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Ahtract-In susceptible oat, toxaphene inhibits photosynthetic ekctron Bow and concomitant ATP synthesis. 
Although the rate of ‘*CO2 assimiktion is apparently not al&ted markedly there is an increase in dry weight of kavcs 
contacting the pesticide. The labcUing patterns in leafsections exposed to “CO1 are similar for both toxaphene-treated 
and untreated seedlings However, if given a period in darkness before extraction it is evident that assimilation products 
in kaf sections from toxaphcnetrcated leaves remain as small M, materials, including substantial amounts of sum 
whereas in untreated controls these were converted to polymeric materials. In toxaphcne-treated seedlings the 
translocation of assimilation products to the roots is decreased and sucrose accumulates in the leaves. 

l?fTRODLXTlOW 

Susceptibility of oat (Am spp.) to toxaphcnc (camphe- 
chlor) in held trials suggested control by a single gene. with 
susceptibility dominant [I]. Studies of the biochemical 
mode of action of toxaphcne on susaptibk oat have 
shown that photosynthetic ekctron flow and photo- 
phosphorylation are both inhibited in chloroplasts iso- 
lated from seedlings a few days after spraying with the 
pesticide [2]. The data obtained were similar to those 
reported for the action of l.l,I-trkhloro-bis(p 
chlorophenyl)ethane (DDT) on susceptible barky [3] and 
susceptibk rye [4]. which is another example of a 
genetically controlled reaction to an organochlorinc in- 
secticide in cereals. Though there are subtle differmces. in 
all these situations two sites of interaction of the pesticide 
with the photosynthetic ekctron transport chain could be 
identified. One side was located on the oxidizing side of 
photosystem 2, and the second site was in the electron 
transport chain linking photosystem 2 to photosystem I. 
Despite this striking similarity, different components in 
the photosynthetic lamellae. or a different site on the same 
component, are probably involved in the responses to 
DDT and toxaphcnc. This conclusion was based on the 
different responses ofa range ofcereal varieties to the IWO 
pestkicks. In a survey to be presented elsewhere, all I3 oat 
varieties tested against both were susceptible to toxaphcnc 
but were resistant to DDT. This was in contrast to barley 
(ffor&um spp.) where all the varieties susceptibk to 
toxaphtne were also susceptible to DDT. 

In the cases of susceptibility of barley [S] and rye [6] to 
DDT the inhibition of photosynthetic electron transport 
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resulted in a decrease in assimilation of C02. 
Nevertheless, there was an increase in dry weight of kavcs 
which had contacted the pesticide [5,6] due to the 
apparent impairment of translocation of sugars from 
leaves IO roots [6]. In view of the unusual nature of these 
relationships. similar investigations with toxaphcne and 
susceptible oat were of evident interest. 

RESULTS AND DlSCLSSlON 

The aaion of toxaphene as an inhibitor of photo- 
synthetic tkctron flow and possibly as an inhibitory- 
uncoupkr [2] must be rcllccted in dccmascd production 
of NADPH and ATP. nazssary for CO1 assimilation. 
Nevertheless, the dry matter content of leaves increased 
after toxaphcnc treatment (Fig. la). Whereas over the 
course of this experiment the dry weight/wet weight ratio 
of untreated leaves remained constant at 0.09-0.10. that 
for toxaphenc-treated leaves increased steadily. and after 
8 days this ratio was 0.16. Ethanolcxtractabk material in 
the leaves was estimated (Fig. lb). In toxaphcne-treatal 
oat 6 days after spraying some 35 P/o of the dry weight of 
the treated leaves was accounted for in this fraction. At 
longer times the ethanol-extractable material did not 
increase further as a percentage of dry weight, though the 
dry weight/wet weight ratio continued to increase. In 
untreated leaves the cthanol-cxtractabk material also 
incrcaz& initially, but by the fourth day had become 
constant at I I T/; of the dry weight. The increase in 
extractable material in treated leaves accounts for about 
75% of the increase in dry weight over the first 6 days. 
Paralkl determinations of carbohydrate showed that in 
treated kavcs this fraction aocountcd for most of the 
increase in ethanol-extractable material over the first few 
days; at longer times carbohydrates still accounted for 
80% of the cxtrrctabk material. The increase in carbe 
hydrate was largely due to increase in man+ and 
disaccharides, and the amounts of fruaosans. solubk 
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(a) 

