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INHIBITION OF PHOTOSYNTHESIS BY THE ORGANOCHLORINE 
PESTICIDE TOXAPHENE+ 
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Ahtru?t-suscqtibility (0 toxaphcllc+ an cxtcnsivcly UJad ofganochlorine pesticide, was evident in five tXrcal types alKl 
was widcqxcad in 081 (Aorru, spp.) and barley (Hordrum spp.). In thcsc cerals most of tbc varieties tcstal wcrc 
susceptible, this being asses& biochcmkally from inhibition of the Hill &on in chloro~ts from treated ptants. 
Studies with the susuptibk AWM ~411~ varkty Blyth showai two sites of inhibition of photosynthetic ekaton Bow. 
The 6rst rite was on the oxidizing side of photosystem 2, and the second in rhc intcrmathte ekctron transport chain 
bctwccn the two photosystcms. As a consequcncc of the Ma. cychc photophosphoybion was inhibited and 
toxaphcnc may additionally have some uncoupla activity. 

INlRODUCllON 

The organochlorine pesticide toxaphcnc is widely usal in 
a number of countries, and particularly the USA whcrc 
more than 5 x l@ tons have been usal since 1W7 [l]. 
Applications lo plants include major use in cotton inaazt 
control progmmmcs and other applkarions in the treat- 
mcnt of small grains, soy beans and vcgctabks. It has also 
ban usaJ in control of external insects on livatock, ti 
for fish cradkation [Zl. In the UK it has bten used as a 
worm kilkr on turf and lawns, but currently has limited 

agricultural or horticultural application. 
Toxaphcnc is a complex mixture of more than 200 

constituents I withan averageckmcntalcomposition of 

11 CloHloCI, 2 . h is produced by chlorination of cam- 
phene to an overall chlorine content of about 68 “/,. The 
major constituents arc polychloro~mane isomers (76 %) 
and polychlorobomencs (I8 ‘4) with small amounts of 
polychlorobornadiencs, chlorinated hydrocarbons and 
some nonchlorinatcd compounds [ 11. Some of the major 
toxicconstituents IO insccts, fish and mammals [3-S] have 
bocn isolated and identifkd (Fig I). Toxicity to a photo- 
synthetic organism, the cyanobacterium Anacysris ni- 
dubs. has also been shown [6]. 

Despite its importance in terms of usage, and in view of 
IIS apparent persistence in the cnvironmcnt [q and 

*Pan 3 in tk scncs SusaptibiliIy of Ccfcak to 
O~ganochlorinc Pesticides and Bicdwmkl Mode of Action”. 
For PUI 2 = ref. [ 131. 
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Abbnvutiotw DAD. 2.3.5.6t cuamuhyl-j+vmyknaJka& 
DBMIB. ~~i~3-mttbyl~~opropyl-I.Cbcatoquinone; 
DCMU. )_(3,4_dichbrophcnyl~l,ld~thylu~ DPC. di- 
pbmyk&Vuide; DCIP. 2+dichlorophcnoliIKl~o~ MV. 
methyl viol- PMS. phcnaxinc mcthorulphrtc; TMPD, 
N.N.N ‘,N ‘-tctramcthyi-pphcnylcncdiamine. 

possible health hazard to animals L4.8.9). littlc is known 
about the mode of &on of toxaphenc or of its effects 
against non-target organisms. However, greenhouse and 
field trials have shown previously that some oat (AWM 
spp.) varieties arc suszeptibk lo toxaphcnc [lo]. Reaction 
was controlkd by a singk major gcnc with susceptibility 
condirionai by rhc dominant alkk. Study of the F2 and 
F3 gcncrations of crosses bctwecn susccptibk and rcsisc- 
ant parcnls suggcstcd that there was nocytoplasmic cffazt 
on the reaction lo toxaphcne and that a single locus 
conditioned the response 

Thcrc have ban a few reports of the susceptibility of 
plants to other insccticidcs. Tbcsc include the reactions of 
sorgo to chlorinated hydrocarbons and phosphate in- 
sccticidc.s [II] and of cereal spazics to I.l,l-trichloro- 
bis(pchlorophcnyl)cthane (DDT) [ 12, 131. In all these. 
reaction to the pesticide is gcncGcally basal. Also of 
interest in this context is the cytoplasmic gcnomc cffbct 
linking susccptibiliry of mcthomyl lo mak sterility in a 

