mm3 cells/ml.
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VI.1.3. Inhibition asaffectedbysuspension density of the algae
Oxygen evolution was measured atfivedifferent suspension densities, then,
2 X 10"5M diquat was added to the vessels, and one hour later the measurement of 02-productionwasstarted again. Photosynthesis wasmeasured under
conditions of light-saturation, also at the highest suspension density. The inhibitionpercentagebecomeslowerathighersuspensiondensities(fig.29), which
points to some degree of accumulation of the herbicide by thecells.

mm3 C e l l s / m l
_5

FIG. 29.Effect of 2 x 10 M diquat on (Revolution at different suspension densities;
• = control, i.e. before incubation with the herbicide, O = after one hour incubation with
the herbicide in the light; numbers along lower line: percent inhibition.

VI.1.4. Washing experiments
Afterthe estimationoftheinfluenceoftheherbicideuponoxygenevolution,the
cells were centrifuged and washed twice with tap water. Hereafter, they were
resuspended inafresh amount ofbuffer solution to thesamedensity as before,
and the02-productionwasmeasured again. Fig. 30showsthat it isimpossible
toremovebywashingtheinhibitioncausedbydiquat.Alsowithsuspensionsof
cells,incubated withdiquat for 60minutes inthedark, theinhibition ofphotosynthesis after washing remains the same as before.
This result can be explained in two ways: either the herbicide cannot be
washed out ofthecells,orithasirreversibly damaged thephotosynthetic apparatus. In order to distinguish between these two possibilities, wehave tried to
Meded. Landbouwhogeschool Wageningen 71-9(1971)
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FIG. 30. Washing experiment; • = control, O = 2 x 10~5M diquat, A = 10"*M diquat,
4 mm 3 cells/ml; 10-30 min.: measurement before addition; 90-110 min.: ditto in the presence of diquat; 150-170 min.: ditto after washing.

preventdamagetothephotosyntheticapparatusbyflushingthealgalsuspension
with pure nitrogen. In fig. 31,at arrow 1, the lights were turned on. Between
arrows 2 and 3, oxygen evolution was measured. At 3,the lights were turned
off, and Nj-flushing was started. After 10minutes, at arrow 4, the lights were
turned on again, and 2 x 10~5M diquat wasadded. Between arrows 5and 6,
oxygen evolution is measured again. At arrow 6, the algae were centrifuged,
washed twice with tap water, and resuspended in fresh buffer at the samesuspension density asbefore. At arrow 7,the lightswereturned on, and at 8,oxygen evolution was measured for the third time. As is shown in fig. 31,under
these conditions, the inhibitionafter washingisonlyabout 1/3of thatinfig.30.
Another,interestingwaytoprotectthephotosyntheticapparatus from damageistoprevent thereduction ofdiquat byblockingtheelectrontransport chain
atasiteinfront oftheplaceofreduction ofdiquat.Thiscanbedonebyadding
the herbicide simetone which affects electron transport somewhere close to
PS II. As has been shown (VAN RENSEN and VAN STEEKELENBURG, 1965), the
inhibition caused by simetone concentrations up to 10"5M can be completely
removed bywashing. In theexperiment shown infig.32and table 9,the lights
wereturned on at arrow 1,and therate of oxygenevolution measured between
arrows 2and 3.At 3,two different concentrations of simetone were added to
separate vessels;between arrows4and 5,theeffect of simetone wasmeasured.
At 5,diquat was added (in the light in the presence of air), and the combined
effect of both herbicidesisshown between arrows 6and 7.At 7,thealgaewere
centrifuged, washed twicewithtapwater,andresuspended infresh buffer at the
samesuspension density asbefore. Atarrow 8,thelightswereturned on and at
9, measurements of oxygen evolution were started again.
Fig.32andtable9showthat2 X 10- 6 M and 10_5M simetone inhibit photosynthesis for 45and 86percent, respectively.Theeffects ofsimetoneanddiquat
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after one hour mcubat.on mlight, w.thout oxygen; after 8.-after washing;further explanation

onphotosynthesIsareadd,t.ve:2 x IO-M simetone plus 2 x 10"'M diquat
inhibit for 84%and 10"»M simetone plus 2 x 10~*Mdiquat cause complete
inhibition. After washing, ,t turns out that 2 x 1 0 - M simetone has failed to
prevent damaging of the photosynthetic apparatus caused by diquat, because
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FIG. 32. Washing experiment; 2 x 10"5M diquat added in the presence of simetone- • =
control, O = 2 x 10"6M simetone, A = 10"5M simetone; 4 mm 3 cells/ml; 2-3- controls4 - 5 : effect of simetone;at 5: diquat added; 6-7: combined effects of simetone arid diquat'
after 9: after washing; further explanation seetext.
Meded. Landbouwhogeschool Wageningen 71-9 (1971)

*

49

TABLE 9. Washing experiment with diquat in the presence of simetone
Before addition After addition
of herbicides
of simetone
Control
2 x 10 -6 M Simetone
2 x 10- 5 M Diquat
10 _5 M Simetone
2 x 10-*M Diquat

After addition
of both
herbicides

103(0)

102
102

56(45)

102

14(86)

After
washing

99(0)

99(0)

16(84)

58(41)

0(100)

69(31)

Experimental procedure: the same as that for Figure 32;4 mm3 cells/ml; data in p\ 0 2 /ml.
hour, corrected for respiration; numbers in parentheses: percentages of inhibition.
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FIG. 33. Effect of 2 x 10"5M diquat on (Revolution at different light intensities and different
temperatures; • = before addition, O = onehour after addition oftheherbicide;a = 20°C,
b = 25°C, c = 30°C; d, e, and f are the same experiments as a, b, and c respectively, data
corrected for dark 0 2 -uptake;4 mm 3 cells/ml.
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FIG. 34.Effect oftemperatureon inhibition percentagesatdifferent light intensities;calculated
from the data of figure 33d, e, andf; • = 20°C, O = 25°C, A = 30°C.

theremaininginhibition is41 %,whichisaboutthesameasinfig.30.Inthecase
of the higher simetone concentration, the inhibition left after washing is 31%
whichislessthanthat found infig.30.Thus, 10"5Msimetonewasfound effectiveinprotecting to someextent thephotosynthetic apparatus from damageby
diquat.
Wehad hoped to beableto apply a simetone concentration sufficiently high
for complete inhibition of electron transport in photosynthesis. In that case,
no diquat would be reduced and no inhibition of oxygen evolution would be
left after washing. Unfortunately, the inhibition of photosynthesis, caused by
stillhigherconcentrations of simetonecannot completely beremoved bywashing(section V.I.3.),and therefore, acompletedemonstration oftheaiminview
could not be achieved.
VI.1.5. Inhibition asaffectedbylightintensity andtemperature
Fig.33showstheeffect of2 X 10~SMdiquatonoxygenevolutionat different
light intensitiesand threedifferent temperatures.Dark respiration isstimulated
by diquat at all three temperatures (fig. 33a, b, and c). The percentage of inhibition of oxygenevolution isalmost the same at alllight intensities (fig. 33a,
b,andc).However,whenthecurvesarecorrectedforoxygenuptakeinthedark,
the percentages inhibition increase with temperature and with light intensity
until light saturation isreached (fig. 33d,e, f, andfig.34).
VI.1.6. Effect ofdiquat onthephotosynthetic quotient
Additionally, the effect of diquat on the photosynthetic quotient wasmeasured duringashortperiod(45mins)after theaddition oftheherbicide.Oxygen
Meded. Landbouwhogeschool Wageningen 71-9(1971)
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TABLE 10.Effect of diquat on the photosynthetic quotient during the first 45 minutes after
addition of the herbicide

Control
10 _4 M Diquat

(xl02-evolution

(il C0 2 -uptake

Photosynthetic
quotient

1271
278

1207
219

1.06 ± 0.02
1.28 ± 0.05

40 mm3 cells/vessel, suspended in tap water; data in |xl/vessel. 45 min., saturating light intensity, 25°C.

evolution and C02-uptake were measured simultaneously by the method described in section II.3.b.a. Table 10shows that C02-uptake is relatively more
inhibited than 02-evolution,leadingto an increaseof thephotosyntheticquotient.