Fig. I. E&t of toxaphcnc on dry weight and aha&- 
amctabkarboby&atc. Suaxpubk sccdlinp wcrz muted with 
toxaphcnc sod sampJd at 2 day iotanla F&m la shows the 

dau for dry wcight/wct weight ratio and Fig. I b Hal for ethanol- 
cxvrub& arbhyddntc Clod symbok arc &a for treatad 

sadling and open symbok rcpracnr unueatcd control* 

ratrve oligosaccharides, were insignificant in both treated 
and untreated kaves. 

Analyses of individual sugars in treated and untreated 
leaves (Fig. 2) substantiated thcsc conclusions. At day 0 
amounts of fructose were negligible and glucose and 

F@. L Effat of toxap&nc on the principl compommts of tbc 

c~hanolutractbk carbohydrate f&n from susaptibk ah 
Sadngr were rrertd with ~oxqhcnc and individual sugars 

c&mated a~ intanb up 10 8 dayr Clod symbok are dau for 
tratal sailing, and open symbok arc for the axresponding 

unrratal amtrok 3.0, sUaou;& A. gluaw; 0. l . fructose. 

sucrose accounted for about ZOfO of the dry weighI. 
Following toxaphcne treatment. substantial amounts of 
glucose. fructose and sucrose were accumulated. In un- 
trcatcd kavcs tkrc was a signifbnt increase in sucrose 
but amounts of the monosaccharides remained low. In 
treated compara! to untrcatcd Icaves. glucose and fruc- 
tose had incrca& seven-fold and sucrose had doubled 
within 6 days of spraying seedlings with toxaphcne. These 
data were entirely consistent with that obtained in the 
earlier and quite scparatc experiments summa&cd in 
Fig. 1 and indicate that sugars would aa’ount for csscn- 
tially all the ethanol-extractable material from treated 
leaVCS. 

These results are similar to those characterizing the 
effccc of DDT on susceptibk rye [ 21. where a consequence 
of the inhibition of photosynthetic ekctron transport was 
decreased CO2 assimilation, changes in patterns ofassimi- 
lation products, and an impairmen of translocation. 
These aspeas were also investigated in susceptible 081 
seedlings treatal with toxaphenc. 

Experiments were carried out with leaf sections or 
intact seedlings, under conditions of steady SUIC photo- 
synthesis, in “C01 at atmospheric concentration in air. 
After 30min exposure 10 “CO1, and in some casts a 
subsequent period in darkness. k&and root material was 
separately extractal and the “C assimikatcd into soluble 
products measured. Individual compounds were sep- 
arated by ZD-TLC. locatal by autoradiography. and their 
radioactivity determined [7]. Rcprcscntativc data for the 
moat informative cxpctimcnts are shown in Table I. 

The data in the first two columns summa&c the 
incorporation of “C inro ethanol extractabk material in 
leaf sections of untreated (BuO) and toxaphcnc (BtO) 
treated oat. Thcrc was only a slight dccrcasc in total ‘*C 
assimilation into trcatcd kavcs, and the patterns of 
incorporation inro the I3 major mctabolitcs were similar, 
though glycolate and PEP were cltvatai in untreated kaf 
scctions and alaninc was less. Sucrose formed the major 
“C-labclkd component. Thus though photosynthetic 
ckctron flow is inhibited and kvcls of NADPH and ATP 
depIcted. there has been no markcd cffcct on ‘*CO, 
assimilation under the conditions of this cxpcrimcnt. If 
kaf sections wcrc left in darkness for 12 hr before the 
assimilation products wcrc analyscd the total amounts of 
“C in untreated and toxaphcnc-treated samples were 400 
x IO’ and 610 x 10’ dpm, rcspcctivcly. The fall in “C in 