Cl 

Cl 

Fii I. Rmtativc uructurc of toupbcac. Toxic com- 
pcmalts lbal kwc bcal icknrifkd arc 23.SaMIo.6.cx0.49.l@ 
&puchbrobomanc where both R, and Rx arc CH2Cl and the 

amapondinl 8,8.9.l@ and 8,9,9,I@octa&~obomancs. 
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maize (Zeo moys) variety [ 141. Only in the case of 
susceptibility to DDT in barley (Hodem spp.) [ 121 and 
rye (Secrole spp.) [ 133 has the mode of action of the 
pesticide been elucidated. The biochemical basis of the 
susceptibility of oat to toxaphcnc has now been defined. 

RESULTS ASD DCXUSSION 

Using inhibition of photosynthetic clactron Bow as an 
index of susceptibility the responses to toxaphcnc of a 
wide range of varieties of five cereals were examined. Two 
days after treatment, and before visible kaf damage was 
evident, leaves of seedlings were harvested. chloroplasts 
isolated, and rates of DCIP and ferrkyanidc photorcduc- 
tions determined. Varieties where chloroplasts from 
treated plants showed an inhibition of photosynthetic 
ckctron flow of about 40% or more were classed as 
susccptibk. Gn this basis almost all the barky and oat, 
and about half the rye varieties tested, were susuptibk. In 
contrast, maize and wheat (Mricum spp.) varieties were 
with few exocptions resistant to toxaphcnc. The data from 
thiscxtcnsivcsWcyistobcslmm&xcdckcwhac,and 
subscqucnt studies were conantratcd on the response of 
oat to the pesticide (Table 1). This survey was based on a 
sckction from the US Department of Agriculture Small 
Grains Colkction. supplemented by several UK co-r- 
cial varieties. All but two of the varieties were susccptibk. 
with parallel inhibitions of DCIP and ferrkyanidc photo- 
reductions. The two exceptions were the varieties 
Morcgrain and New Nortex. which gave an intermediate 
response. For Morcgrain, DCIP photorcduction was 
inhibited 27% and ferrkyanide photoreduction was in- 
hibited 8 y;, while for New No&x, the corresponding 
inhibitions were 33 y0 and 16 %, respectively. Supplies of 
seeds were insulWcn1 to permit repeated tests. These two 
varieties were classed as resistant in the earlier held trials 
defining the genetic basis of the response to toxaphcne 
[IO]. Possibly in the present studies, which used seedlings 
at the two- IO three-kaf stage, toxaphene may havecaused 
some generalixcd membrane damage unrelated to the 
gene effect. The earlier studies [lo] were with plants 

T&k I. Susaptibility of oar wiccier to IOxaplKnc as 
Isxwd by inhibition of the Hill raction in chkmpluts 

from trutal adlings 

Intcfmcdimte 
Susxptibk rtrtion 

Aoerian 
Bulner 
Myth 

FY~ 
Gentry HS 14160 
IIlinoir Hull-b 
K& W9478 

Maris Okron 
Maris Tabud 
OdMdO 

Pint0 

Saladin 
Siknsia 

T=M= 
CD3994 
PI 203450 
PI 234ft42 
PI 266827 
PI 355005 
PI 361866 
PI 361912 

Moregrain 
New Nona 

PI numbem UC thoce deaig~ting umunaI varkti~ in the 
!kall Grains Coktion. Fa swoqxibk v&&a the in- 
hibition for DCIP photoruktio~ was Jl*9% and for 
kfficyanidc photoreduction was 48 f 9 Y/.. 

nearing maturity and the distinction between surccpt- 
ibility and resistance was based on observations of visible 
damage to the sprayed leaves. In suscrptiblc plants leaves 
became salmon~olourcd some 3 days after spraying and 
kaf tissue contacted by the spray subsequently became 
brown and dial. 