VI.2. EFFECTSONPOLYPHOSPHATE FORMATION

VI.2.1. Inhibition inrelation totheconcentration of the herbicide
Fig.35ademonstratestheeffectofvariousdiquatconcentrationsonphosphate
fixation(in contact with an N2-atmosphere). The herbicidewasadded at the
beginningof 30minutesdark pretreatment. 3.3 x 10"5M diquat has no effect
onphosphatefixation, while3.3 X 10~*Minhibitsitforabout50%. Difficulties
withthephosphatedeterminationathigherdiquatconcentrationspreventedthe
use of concentrationshigher than 3.3 x 10"4M.

5x10
Diquat

concentration

FIG. 35.Effect of different diquat concentrations on phosphate fixation under an N2-atmosphere, in the absence (a) and in the presence (b) of 1.3 x 10 _6 M DCMU; light intensity
40 x 10*ergs/cm2.sec., pH ± 4.0, 5mm 3 cells/ml.
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To check whether the inhibition was due to damage of the photosynthetic
apparatus bydiquat inconnection with oxygen produced, the experiment was
repeated while 1.3 X 10 -6 M DCMU was added which completely inhibits
oxygen evolution, but still has no effect on phosphatefixation(fig. 36). Infig.
35b, DCMU was added first and, after 30 minutes of dark incubation under
nitrogenflushing,diquat wasadded. After another 30minutes dark period, the
lights were turned on, and photophosphorylation measured 90 minutes later.
It isclear thatfigures35a and b are the same,thus it is unlikely that the inhibition is a result of damage to the photosynthetic apparatus in the light by
produced oxygen.