untrcatcd leaf sections is consistent with that seen for 
similar cxpcrimen~s with rye [6] and can bc explained by 
the conversion of photosynthesis products into insolubk 
polymeric material during the dark period. Tbcsc changes 
arc cvidcntly dccrcascd substantially in the trcatcd leaves. 
and rc&a the dccrcascd energy status which results from 
the inhibition of photosynthetic electron flow. There were 
also marked changes in the incorporation pactems after 
this period in darkness. In untrcatcd leaf sections the 
amount of sucrose dccrcascd substantially and some 
glucose and fructose wcrc formal. Other changes were 
dccrtases in malarc and increases in HMP. alaninc, 
glutamate and probably aspartatc, though amounts of 
this wcrc somewhat variabk in diffcrcnr cxpcrimcnts. In 
leaf &ions from toxaphcnc-treated plants overall quan- 
titics of sugars wcrc the same or somewhat elevated. 
mahc dazrcascd. and HMP, glutamate and PEP in- 
crcasal as a result of the dark period. Comparing the 
assimilation patterns for untrcatcd and trtatcd leaf see- 

tlons indicated higher amounts of sugars and loweral 
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Tabk 1. E&z of touphene on Y assimilation into ethanol~trWabk products in 011 

‘V_ incorporated (IO- ’ x dpm)* 

Compounzts 
isdalal BuO B40 Bu2U Btm Bu2& Blwk 

Toral 940 822 524 742 484 310 

PGA 8.8 (0.9) 3.8 (0.5) 6.3 (1.2) 4.0 (0.5) 3.1 (0.6) 3.0 (1.0) 

HMP 0.9 (0.1) 29 (0.3) 27.3 (5.2) 11.1 (1.5) 7.9 (1.7) 5.5 (1.9) 

sucrose 429.7 (45.7) 333.7 (40.6) 55.2 (10.5) 246.9 (33.0) 67.1 (13.9) 44.0 ( 14.5) 

Glucose Neg Nee 13.7 (2.6) 85.4 (I 1.5) 51.8 (10.8) 37.5 (12.4) 
FrwXose Neg Nes Nes 15.0 (20) 47.9 (9.9) 25.3 (8.4) 
GljTOlPIC 17.3 (1.8) 1.3 (0.2) 5.1 (1.0) 28 (0.4) 5.2 (1.0) 3.1 (1.0) 

GlyCilW 57.1 (6.0) 55.0 (6.6) 57.8 (I 1.0)1 31.2 (4.2)+ 55.4 (1 1.5)* 31.2 (10.3)t 
!kline 83.6 (8.9) 55.7 (6.7) 96.4 (18.3) 39.0 (5.2) 49.7 (10.3) 20.1 (6.4) 

Glyceratc 7 7 (0.8) 5.5 (0.7) 5.9 (1.1) 4.2 (0.6) 4.2 (0.9) 22 (0.7) 
Atanine 11.7 (1.2) 27.8 (3.4) 43.0 (8.2) 29.7 (3.4) 26.8 (5.1) 14.2 (4.5) 
hlahre 95.6 (10.1) 104.4 (3273 3.9 (0.7) 6.0 (0.8) 9.8 (20) 9.2 (3.0) 
Aspanarc 18.2 (1.9) 16.6 (20) 18.3 (3.5) 18.6 (25) 13.2 (27) I20 (3.8) 
Glurama~e 9.7 (1.0) 11.1 (1.3) 44.9 (8.2) 26.8 (3.6) 8.2 (1.7) 6.2 (2.0) 
PEP 14.3 (1.5) 3.4 (0.4) 7.3 (1.4) 15.7 (21) 4.8 (1.0) 8.7 (28) 

Four pria~~ kafsectlons of roxrphme-treatat or untreated susapribk 011 IWO days after spraying 
were arranged in frames with their GUI bm.w in water. illuminated (100 pE/m’/q 25“) and tlushal with 
normal air for 30min lben with “CO+ir, mntaining I #Zi “C/L for 30min (both at O.lll/min). 