Studies on the biochemical mode of action of toxa- 
phcne were con8ncd to a singk susccptib-k variety. Blyth, 
one of the commercially available UK varieties. To dctinc 
the most appropriate time after spraying to harvest kavcs, 
the limacourse of inhibition of the Hill -ion over an 8 
day period was followed (Fig. 2) This showed that 
inhibition of photosynthesis was a maximum at 2-4 days 
after spraying and thereafter there was a slow racovcry. 
For subsequent studies seedlings were harvested usually 2 
days after spraying with a 2 “/, v/v emulsion of toxaphcnc 
or the control spray. The recovery in chloroplast function 
might suggest that some dctoxkation of toxaphcnc 
oazurs. Metabolism of toxaphcnc by dechlorination and 
dchydrochlorination has ban shown to occur in mam- 
mals [IS, 161 and a bacterium [ 173. It is also relevant that 
these studies were made on plants maintained in growth 
chambers at light intensities which were low compared to 
natural daylight. Under these conditions the excitation 
energy absorbed by the photosynthetic pigments which, 
because of inhibition by toxaphcnc. could not be used for 
photosynthetic electron flow, is presumably dissipated 
effectively by the carotenoid protective system. At high 
intensities this might not be the case and allular 
deteriorative processes [l8] could result in death of the 
seedling despite any partial dctoxication of the pesticide. 

Studies using DPC as an artiIkial electron donor to the 
oxidizing side of photosystem 2 and DCIP as electron 
acceptor showed that toxaphcnc inhibited electron trans- 
port in this region. In these experiments the chloroplasts 
were washal in high concentrations of Tris, a treatment 
which abolished ckctron flow from the physiological 
donor [ 191. An experiment to locate the site of inhibition 
of toxaphenc exploiting previous obdmations that the 
site of interaction of DPC is dependent on pH [ 12, 131 is 

1ooL ’ 1 1 1 1 

0 2 4 6 8 
Da*, .,,*c, ,.,..,tn FI’I 

Fig. 2 Suaaptibility ofoat to toxapbcac 8azUing were treated 
with I % v/v toxapbcm (open symbols) or 2% v/v toxaphcnc 
(closed symboh) at dry 0. At intervals up IO 8 days chlorophns 
mn iroktal from toxaphcn+lmtal rcedtinp and -lea of 
DCIP (0.0) and f&cyanide v\. A) p&torcducsion aqucd 
with tharc for Fhloropluts from untratcd se&in@ 

(cc I SO qol dye reduccd/hr/m~ chlorophyll). 
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Fig. 3. E&et of pH on the site of ckstron donation by DPC in 
relation to l die of inhibition by ~oupbcnc. Rata aregiven as per 
0x11 inhibition by ~ouphax compual with data for DCIP 
photoreduction using DPC as donor at tbc rune pH in chlae 
pluts from untreated tits. In conrrdr not subjatcd to frir- 
washing, ekctron tranqort from Ha0 was inhibited some 70% 
m chloroplaus from toxaphcnetratcd seedlings. Tbc ryrnbob 
represent raulrs from three separate expetimen~a For chloro- 
plasts from untreated seedlings the rata of ckctron ttuuport 
@ol DCIP ruhtad/hr/mgehlorophyll) foe Hx0a.s donor were 
about llOa1pH6ud lOOrtpH9,andforDPCudomnwere 

about 13Oa1pH6and8OatpH9. 

shown in Fig. 3. AI pH 9 there was a 40% inhibition of 
ekctron Bow from DPC to DPIC in chloroplasts from 
toxaphene-trcatod susccptibk oat. This was comparabk 
to inhibitions of about 75% for ckctron Bow from the 
physiological donor bcfon T&-washing. At pH 6, how- 
ever, there was only a slight inhibition of ckctron Bow 
when DPC was used as tht ekctron donor. In the control 
cxpcrimcnts tberc was an apparent increaK in inhibition 
by toxaphcne of ckctron Bow from water as the pH was 
inmasedfrom6O%atpH6tosom80%atpH9.ASincc 
rates of ckctron Bow in untratcd chloropksts were 
similar over this pH range the incrataod inhibition at the 
hieherpHv;lluesmPybcducto~owedversceQTacton 
photosystan 2 by toxaphcnc not related to the sp&fic 
mode of action of the pcsticidc. Increased inhibition at 
high pH values was not obKNcd in comparabk cxpcri- 
matts with chloroplasts from DDT-treated sttsccptible 
rye [ 133. Ncvcrthckss, thcsc data identify ckarly a site of 
inhibition by toxaphane on the oxidixing side of photo- 