VI.3. DISCUSSION

a. Oxygen evolution
Surveying the results of this chapter, it can be concluded that the effects of
diquat onphotosynthesisareverydifferent from thoseofDCMUandsimetone.
Infig.27,the effect of various diquat concentrations on oxygen evolution is
shown after 30, 60, and 90minutes incubation in the light. Incubation of the
cellswith 2 X 10"5Mdiquat inthelight during onehour results inabout 50%
inhibition of oxygen evolution; the inhibition increases with time. Incubation
with diquat at concentrations lower than 10~4M indarknessyieldsweaker inhibition of subsequent oxygen evolution in the light (fig. 26).The retarded inhibitionafter incubationindarknessisnotduetosloweruptakeofdiquatbythe
algae in the dark since uptake was the same as in the light (VAN RENSEN, unpublished data). Asimilar experience wasreported by BRIAN(1967)whofound
that darkness even increased uptake of diquat and paraquat by tomato, sugar
• beet, and cocksfoot leaves.
Diquat reduction occursboth inrelation to photosynthesisand inrelation to
respiration; in Scenedesmus cells, respiration has a far lower capacity than
photosynthesis. Therefore ascompared with the above explanation, it appears
moreattractivetoexplaintheretardation bydarknessoftheinhibitoryeffect on
subsequentoxygenevolution inthelightbythefact that, inthedark, muchless
diquat isreduced than inthelight.Asaconsequence,muchsmalleramountsof
toxic substances, ase.g., hydrogen peroxide (DAVENPORT, 1963)are produced,
resulting in lessdamage to the photosynthetic apparatus.
MEES(1960)and HOMERetah(1960)alsoreported weakerherbicidal activity
of diquat in darkness. DAVIESand SEAMAN (1968a) showed that, with diquat,
darknessincreased theincubation timeneeded to killElodea, ascompared with
light.
We have observed that diquat stimulates oxygen uptake in the dark 30and
60minutes after addition. Stimulation increases with diquat concentration and
time (fig. 28). However, additional experiments have shown that, 120minutes
after addition, the stimulation of oxygenuptake changes into inhibition. MEES
(1960) also found stimulation of oxygen consumption in bean leaf discs by
Meded. Landbouwhogeschool Wageningen 71-9(1971)
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diquat, and inhibition later on. FUNDERBURK and LAWRENCE (1964) reported
stimulation of 0 2 -uptake by Lemna minor, caused by diquat and paraquat.
TURNER et al. (1970)observed a rapid drop in the rate of oxygen evolution upon
addition of high concentrations of diquat to Chlorella vulgaris, followed by
oxygen uptake which later on again decreased. This was explained by the assumption of an immediate, large increase in oxygen uptake, accompanied by
irreversible inhibition of photosynthetic oxygen evolution, while later on, oxygen uptake again decreased.
According to fig. 29,the inhibition percentages decrease at higher suspension
densities. Thispoints to accumulation of diquat by the algal cells;because there
are fewer sites of action at lower suspension densities so that the amount of diquat available percellishigher. DAVIESand SEAMAN (1968)reported rapid initial
uptake of diquat in Elodea, probably representing passive adsorption of the herbicide onto plant surfaces which was completed after the first 10or 20 minutes,
and was followed by a slower long-term uptake, probably due to metabolic accumulation.
The inhibiting effect of diquat on oxygen evolution cannot be removed by
washing (fig. 30). Two possible explanations suggest themselves. First, it could
be due to irreversible binding of diquat by the cells, secondly to irreversible
damage of the photosynthetic apparatus by the supposed toxic peroxides.
Flushing the algal suspension with nitrogen before and during the treatment
with diquat was found to protect the photosynthetic apparatus from damage
(fig.31),theinhibitionleft after washingbeing only about 1/3 of that observed in
a similar experiment in the presence of oxygen. The inhibition left after washing
inthe oxygen-free case could be due to some oxygen, left in the suspension or to
some diquat left after washing. Anyhow, this experiment shows that diquat can
be removed to a high extent by washing so that there is no irreversible binding.
Similarly, BALDWIN et al. (1968) reported 90% loss in three washings of the
other bipyridilium herbicide paraquat from an isolated chloroplast suspension.
It is important to note that, one hour after the addition, there ismore diquat in
the algal cells under nitrogen flushing conditions than in the presence of air
(VAN RENSEN, unpublished data).
TURNER et al. (1970) reported that the inhibitory effect of diquat on oxygen
evolution in Chlorella vulgariscould be decreased by lowering the oxygen concentration in the WARBURG vessels. They also demonstrated lack of recovery of
apparent photosynthesis in diquat-treated Chlorella cells after washing. This
lack of recovery was not due to active diquat remaining in the washed cells, but
to irreversible inhibition.
Theeffects of simetone and diquatonphotosynthesis in our experiments were
additive when simultaneously supplied (fig. 32and tabel 9)as wasalso found by
VAN OORSCHOT (1964). FUNDERBURK and LAWRENCE (1964) showed that the
effects of acombination of CMU and diquat on 0 2 -production in Lemna minor
were additive as well. On the other hand, 10"5 M simetone supplied separately
beforehand, in our experiments was found to protect the photosynthetic apparatus with regard to the effect of diquat, supplied later (fig. 32 and table 9).
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VAN OORSCHOT(1966) reported that a still higher simetone concentration prevented thedevelopment ofsymptoms,caused bysimultaneouslysupplieddiquat
in bean leaves. This can be explained by the inhibitory effect of simetone on
electrontransport inthephotosyntheticsystem(fig.38)ataplaceinfront ofthe
site of diquat reduction.
In summary, our washing experiments have shown: 1) that diquat can be
washed from the algal cells,2)that simetone protects the cellsagainst damage
bydiquat,and,3)thatreduction ofdiquatandthepresenceofoxygenareessential for the inhibiting effect on oxygen evolution.
Amoreclosestudy of theeffect of light intensity and temperature on theinhibition of02-evolutionbydiquat revealed that respiration isstimualted at the
three temperatures applied, and that the percent inhibition of oxygen production isalmost equal at different light intensities (fig. 33a, b,and c). However,
after correction ofthecurvesfor dark 02-uptake,thepercentages of inhibition
increase with light intensity, while, beyond a certain value, the procentual inhibition apparently shows light saturation (fig. 33d, e, f, andfig.34). DAVIES
and SEAMAN(1968a)found that, in the presence of diquat, the procentual dedreaseinvitality ofElodeaincreased whenthelightintensityapplied duringthe
treatment withtheherbicide washigher.Theresult obtained by VAN OORSCHOT
(1966), who reported equal inhibition percentages at different light intensities,
can be explained by the fact that he treated the leaveswith diquat in the dark
and measured theeffect on subsequent C02-uptake inthe light,whereas inour
experiments thecellsweretreated with diquat in the light. Asdiscussed above,
darkness retardstheinhibitory effect ofdiquat (fig.26and 27). VAN OORSCHOT,
in thesamepaper, reported that, whenplantsweretreated inthelight,those at
high light intensity developed earlier and more pronounced symptoms than
those at low light intensity or in darkness.
Diquat wasfound to inhibit both in thelight-limited and in the light-saturated part of the photosynthesis-light curves (fig. 33).This showsthat diquat belongs to the group of inhibitors affecting light dependent reactions as well as
dark reactions in photosynthesis. The observation that diquat itself can be
washedoutwhileitseffect remains,leadstotheconclusion that,inthiscase,the
dualeffect isdueto secondary reactionsleadingto a general disturbance ofthe
photosynthetic apparatus.Another indication for thisconclusion isthat theinhibition percentage is temperature dependent (fig. 34); an inhibition of light
dependent reactions only, should be temperature independent. TURNER et al.
(1970) also observed that, at a given light intensity, the degree of inhibition of
photosynthesis in Chlorella vulgarisbydiquat increased withincreaseintemperature.
Itisclearthat oxygen,lightandincreasedtemperatureincreasethepercentage
inhibition of photosynthesis by diquat. This is also in accordance with results
reported by MEES(1960)and MERKLEet al. (1965)
Thesecondaryeffect ofdiquat and paraquat, thedisturbance ofcell structure
byhydrogenperoxideorperoxideradicals,hasbeenstudiedbyvariousauthors.
MERKLEetal. (1965)showedrapid bleachingofthepigmentsystemof broadleaf
Meded. Landbouwhogeschool Wageningen 71-9(1971)
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beanbyparaquat inthepresenceoflightand0 2 .ImmersionofElodeaindiquat
solutions caused increase in chlorophyll destruction in the course of time
(DAVIESand SEAMAN, 1968a).
Breakdown of theregular pattern ofchloroplast lamellae and grana was frequently observed. LANG and SEAMAN(1964) made electron microscope observationsofLemnaandAzollaplantstreated withdiquatand paraquat, indicating
major differences in the ultrastructure ofchloroplasts intreated plants ascompared withthecontrols. BAURetal. (1969)studied theeffect ofparaquat onthe
ultrastructure of mesquite mesophyll cells by electron microscopic techniques.
Thefirstvisible change induced by the herbicide was a rapid disintegration of
the plasmalemma, followed by rupture of thechloroplast membranes and loss
ofchloroplast turgor.No changes were noted in mitochondria, GOLGI bodies,
endoplasmic reticulum or nucleus,nor in the composition of the cytoplasm or
cell walls of tissues treated with paraquat up to 5hours. The observation that
chloroplaststructureisaffected before aneffect onothercellstructuresisfound,
isprobably duetothefact that inphotosynthetic tissuecatalaseispresent only
toa small extent in thechloroplast, as wasreported by BALDWINetal. (1968a)
and GREGORY (1968). STOKESet al. (1970) demonstrated bleaching of chlorophyllin Chlorella vulgarisbydiquatwhenthecellswereilluminated inwater or
inphosphate or bicarbonate buffer. Studyingthefinestructure ofthecells,they
found considerable damagecaused bydiquat to cellmembranes inlessthan 10
hours of illumination; however, inhibition of both photosynthesis and respiration of the plastids precedes any damage visible under the microscope.
ZWEIG et al. (1965) showed that in thejphotosynthetic electron transport
chain,diquat reduction replacesreduction ofNADP;thisistobeconsidered as
the primary effect of diquat on photosynthesis. Thus, during a short time after
addition ofdiquat,itactsasaHiLL-oxidantfor02-evolution,whileC02-uptake
is decreased by lack of reduced NADP. This implies that the photosynthetic
quotient should beincreased duringthefirsttimespan after addition ofdiquat,
anditwasindeedobservedthat,atadequatediquatconcentrations,C02-uptake
initiallyissomewhatmoreinhibited than02-evolution,resultinginanincreased
photosynthetic quotient during the first 45 minutes after addition of diquat
(table 10).BAURetal. (1969)statethat paraquat causeswasteof photosynthetic
reducing potential by utilizing electrons produced in PS I for the reduction of
theherbicideinsteadofferredoxin. Ultimately,thisleads to a decreasein starch
deposit in chloroplasts, as observed in their experiments.
b. Photophosphorylation
These experiments were performed under flushing of the algal suspensions
with nitrogen.
Diquat wasfound to inhibit phosphate fixation (fig. 35a). To be sure that
the above effect was not due|to oxygen production by the algae, the experiment was repeated'"in] thejcomplete absence of oxygen, which could be
assured when diquatyvasadded inthe presence of 1.3 X 10"6M DCMU. This
completely inhibits oxygen evolution, but still has no effect on phosphate fixa56
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tion (fig. 36).Thecurveinthepresence of DCMU isthesame asinitsabsence
(fig. 35b). Inhibition ofphosphatefixationbydiquat in theabsence of oxygen
cannot beexplainedbytheaboveexpounded modeofaction ofdiquat,andwill
bediscussed in section VII.2.2.
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VH. G E N E R A L D I S C U S S I O N

VII.1. POLYPHOSPHATE FORMATION AS A TOOL FOR MEASURING

CYCLICPHOTOPHOSPHORYLATION invivo
At the 1955 Gatlinburg Conference on photosynthesis, WASSINK proposed a
scheme representing the relations between photosynthesis, polyphosphate formation, and the metabolism of the cell (WASSINK, 1957).This schemesuggested
that the light dependent reactions of photosynthesis produce a pool of energyrich phosphate. This pool can be emptied along three different pathways: (a) in
the presence of C 0 2 , the major part isused inthe C0 2 -reduction cycle,whereby
inorganic phosphate isregenerated, giving rise to a decreased overall phosphate
fixation. In fact, this is illustrated in fig. 3of the present paper; (b) in the presenceof sugar, an additional pathway (denoted as'oxidative assimilation') equallyleadsback to inorganicphosphate;(c)when both (a)and (b)arecurtailed, the
formation of polyphosphates is observed, obviously resulting from overfilling
of the energy-rich phosphate pool. This also expresses itself in fixation of inorganic phosphate, as shown in our fig. 3. It appears that the principles of this
scheme still form a useful basis to start a discussion of more recent results.
With respect to theenergy-rich phosphate pool, KYLIN and TILLBERG (1967a)
found an inhibition of ATP formation in Scenedesmus by phloridzin and high
concentrations of inhibitor-^complex from potato, while poly P formation was
not affected. The authors concluded herefrom to the existence of a common
precursor X ooP in the formation of both ATP and poly P. The conversion of
X ooP to ATP was supposed to be sensitive to phloridzin and high concentrations of inhibitor-p, while the conversion of X <x> P to poly P was not. It is
interesting to note that also WASSINK and ROMBACH (1954) obtained indications
for the formation of a phosphate compound, accumulating more rapidly than
ATP.
In the absence of C 0 2 , poly P formation as described in the present paper
occurs under conditions of restricted ATP demands. With regard to poly P formation under these conditions, the question whether the energy-rich phosphate
pool mainly contains ATP or other energy-rich intermediates or energy-rich
states prior to the formation of ATP, appears irrelevant.
The demands for energy-rich phosphates induced by sugar supply has been
thoroughly investigated in KANDLER'S laboratory (see e.g. TANNER et ah, 1965,
and KANDLER and TANNER, 1966).Addition of glucose to starved Chlorellacells
results in assimilation of glucose to starch and oligosaccharides. The assimilation of one glucose was found to require two ATP. The ATP for thisglucoseassimilation isgenerated by respiration (in the presence of oxygen) or by photosynthesis (in light).These authors demonstrated that, in vivo,under appropriate
conditions (light, anaerobiosis, and absence of C0 2 ), glucose-assimilation is
accompanied by cyclic photophosphorylation. These results are in accordance
58
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with the finding of WASSINKetal.(1951a)that addition of glucose decreased the
rate ofphosphate fixation inChlorellain the absence ofC 0 2 . Thiscan be understood as utilization ofATP inglucose-assimilation which tends to keep theinorganic phosphate in circulation.
AVRON and NEUMANN (1968) have considered several ways to determine the
output ofcyclic photophosphorylation in vivo.
In adirect approach, ATP levelsorthe ratesofphosphate uptake were determined under conditions where the only ATP producing process was cyclic

photophosphorylation. FORTI and PARISI(1963)snowed a light-induced increase

of ATP levelsinleaves;this increase was observed alsointhe presence of CMU
under strictly anaerobic conditions as well as in air. SIMONIS and co-workers
measured the rate ofphosphate uptake inAnkistrodesmusbraunii underavariety
of conditions (see e.g. SIMONIS, 1967).
In anindirect approach, reactions aremeasured which depend upon asteady
supply ofATP. MARREetal.(1963)reported stimulation bylight ofdivalention
uptake,alsointheabsence of C 0 2 . MACROBBIE (1965)demonstrated that potassium uptake inNitella canbesupported bycyclic photophosphorylation alone,
because itcould proceed infar-red lightorinthe presence oflow concentrations
of DCMU. Light-induced acetate assimilation in Chlamydobotrys has been
shown by WIESSNER (1963) to depend on a photophosphorylation which is insensitive for DCMU concentrations, even for those completely inhibiting oxygen evolution. Inleaves of Elodea densa, inthe absence ofC 0 2 , andalso infarred light, cyclic photophosphorylation provides theenergy for active chloride
uptake in the light (JESCHKE, 1967). Light-induced assimilation of glucose in
Chlorella demonstrates the presence of cyclic photophosphorylation in vivo
(TANNER et al, 1965,and KANDLER and TANNER, 1966).
To AVRON and NEUMANN'S enumeration wemay nowaddthe light-induced
formation of polyphosphates intheabsence of C 0 2 . That it demonstrates the
presence of cyclic photophosphorylation in vivo is shown byits occurrence in
far-red light (table2andfigure5)anditsinsensitivity toDCMU concentrations
fully inhibitory foroxygenevolution (fig. 36).Itisalso similar toglucose-assimilation initslight saturation atlow intensities ascompared with light saturation
of oxygen evolution (fig.4).
With the method of cultivation of algae employed until now,in different
harvests poly Pformation israther variable (see e.g. table 1). MARKAROVAand
BASLAVSKAYA (1969) reported that theabsolute amounts of poly P in cellsare
not the same in different experiments, owing to conditions of culturing, the
supply ofthe cells with nutritional elements, theageofthe culture, therelative
proportions ofcellsatdifferent phases ofdevelopment, etc.Itisourgeneralexperience that poly Pformation ismore pronounced invery youngcultures than
in older ones.This isrelated tothe finding ofCORRELL and TOLBERT(1962) that
young cultures( < 5mm 3 cells/ml) ofAnabaena contained excessiveamountsof
poly P,whileinolder cultures thepoly Pcontent wasvery much lower. Possibly,
the variability inphosphate fixation indifferent harvests could bedecreased by
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using continuous culturing devices, maintaining the suspension density at a low
level. Also, synchronization and harvesting at a favourable time in the growth
cycle (BAKER and SCHMIDT, 1964)perhaps could produce more constant results
in different harvests.