system 2. The site of inhibition is similar to that charac- 
t&zing the action of another organochlorinc insecticide, 
DDT. on suscqtibk buky [I21 and rye [13], which 
suggest.5 that a similar Iamcllar component may be 
involved. Howcvcr. oat varieties rwxptibk IO toxaphene 
arc resistant to DDT. Whctha the site ott the oxidizing 
side of pholosystan 2 is on a pathway of photosystem 2 
cyclic ckctron transport invoking cyt bSS9 [20], and 
invotva a site for photophosphorylation [21] would bc of 
intcrcst. Although a successful assay system for this 
Wivity was not established for oat chloropksts, an 
inhibition by toxaphcne of cyclic photosystctn 1 phos- 
phorylation could bc demonstrated ckariy, as could the 
inhibition of noncyclic photophosphorylation coupkd to 
fcrrkyanide photorcdtktion. TMsc data are given in 
Tabk 2 Whik ekctron transport was inhibited some 35 % 
in thcsc expcrimcnts, the concomitant noncyclic photo- 
phosphotyhtion was inhibited mote scvcrely. Thk sug- 
gests that toxaphcnc has an uncoupling effect in edition 
lo its &on as an inhibitor of ekctron transport, and 
could therefore bcclassal asan inhibitory uncoupkr [22]. 
However, toxaphenc is compkx in terms of chcmkal 
composition and diffcrcnt components may contribute 
differently to thcsc two effects. PMS-catalysad photo- 
system 1 cyclic photophosphotylation was aIso inhibited, 
but only by 30%; this corresponds to the uncoupling 
attributed to toxa@cne in noncyclic photophosphory- 
ktion. However. this inhibition of photosystem 1 cyclic 
photophosphorylation might also be due to a sazond site 
of inhibition by toxaphcne of ekctron Bow. This poss- 
ibility was investigated by using DPC as an electron donor 
at pH 6.5. so by-passing th inhibition site on the 
oxidizing side of photosystem 2, using NADP* as 
ckctron acceptor on the reducing side of photosystem 1. 
These data (Table 3) showad that ekctron transport from 
DPC to NADP* was inhibited by some 20 % and suggest 
that a site of inhibition associated with photosystcm 1 
may be present. However, the inhibition is kss than that 
seen for the site before photosystcm 2, shown by the 
accompanying study of electron transport from water to 
DCIP. 

Confirmation of this second inhibition site came from 
studies using DCIP. TMPD or DAD, in the prestncc of 
ascorbate m the secondary rcductant, as clactron donors 
to photosystem 1 and MV or NADP’ as ckron 
aaxptor. Assays were in the prtsena of DCMU to inhibit 
photosystem 2. With NADP’ as aaeptor. ekaron 
transport from both TMPD and DAD were inhibited by 
about 300%. whereas no inhibition in electron flow from 
DCIP to NADP+ was dent (Tabk 4). Results with MV 

T&k L Photophosphorylation by chloropksts isolntcd from touphcnatruted ruxqtibk oat (var. Myth) 

Nonqclic photopbosphorylrtion Cyclic photophorphorylation 

Fe(cN), photoreduction Pi atcritkx1ion Pi cstcrifiation 
--. 

Days after % % % 
tra1mcnt UT T inhibirion UT 1 inhib&on UT f inhibiIion 

2 260 86 67 600 395 34 670 450 33 
4 240 85 65 730 460 37 ‘)cx) 550 30 

Cl~lorop&st~ were itohted 2 or 4 d~ya after treating laodlings with tox~pbcnc (T) or a control spray (vr). Rates 
UC junoI PI amitkd 01 mxptof ratuced/hr/mg ehkrophyll. 
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T&k 3. Wxtron transpwt frm DPC to NADP’ or DCIP in Trk-washed chlorcpluts frcan 
stnceptibk 001 

l-mtmalt 
Ekarontkaar 
Jaatrlm aaqwr 

NOW None f~Wdk?d TriS-WUhUl 
HID H,O Ha0 DPC Hz0 DPC 

DCIP NADP’ DCIP DCIP NADP’ NADP l 

Toxapbmc-tratal 47 I2 7 125 4 16 
Untnrtai 100 24 IO 135 4 20 
% inhibition 53 50 - 7 - 20 

Rates are cxprusal as ml DCIP or NADP’ ruJucul/hrlmg chlorophyll 

T&k 4. E&t oftoupbene on pbotosystan 1 activity in suscqtibk oat with DCIPHI. TMPD and DAD as drctron 
donon and MV or NADP’ as ekctron -or 