VII.2. MECHANISMS OF ACTION OF THE HERBICIDES AND IMPLICATIONS OF THE
OBSERVED EFFECTS FOR THE MECHANISM OF PHOTOSYNTHESIS

VII.2.1. DCMU and simetone
Owing to common use of DCMU as an inhibitor of PS II-dependent processes,numerousdataoneffects ofDCMUinphotosynthetic processes are available
in literature. Itis clear that not all thesecan bediscussed. Three possible sites of
action within the photosynthetic process have been reported and will be discussed in some detail.
WITT and coworkers (WITT et ah, 1961,and WITT et al, 1966) assumed that
DCMU interferes withthe oxidizingsideof PSII.Also KESSLER(1968) favoured
the idea of an inhibition at this site. KESSLER proposed that theaction at this site
may account for the decreased steady-state fluorescence intensity under hydrogen-adaptation as compared with that under aerobic conditions in Ankistrodesmus cells in the presence of DCMU. WITT'S group proposed this site-of-action
of DCMU in order to explain its effect on the 515 nm absorbance change in
Chlorellaand in isolated chloroplasts. However, this conclusion has been questioned by FORK and DEKOUCHKOVSKY (1966);theseauthors assumed DCMU to
act between the first reduced substrate (Q) of PS II and the pool of electron
transport intermediates between PS II and PS I.
DUYSENS and SWEERS(1963) were the first to point out that DCMU might act
at the reducing side rather than at the oxidizing side of PS II. This view now is
accepted bymost workers,usingDCMU. Because DCMU prevented PSII from
reducing cytochrome/in Porphyridium omentum, DUYSENS et al. (1961) located
the site of inhibition close to PS II.
At this point it seems appropriate to recall in mind that ORNSTEIN et al.
(1938) suggested that the energy of the excited chlorophyll is transferred to a
compound A0, which then gives rise to the formation of a reducing substance.
WASSINK and KATZ (1939) then demonstrated that high chlorophyll fluorescence is related with a reduced state of the photosynthetic apparatus. This group
also showed that fluorescence of Chlorella is stimulated by concentrations
of ethylurethane (related to DCMU), which partly inhibit photosynthesis
(WASSINK et al, 1938).
Additionally, WASSINK et al. (1942), with Chromatium, demonstrated in fluorescence experiments that the hydrogen donor system is much more closely
related to the process of energy transfer than the C0 2 -reducing system. This
seems in a line with recent observations on the site of action of DCMU.
DUYSENSand SWEERS(1963)found that inthe presence of DCMU chlorophyll
a2 fluorescence rapidly increased and remained high in the steady state, and
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that light absorbed specifically by System I wasnot able to decrease this fluorescence. DUYSENS and SWEERS, therefore, concluded that DCMU preventsthe
reoxidation ofquencher QbyPSIbutnotits reduction byPSII. Since low con' centrations ofDCMU inhibit the reduction of plastoquinone (DUYSENS, 1963a),
the inhibition site could be more closely defined as between quencher Qand
plastoquinone. JOLIOT (1966) compared the effects of CMU and NH 2 OH on
oxygen evolution and fluorescence in Chlorella pyrenoidosa and found that
hydroxylamine, unlike CMU, does notincreasethe fluorescence intensity ofthe
cells (cf. the analogous observations in WASSINK et al., 1942,pp. 330-334)
even when oxygen evolution iscompletely inhibited, andthat addition of CMU
to cells inhibited byhydroxylamine increases the fluorescence tothesame level
as obtainable with CMU alone. From these andother results Mrs. JOLIOT concluded that NH 2 OH interacts with thecomponent Y (fig.40)and thatCMU
prevents thereoxidation of Q (fig. 40). Also IZAWA et al. (1969) and ELSTNER
et al.(1970),studyingtheeffects of NH 2 OH and DCMU onelectron transportin
isolated chloroplasts, concluded that hydroxylamine inhibits between PSII and
the 'watersplitting system', andthat DCMU acts onthereducing side ofPSII.
Among others, also MURATA et al. (1966) from a study onthekinetics of fluorescence, and YAMASHITA andBUTLER (1968),from photoreduction studies with
tris-washed chloroplasts, proposed the same site of action of DCMU. A full
discussion of the implications of these several findings is beyond the scope
of our present paper. Wemaystate, however, that our hypothesis about the
mechanism of action of DCMU (see below) is also compatible with the views
expressed.
An inhibition siteclosetoPSIwasproposed by ASAHIand JAGENDORF(1963).
They found inhibition of pyocyanine-mediated cyclic photophosphorylation in
broken, aged chloroplasts by rather high (10~ 4 M) concentrations ofCMU.
Therefore, they postulated that theelectron transport on the reducing side of
pyocyanine (i.e.PSI)involves another CMU-sensitive site.Afactor, capableof
reversing this inhibition waspurified andseemed tobeassociated with diaphorase activity. From studies of the effects of DCMU on oxygen evolution and
photo-assimilation ofglucose in Chlorella, also TANNER etal. (1965) concluded
that DCMU, besides inhibiting PS II, at high concentrations also inhibits
cyclic photophosphorylation which depends only onPS I. GOOD (1961) reported partial inhibition ofPMS-catalyzed (cyclic)photophosphorylation inisolated
chloroplasts by CMU, andcomplete inhibition of FMN-catalyzed (non-cyclic)
photophosphorylation already at lower concentrations. Several authors report
that processes dependent on non-cyclic electron transport (mediated byPSI)
are not affected by DCMU. BISHOP (1958) demonstrated that DCMU has no
effect onphotoreductive C0 2 -fixation byhydrogen-adapted algae. Photoreduction of NADP or low-potential acceptors with reduced DCPIP as electron
donor was notinhibited byDCMU (VERNON andZAUGG, 1960). According to
DUYSENS and AMESZ (1962) DCMU has noeffect onthe oxidation of cytochrome/ i n Porphyridium cruentum. HEALY (1970), and STUART and KALTWASSER

(1970),studying themechanism ofphotoproduction ofhydrogen-gas in ChlamyMeded. Landbouwhogeschool Wageningen 71-9(1971)
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FIG. 36. Effect of DCMU on (^-evolution inwhitelight (curve a),phosphate fixation in white
light (curvec),and phosphate fixation inred light (curve b); light intensity of whitelight 40 x
10*ergs/cmJ.sec., 5mm3 cells/ml.

domonas and Scenedesmus respectively, did not find DCMU-inhibition of this
process.
GINGRASand LEMASSON(1965)and GINGRAS (1966)have proposed a model
for themodeofaction ofCMUtoexplain theirexperimental results.Theysuggestedthat CMUremovesacertainnumberofmoleculesoftheoxidizedstateof
the primary substrate (or electron acceptor) E of PS II. So there should be a
competition for E + between the light reaction at PSII and CMU. It should be
noticedthat,atsaturatinglightintensity,thissubstrateisnotthelimiting factor
for photosynthesis. Although DCMU is about ten times more effective than
CMU,itsmodeofactionprobablyisthesame.We (VANRENSEN,1969)extended
the model of GINGRASand LEMASSONin assuming that DCMU affects theoxidized state of a substance X, which isvery close to, or might evenbeidentical
withtheprimarysubstrateofPSIIandthatX,moreover,takespartinthecyclic
electrontransportchain1.SothereisacompetitionforX + between DCMUand
the electron carriers Q and 'cofactor'. This hypothesis explains the following
observations:
1. Both in oxygen evolution and in cyclic photophosphorylation, at higher
light intensities, the redox balance of X will be shifted to the reduced side,
resulting in a lower concentration of X + . Consequently, inhibition by DCMU
willbesmaller athigher light intensities,aswasdemonstrated infigures11 and
12,and table 5.
2. Inhibition ofcyclicphotophosphorylation (fig. 36,curvec)ispossible,since
Xissupposed to take part alsointhecyclicelectron transport chain.
1

The reader is requested, at this point, to consult fig. 40.
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3. In thecase of oxygenevolution, accordingto the abovepropositions, there is
only a single electron donor for X + , i.e. Q. In the case of cyclic photophosphorylation in white light there are two electron donors, i.e., Q and the 'cofactor' (or electron carrier in vivo). For arriving at equal inhibition, a higher
DCMU-concentration is therefore needed in the case of phosphate fixation
(fig. 36, compare curve a and c).
4. In red light, preferently absorbed by PS I,electron pressure from Q is strongly decreased. So, the inhibition by DCMU of cyclic photophosphorylation
in red light should be higher than that inwhitelight,asactually found (fig.36,
compare curve b with curve c).
This hypothesis also explains why processes dependent on cyclic photophosphorylation require higher DCMU concentrations than 0 2 -evolution for inhibition, as reported e.g. by SIMONIS(1967)for 32 P-incorporation in the organic
phosphate fraction of Ankistrodesmus braunii under nitrogen atmosphere, by
TANNER et al. (1965) for photo-assimilation of glucose in Chlorella, and by
JESCHKE (1967) for the light-induced CI"-uptake in Elodea in the absence of

co2.
AVRON (1967) stressed the necessity of the maintenance of certain catalysts of
cyclic electron flow in their proper redox state to obtain maximum rates of
photophosphorylation. According to our model, DCMU competes with Q and
the 'cofactor' for X + which takes part also in the cyclic electron transport. In
this way, DCMU can influence the redox balance of the electron transport
components. Under some conditions, DCMU can prevent 'over-reduction' of
the electron carriers (BOSE and GEST, 1963, and WHATLEY, 1963), resulting in
stimulation of ferredoxin-dependent photophosphorylation in argon atmosphere (TAGAWA et al., 1963), while in air, and also with 714 nm light in argon,
this reaction was inhibited by CMU (ARNON et al., 1964) Also KYLIN and
TILLBERG (1967), in the presence of DCMU, found stimulation of ATP formation in Scenedesmus cells in nitrogen atmosphere. On the other hand, TREBST
and ECK (1961) found that in the case of photophosphorylation, catalyzed by
vitamin K in an atmosphere of nitrogen, DCMU-inhibition can beprevented by
bringing the cofactor in the reduced state at the beginning of the reaction.
Photophosphorylation in subchloroplast particles mediated by pyocyanine
was much less sensitive to DCMU when pyocyanine was partly reduced by
dithiothreitol (ANDERSON and MCCARTY, 1969). HAUSKA etal.(1970) confirmed
the previous finding of JAGENDORF and MARGULIES (1960)that in chloroplasts,
DCMU strongly inhibits phosphorylation in thepresence ofpyocyanine, whereas with PMS the rate was much less affected. This was explained by the finding
of JAGENDORF and MARGULIES (1960) that white light causes a fast non-enzymatic reduction of PMS, however not of pyocyanine. Reduction of pyocyanine
however, could be brought about by borohydride or dithiothreitol, and then
also eliminated the inhibition by DCMU.
So, several sorts of evidence tend to the conclusion that DCMU exerts its
effect by blocking the oxidized form of a component X, which is located in the
electron transport pathway close after PS II. In this way, it can inhibit both
Meded. Landbouwhogeschool Wageningen 71-9(1971)
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FIG. 37.Effect of simetone on 02-evolution in white light (curve a), phosphate fixation in
white light (curve c), and phosphate fixation in red light (curve b); light intensity of white
light 40 x 10*ergs/cmJ .sec; curve a: 4 mm 3 cells/ml, curves b and c: 5 mm 1 cells/ml.

non-cyclic and cyclicelectron transport and thus only onesite of inhibition by
DCMU needsto be assumed.
With respect to simetone,it mayberemarked that symmetrical triazinesbehavelikethephenylureas, aswasreported by BISHOP(1962), IZAWAand GOOD
(1965),MURATAetal.(1966),and GABBOT(1969).Alsocomparisonoftheresults
of Chapter IVandVof this paper shows that the effects of simetone resemble
those of DCMU. Simetone isonly somewhat lesseffective than DCMU and it
differs from DCMU in being not accumulated by the algal cells and being
washed out more easily. These differences, however, can be accounted for by
different partition characteristics of the two compounds (DCMU has a higher
liposolubility than simetone). Because also simetone has the four abovementioned DCMU-characteristics (cf. p.62-63,andillustrationsforsimetonein
figures 21,22,table8,andfig.37),webelievethemodeofaction ofsimetoneto
bethesameasfor DCMU.Assuggested by WESSELSand VAN DERVEEN (1956),
GOOD (1961), VAN OVERBEEK (1964), and others, this common mode of action
probably depends on the capacity to form hydrogen bonds with a component
indispensable for photosynthesis.Theobservation that bothcompoundscanbe
removed from thecellsbywashing,favours theassumption ofweakbonds,e.g.,
hydrogen bonds. The common structure, suited to form hydrogen bonds is
R-NH-CX-R', whereX = Ofor DCMU, and X = N for simetone(fig.38.)
In our opinion, plastoquinone isa possible candidate for being substance X
infig.40. AMESZ(1964) found that 6 X 10~6M DCMU in Anacystis nidulans
inhibits reduction ofplastoquinone bylightpreferently absorbed byPSII, but
not its oxidation by light mainly absorbed by PS I. The demonstration of
64
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FIG. 38.Proposed formation of hydrogen bonds between the oxidized state of plastoquinone
and DCMU (a); the bonds with simetone are presented in (b).

FIG. 39. Molecular modelsofthecomplexoftheoxidized stateofplastoquinone with DCMU
(a); (b) same with simetone.

KROGMANN(1961)and KROGMANNand OLIVERO(1962)that additionofplastoquinone to heptane-extracted chloroplasts partially restores PMS-catalysed
photophosphorylation,indicatesthatplastoquinone actsasacofactor incyclic
photophosphorylation.Fromatheoreticalviewpoint,hydrogenbondsbetween
theoxidizedstateofplastoquinoneandDCMUorsimetoneappearquitepossible, whereasthese bonds are much lessprobable when plastoquinone isinthe
reduced state (cf.figs.38and 39).

VII.2.2.Diquat
MEES(1960),BALDWIN(1969),and othershaveput forward a hypothesis on
themodeofaction ofdiquat andparaquat accordingto whichtheseherbicides
are reduced to their free radicals during photosynthesis and, more slowly,by
Meded.Landbouwhogeschool Wageningen 71-9(1971)
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FIG. 40. Proposed scheme for the interactions of theherbicides DCMU, simetone,and diquat
with theelectron flow in photosynthesis; explanation see text.