Electron donor DCIPHl TMPD DAD 

Ekctron -or MV MV NADP’ MV MV NADP’ MV MV NADP’ 
PH 1.5 8 8 1.5 8 8 1.5 8 8 

Tox@me-rruted 165 160 10 435 375 9 515 450 I2 
Untnrtal 175 180 9 480 535 13 605 735 18 
% inhibition 6 II - 9 30 31 I5 39 33 

~ta~a~~~lroccprorreducedlhr/mpchloropbylL In thcchIoroplastsused tbercwasr4O”/binhibition 
of photosystem 2 aztivity as dctcrmincd by DCIP photoraitrtion. 

as ekctron qtor at the same pH value (PH 8) were in 
good agreement. These data suggest that TMPD and 
DAD both supply ekctrons to a carrier on the oxidizing 
side of a site of inhibition by toxaphcne in the inta- 
mediate ekctron transport chain. whereas ekctron do- 
nation from DCIP is on the reducing side of this site. At a 
somewhat lower pH, electron donation from TMPD or 
DAD is only inhibited by an amount arguably within 
cxptrimental variation. Under theseconditions, therefore, 
all thra donors by-pass the second site of toxaphene 
inhibition. 

Thercisstrikingsimititybctwcen thescdataandthose 
reported for the effect of DDT on photosynthetic ekctron 
Bow [12, 131. In both cases two sites of inhibition with 
similar charaaeristks arc present. Two differences are, 
however, evident. The site of inhibition by toxaphenc in 
the intermediate electron transport chain in oat is to a 
signitkant extent by-passed by electron donations from 
TMPD and DAD at pH 7 (data not shown) and pH 7.5 
(Table 4). This site of inhibition by DDT in susceptible rye 
[I33 is seen at pH 7 as well as at pH 8. Studies of 

cytochrotnc responses suggested that the site of DDT 
inhibition in barky [UJ was on the oxidizing side of 
cytochromcfi This may suggest that the site of inhibition 
in susceptible oat is further from cytochromejthan that in 
susaptibk rye. possibly at the DBMIB site. The con- 
clusions from studies of photosynthetic ekctron flow 
regarding sites of inhibition by toxaphenc arc given in 
Fig. 4. The second difference is that in the case of DDT the 
inhibition at the two sites was comparabk whereas for 
toxaphcnc the inhibition at the site in the intermediate 
electron transport chain in the various assays, including 
photosystem I cyclic photophosphorylation, only 
exceeded 300% on one occasion, compared with 
significantly higher inhibition for the site on the oxidizing 
side of photosystem 2 The sites may therefore ditTer in 
aibility to the active constituent(s) of toxaphenc. A 
single major gene is involved in both the reactions of 
barley and rye to DDT. and of oat to toxaphcne. The idea 
that the two sites involve the same wmbrane component 
would be consistent with the availabk genetic and 
biochemical information. However, in responses to the 

DPC 
TMPD 

DAD HV 

ro.e.-. cv,lgJ,( / 
PUS 

Fig 4. Sites of inhibition of pbotosynthctic ekctron flow by toxaphmc in relation to intcrxtiom of ~turd and 

a&kid doarom donor and aaxptor systems. PIto and PIoo arc the -ion contra for photosystan 2 (pS2) and 
photosystem 1 (PSI ). rupcctivdy. with primary ckctroa aaxptora Q and X. Z, and Zr UC hypothctial sita; PQ. 

plastoquinone; PC, pkstocyanin; Fd. fcrru!oxin. 
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two pesticides, different mct&xanc components or 
different sites on the same cOmponatt arc invoM sincz 
no oat varieties studied in a raznt sufvzy (data not 
presented) was susceptibk to DDT. In contrast, responses 
of barley varieties to the two pesticides were very simikr. 
The unusual nature of these situ of inhibition compared 
to other compounds paing on photosynthetic cIeztron 
Bow has been d&usscd for DDT in an earlier paper [ 131. 

Instances of inhibition at two sites in photosynthetic 
ekactron flow, first reported for DDT [12], arc still 
uncommon. They include suiphydryl reagents [U] ti a 
calcium chelator [24] where DPC @H 8) -+ DCXP ekc- 
tron transport is inhibited and aIso TMPD -, MV. For 
suiphydtyl reagents clearon Bow from DPC to DCIP at 
pH 6 was not inhibited. There are evident similarities in 
the interaction of these reagents and the organochbrine 
pesticides with the electron trar$port pathway. 
Stigmatellin, an antibiotic from a myxobactcrium, inhibits 
photosynthetic ckctron transport at two sites in the 
intermediate electron transport chain [25]. These interac- 
tions appear to bc at the Q,, protein region (DCMU site) 
and the cyt f-t bssl compkx (DBMIB site); this latter 
may correspond to the site of interaction of toxaphene. 