respiration inthedark or intheabsence ofchlorophyll,and that theseradicals
arereoxidized byoxygen.Itispostulated further that after thisreoxidation,accompanied by the conversion of oxygento hydrogen peroxide or possibly to a
hydroxylradical,oxidativedamageoccursinthemembranesof the chloroplast,
disturbing the photosynthetic apparatus. This damage then spreads further to
disrupt cell membranes as reported by MERKLE et al. (1965) upon treatment
with paraquat.
Most results ontheeffects ofbipyridylium herbicides on photosynthesis are
obtained from studies withhigherplantsor isolated chloroplasts. VAN RENSEN,
(1969a)andTURNERetal. (1970)studied theeffects ofdiquatongasexchangeof
unicellular algae, Scenedesmus and Chlorella vulgaris, respectively. The results
obtained by both studies support the above mentioned hypothesis (see also
fig. 40).
Thishypothesis,however,cannot explaintheinhibition ofphosphate fixation
inthecompleteabsenceofoxygen(fig.35).ZWEIGetal. (1965)havedemonstrated that under strictly anaerobic conditions, diquat can act as a cofactor for
cyclicphotophosphorylation inisolatedchloroplasts.Cyclicphotophosphorylation inisolated chloroplasts isonlypossibleafter addition ofcofactors, suchas
PMSorvitamin K. Invivo, however,cyclicphotophosphorylation occurswithouttheaddition ofsuchcofactors, andprobablyaphysiologicalelectroncarrier
ispresent whichenablescyclicelectron transport and, therefore, renders superfluous theaddition ofcofactors(fig.40).Fig.35showsthat,underinvivoconditions, diquat inhibits cyclic photophosphorylation in the absence of oxygen.
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This may indicate the presence of a second phosphorylation site in the cyclic
electron transport chain (fig. 40) and, moreover, that diquat acts as a bypass
for the normal electron transport including this second phosphorylation site.
Thus, all the electrons, transported via diquat, are lost for this second phosphorylation site.Although sufficiently high concentrations of diquat could not
beapplied, the shape of the curve indicates that probably not more than 50%
inhibition canbereached, suggestingthat stilloneoftwophosphorylation sites
remains in operation. Evidence for a second phosphorylation site in the cyclic
electron transport chain was also presented by SIMONIS (1967), KYLIN and
TILLBERG(1967),AVRONand NEUMANN(1968),HAUSKAetal. (1970),and others
for different reasons.
VII.2.3. Implications oftheobservedeffectsfor themechanism ofphotosynthesis
Theresultspresented inthispaper allowsomeconclusionswithrespecttothe
mechanismofphotosynthesis.FromChapterHIitisclearthatcyclicphotophosphorylation occurs also in vivo, as it occurs also in light in which only PS I is
operative.
Theexperiments with DCMUand simetonehavemadeit veryprobable that
the cyclic electron transport chain contacts the non-cyclic one at the level of
plastoquinone.Inbriefrecapitulation,theevidenceisthattheseherbicidesseem
to have the correct properties to block plastoquinone, the inhibition is to be
located in theneighbourhood of plastoquinone in theelectron transport chain,
and evidence discussed above indicates that, in heptane-extracted chloroplasts,
plastoquinone may act as a cofactor for cyclic photophosphorylation. With
respect to the place of connection between the cyclic and non-cyclic electron
transportchainitisworthnotingthat FANand CRAMER(1970)recentlyreported
the redox potential of cytochrome 563 to be -0.18 V. It is assumed that this
cytochrome takes part inthecyclicelectron transport pathway, thusit mayact
as the physiological 'cofactor' or electron carrier infigures1and 40.
From the effects observed with diquat, one may conclude that there are two
phosphorylation sitesinthecyclicelectrontransport chain. Theevidenceherefor isthat cyclicphotophosphorylation isinhibited also in the absence of oxygen, diquat probably causing a bypass of one phosphorylation site while the
observation that inhibition probably never exceeds 50%indicates thepresence
of a second, non-bypassed phosphorylation site. In connection with relevant
literature,itseemsmostreasonabletolocatethisnon-bypassed phosphorylation
sitebetweencytochrome 559andcytochrome553 andtheotheroneinthecyclic
electron transport chain via PS I, between Z and plastoquinone (fig. 40).
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SUMMARY

The mode of action of someherbicides,viz.,DCMU,simetone,and diquat,
was investigated by studying their effects upon oxygen evolution and cyclic
photophosphorylation intheunicellular green alga, Scenedesmus spec.
Oxygenevolution wasmeasured with theaid ofthe WARBURGtechnique,the
suspension mediummostly wasWARBURGbuffer no9,thegasphasewasair,in
general, the temperature 25°C.
Cyclic photophosphorylation was determined by measuring inorganic phosphate uptake by the algae during a 90 minutes illumination period under a
nitrogen atmosphere.
In Chapter III, it isshown that phosphate uptake under the conditions described issaturated atmuch lower lightintensity than oxygenevolution (fig.4).
Infar-red light,preferentially absorbed byPSI,thereisalmostnooxygenevolution (table2),whilethefixationofphosphate proceeds equally wellas inwhite
light (fig. 5).This demonstrates that the latter process represents cyclicphotophosphorylation in vivo.
In Chapter IV, it is shown that DCMU, at light saturation and at 5 mm3
cells/ml, inhibits oxygen evolution for 50%at a concentration of 2 X 10~7M
(fig. 6).Thisconcentration hasnoeffect ondark 02-uptake(fig. 11).Thedegree
of inhibition ofoxygen evolution byDCMU decreases with increasing suspension density (section IV.1.2.). Moreover, the degree of inhibition depends on
light intensity (section IV.1.4.), but not on temperature (section IV.1.5.). By
washing the cells, the inhibiting effect of DCMU can be removed (section
IV.1.3.). DCMU has no effect on the photosynthetic quotient (table4).
PhosphatefixationinwhitelightismuchlesssensitivetoDCMUthanoxygen
evolution;infar-red lightphosphatefixationismorestrongly inhibited than in
white light, but lessthan oxygen evolution (fig. 36).
In Chapter V,theeffect of simetone isstudied. Simetone haseffects, qualitatively similar to those of DCMU on oxygen evolution and phosphatefixation.
Itdiffers from DCMUonlyinbeinglesseffective, notaccumulated bythealgae,
and washed out more easily.
In Chapter VI, experiments on the influence of diquat on oxygen evolution
andphosphatefixationarepresented. Theinhibition of02-evolutionby diquat
increases with time; treatment in light for one hour with 2 X 10"5M gives an
inhibition of about 50%(fig. 27). The degree of inhibition decreases with increasingsuspension density (fig.29)whichpoints to an accumulation of diquat
bythecells.
The inhibiting effect cannot bewashed out, but when diquat isadded in the
absence of oxygen or in the presence of 10"5M simetone, the inhibition after
washing is decreased (section VI.1.4.). It is concluded that diquat can be removed to alargeextent bywashing,and that oxygen isrequired to bring about
the inhibiting effect.
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Diquat initially stimulates dark 02-uptake which subsequently changes into
inhibition (section VI.1.2.).The degree of inhibition of 02-evolution increases
withlightintensity.Inhibition wasobserved both inthelight-limited and inthe
light-saturated part of the photosynthesis-light curve. The degree of inhibition
increases with temperature (section VI.1.5.).
Duringthefirst45minutes after addition ofdiquat (withair asagasphase),
the photosynthetic quotient isincreased (table 10).This shows that during this
time diquat acts as a Hiix-oxidant for 02-evolution, while C02-uptake is
decreased by lack of reduced NADP.
Diquatwasfound toinhibitphosphatefixationtoabout50%(inthecomplete
absence of oxygen) (fig. 35).
Theresultsareconsistent withthehypothesis that diquat isreduced to a free
radical in the photosynthetic process and also, to a smaller extent, in respiration.Thereaction ofthisfree radicalwithwaterand oxygenleadstothe formation of toxicperoxide radicals or hydrogen peroxide (fig. 40).These peroxides
are assumed to disrupt cellular organization, structure and function.
InChapterVII,themode ofaction ofthevarious herbicides studied, and the
implications of the results for the mechanism of photosynthesis are discussed.
Theresultsobtainedjgive risetothefollowing interpretation ofthemodeofactionof DCMUandsimetone:both herbicidesaffect theoxidized stateofasubstanceX,whichmayrepresent,orisverycloseto,theprimaryelectron acceptor
of PSII. Moreover, Xtakes part inthecyclicelectron transport chain (fig.40).
Xmightbeplastoquinone;the binding withthe herbicidesprobably occursvia
hydrogen bonds (figs. 38,39).
With respect to the mechanism of photosynthesis it isconcluded that cyclic
photophosphorylation occurs also in vivo.The cyclic electron transport chain
probably contacts the non-cyclic one at the level of plastoquinone. Evidence
suggeststhat therearetwophosphorylation sitesinthecyclicelectron transport
chain: one between cytochrome 559 and cytochrome 553,and another one in
thechainofPSIbetweenZandplastoquinone. Formoredetailsregardingthese
considerations, cf. section VII.2.3.
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SAMENVATTING

Inditproefschriftwordteenonderzoeknaarhet werkingsmechanismevan enkeleherbiciden beschreven. Daartoe werd huninvloedop zuurstofontwikkeling
encyclischefotofosforylering bestudeerd aanheteencelligegroenwierScenedesmusspec.
Zuurstofontwikkeling werdgemetenmetbehulp vaneenWARBURGapparaat;
dealgenwerdenmeestalgesuspendeerdinWARBURG buffer no9,degasfasewas
lucht endetemperatuur 25°C.
Cyclischefotofosforylering werdgemetendoorhet anorganisch fosfaatgehalte ineenalgensuspensie tebepalen aanhetbegin enaanheteind vaneen belichtingsperiode van90minuten. Gedurende dezeperiode werd zuiverestikstof
door desuspensies geleid.
In hoofdstuk IIIisaangetoond, datfosfaatopname onder deze condities bij
veel lagere intensiteit licht-verzadigingvertoont danzuurstofontwikkeling(fig.
4).Indonker-rood licht, voornamelijk geabsorbeerd door PSI,iserbijna geen
zuurstof-ontwikkeling (tabel2).Hetfeit, datindit donker-rode licht toch fosfaatopname optreedt(fig.5),toontaan,datditprocesdecyclische fotofosforyleringinvivoweergeeft.
Hoofdstuk IV laat zien, dat DCMU, bij lichtverzadiging en eensuspensiedichtheidvan5mm3cellen/ml,dezuurstofontwikkeling remtvoor 50% bijeen
concentratie van2 x 10 _7 M (fig.6).Door deze concentratie wordt deademhaling niet bei'nvloed (fig. 11). De remming van de 02-ontwikkeling door
DCMU neemt toe met de suspensiedichtheid (sectie IV.1.2.). Lichtintensiteit
(sectieIV.1.4.) heeft invloedopderemmingvandezuurstofontwikkeling door
DCMU;detemperatuurechterniet(sectieIV.1.5.).Hetismogelijk, deremming
door DCMU op te heffen, door de algen met leidingwater te wassen (sectie
IV.1.3.).DCMU heeft geeneffect ophetfotosynthetisch quotient (tabel4).
Dezuurstofontwikkeling isveelgevoeligervoor DCMU dan de fosfaatopname in wit licht; indonkerrood lichtisdefosfaatfixatie sterker geremd dan in
wit licht, echter minder sterk dandezuurstofontwikkeling (fig. 36).
In hoofdstuk Visheteffect vansimeton besproken. Deinvloed van simeton
op de zuurstofontwikkeling en fosfaatfixatie iskwalitatief gelijk aandie van
DCMU. Simeton isalleen iets minder actief,wordt niet door dealgen geaccumuleerd enisgemakkelijker uittewassen dan DCMU.
Hoofdstuk VIvermeldt deinvloedvandiquat. Deremmingvandezuurstofontwikkeling neemttoemetdetijd;eenuurnadatditherbicide(inhet licht)aan
dealgensuspensiesistoegevoegd,isderemmingdoor2 X 10~5Mongeveer50%
(fig.27).Deremmingspercentages zijn bijhogesuspensiedichtheden kleinerdan
bijlageredichtheden(fig.29);ditwijstopaccumulatievandiquatdoordealgen.
Deremming kanniet opgeheven worden door decellen uittewassen, maar
wanneer diquat wordt toegevoegd inafwezigheid vanzuurstof ofin aanwezigheidvan 10"5Msimeton,isderemmingnahetuitwassenminder(sectieVI.1.4.).
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Hetblijkt,datdiquatvooreengroot deelverwijderd kanwordendoor decellen
uit tewassenendat zuurstof nodigisomderemmingtot stand tebrengen.
De zuurstofopname in het donker wordt door diquat in eerste instantiegestimuleerd, later geremd (sectie VI.1.2.). De remming van de zuurstofontwikkelingneemttoemetdelichtintensiteit. Zowelhet licht-gelimiteerdealshetverzadigdedeelvandefotosynthese-lichtcurve wordengeremd.Deremmingneemt
toe met de temperatuur (sectie VI.1.5.).
Hetfotosynthetisch quotientwordtdoordiquatverhoogd gedurendeeenkorteperiode(45min.)nahettoevoegen(tabel 10).Ditherbicidewerktineersteinstantie als een HiLL-oxidans voor de zuurstofontwikkeling, terwijl de COzopname geremd wordt door gebrek aan gereduceerd NADP.
Bijvolledige afwezigheid van zuurstof kan diquat defosfaatfixatie tot ongeveer 50%remmen (fig. 35).
Deverkregenresultatenzijninovereenstemmingmetdehypothese,datdiquat
inhetfotosyntheseproces eninminderematetijdens de ademhaling, wordt gereduceerd tot eenvrij radicaal. In aanwezigheid van zuurstof worden dan toxische peroxiden gevormd (fig.40),waardoor destructuren indeeelwordenverstoord.
In hoofdstuk VII worden de werkingsmechanismen van de herbiciden en de
consequenties van de resultaten voor het mechanisme van de fotosynthese besproken. Deverkregen resultaten hebben geleidtot devolgendehypotheseover
het werkingsmechanisme van DCMU en simeton: Beideherbiciden blokkeren
degeoxideerdevormvaneencomponent X;dezeXis,ofiszeerdicht gelocaliseerd bij,hetprimaire substraat van lichtreactie II. Bovendien isXeencomponentvandecyclische electrontransportenketen (fig. 40). Het ismogelijk, dat X
plastochinon is;de binding met deherbiciden vindt waarschijnlijk plaats door
waterstofbruggen (figuren 38en39).
Metbetrekkingtot hetmechanismevanhetfotosyntheseproces wordtgeconcludeerd dat cyclischefotofosforylering ook invivo optreedt. Decyclischeelectronentransportketen ontmoetdeniet-cyclischewaarschijnlijk ophetniveauvan
plastochinon.Behalvedefosforyleringsplaats indeniet-cyclischeelectronentransportketeniserooknogeenextraplaatsindecyclischeenwelindeketenvan PSI,
tussen Z en plastochinon. De details van deze beschouwingen zijn vermeld in
sectie VII.2.3.
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