Most of the herbicides which affect photosynthetic 
ckctron transport act either at the DCMU site or the 
DBMIB site [26]. However, recent studies [27,28] have 
shown that the phenolic herbicides in addition to their 
welldocumented intcrrction at the LXMU site also 
inhibit on the donor side ofphotosystcm 2 This latter site 
is charactcrizaI in Tris-washed chloropIasts by formation 
of a carotmoid radical cation [2S]. Phenolic hcrbikida 
are thought to interact with a 41 kD polypcptide as- 
sociated with the photosystem 2 r-ion centrc. and it is 
possibk that toxaphenc may also interact with this or a 
related polypeptide in the thylakoid membrane. 

Toxaphcne is derived by chlorination of camphenc. 
which is manufactured from pincne. the major mono- 
terpene in pine ncedks. Pincne its& has been shown to 
inhibit ekctron transport in spinach chloroplasrs betwan 
phot~yst~ 2 and phorosystcm 1, and also to have an 
uncoupling action [29]. Action at. or nau. the pksto- 
quinone site was suggested. since the site of inhibition was 
before the site of ekctron donation from DCIP or 
TMPD. However, the pH for these experiments was not 
quoted and so comparison with the data for toxaphcne is 
nor possibk. Silicomolybdate photoreduction in the pre- 
sence of DCMU with water as ekctron donor was not 
inhibited, indicating no site of inhibition on the oxidizing 
side of photosystem 2. These experiments involved adding 
pinencdircctly toisokt~sp~hchlorop~t~~d under 
these conditions it may not readily penetrate to the 
photolytic side on the inside of the thylakoid membranes. 
It would bc of interest to see if those cereal varierics 
susceptible to toxaphenc arc also susceptible to pinene, 
and if the mode of action of chloroplasts isolated from 
pinene-rrcatcd saxflings is similar. Pincnc also inhibited 
respiratory electron flow in spinach mitochondria 1301. It 
is likely that toxaphme has an effect on other biologkal 
membranes but this has not been investigated. 

EXPEPIMENTAL 

‘Itcormc~ o/p&s wirh rowp+uw !kals of Awna spp. were 
sown in John Inncs No. 2 Fompost ~IKI grown in 111 cnviron- 
mental growth chsmber under a 16 hr day regime (day temp. 23”. 
night temp. IT) with Buorucent 8nd tungsten lighting giving a 

photaynthctk pbotoa atxx dasity of 200 jaE/alz/rac at the kaf 
uuErrco1odaysaftergamiMtio&wbmsccd&gswueatthc 
twotothntlaf~olgawtbtbeywcn~~witb*2~ 
(v/v)rmllfLionoCtorrpbawin~t~(v~)Tw&a6o.Tarphpe 
was suppbat as Toupbcne 6E. an anuirj&blt muate 
containing 6 lb of toupbaK pa Us #BI (72 % w/v fosmuhtiom 
with 7.5% nonionic and &ollicsuActanuinrmisturcof 
isoaWicfwm,of~ICMc~.~gsuradasamuu4luuc 
treated with 0.1 f. Tusen ~&C&MC, (99: I by VOL). 

Auayojphorosyntkl~~ltp(lLj;Chloropkrtrverrirdrtado 
in ref. [ 13). Azvyr of DCIP or furicy&& photoreduction. and 
of cyclic ti noncyclic phot~~ti~ at nturatinp 
light intcnsrty were ss in ref. [31]. -(ion of T&-washed 
chk~oplasts was as in ref. [ 12), using 0.5 M Trir in the washing 
medium Photoreductions of NADP’ involving pbotosystau 1 
done or both photosystam wet-c u in ref. [ 121 cxapt Porphyra 
umbuicalil fcmdoxin wu uud. Arrryr of photooxidations of 
DCIP. DAD and TMPD by the oxym daztrodc tahniquc were 
as in ref. [ 121. Assay of electron docurion from DFC to DCIP 
over the pH range 6.H.S was u in ref. [133. 
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