BuO. BtO i&ate Blyth untreated (u) or toxaphenc-treared (I) kaf soztions ex~ractal immediately after 
“CO1 &milation. The data for Bu20 and Btm were using intacl seedlings taken three days after 
spraying and kept in the dark for 20 hr after “CO2 asslllulation before armion of the leaves (Bu20 and 
Bt20) or root (Bu2Or and BtZ(k). For whok seedlings. ethanol-solubk ma~enal as mg and as ‘4 of dry wt 
(in parentheses) was Bum. 9.7 (17.lk Bu2Or. 9.7 (2O.R BrM 126 (30.2k Bt2&, 6.0 (13.7). 

l O. total activity in ethanol-cx~racted products given In parentheses. Neg., negligible amounts. 
+ Included as glyclne but R, in the firs1 dimension in chromatography somewhat lower rhan expected. 
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scrine, and to lesser extent aspartate and glutamate, in the 
latter as king the most sign&cant changes. These data are 
not presented in detail since they rcfkct broadly the 
patterns san in the subsequent experiments with intact 
seedlings. which proved more informative in other 
rcspats. 

In the final series of experiments toxaphcnc-trcatcd and 
untreated seedlings were allowed to fix “CO1 under 
identical conditions and wcrc then held in darkness for 
20 hr before analyses separately of leaves and root tissue. 
The data for total ‘*C assimilation (last four columns of 
Tabk 1) showed that untreated (sum of Bu20 and B&Or) 
and trcatcd seedlings (sum of Bt20 and Bt2Or) were 
virtually identical in this rcspcct and in total cthanol- 
cxtmctabk material. This supported the conclusion from 
the earlier kaf section experiments (BuO and BtO) that 
assimilation of CO1 was not affcctcd significantly as a 
result of toxaphcnc tr&atmcnt and the resulting partial 
inhibition of NADPH and ATP formation [2]. 

For untreated seedlings. the cxposurc to 20 hr darkness 
was accompanied by severe depletion in sugars and 
malatc. A number of compounds have incr~, notably 
HMP, alaninc and glutamate. Changes in all these wcrc 
greater rhan for kaf sections given I2 hr darkness. There 
wcrc also substantial increases in glycinc and scrinc whcrc 
incorporations had ban similar in kaf sections extracted 
immediately or after I2 hr darkness. and, subject to the 
earlier reservation. also into aspartatc. 

The labclling pattern for treated kavcs was indis- 
tinguishable IO that for leaf scstlons given 12 hr darkness 

bcforc extraction of assimilates. For these seedlings the 
difTcrcna in initial labclling pattcm was again a decrease 
in malatc and incrca.& HMP. glutamate and PEP. The 
extractable mat&al from thcsc kavcs (4 days after 
spraying) accounted for 30% of their dry weight, in very 
good agreement with the earlier experiments (Fig. 1). The 
conclusion is that even when high levels of sugars arc 
present there is no evidence of a regulatory control on 
CO1 assimilation. The possibility of control of sucmsc 
synthais through lowered ATP/ADP ratio [8] would not 
bc attmivc since in thcsc kava ATP will have ban 
dcpktcd by the action of toxaphcnc as an inhibitory- 
uncoupkr of photosynthetic ckctron flow [Z]. 

Thcrc wcrc some very evident difTcrcnccs in LabtIling 
pattern in the kavcs of untreated and treated sadlings. In 
the latter. sugar levels remained high and thcrc wcrc 
apprcciablc amounts of glucose and fructose. In contrast, 
amounts of HMP. glycinc, scrinc, alanine and 

? 
lutamatc 

were lower. Toxaphcnc. though not inhibiting ’ C assimi- 
lation. has thus had a marked cffact in dcprcssmg 
metabolic interconversions; in particular, sugars remain 
unmetabolized except for invcrtasc-catalyscd formation 
of glucose and fructose. 

In roots the patterns of incorporation wcrc similar in 
untreated (Bu2Or) and toxaphcnc-treated (Bt2Or) sced- 
lings. The only significant differences wcrc lower scrinc 
and higher PEP in the latter. Amounts of all three sugars 
wcrc broadly comparabk. This differs from similar cx- 
pcrimcnts with rye [6] susceptible to DDT where suc~osc 
in the roots was very low and monosaccharida comprised 
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most of the sugars present. Of more direct interest were 
fheobsentafions that translocafion of “C-labelled metab 
olitcs in treated seedlings had been significantly decreased. 
A comparison of the total “C in the extractable material 
from roofs comparal with that for the whole seedling 
gave values of 29 y/. for treated seedlings compared with 
48 % for untreated seedlings. This is in agreement with the 
analyses of exfracfabk material as a ?,, of dry weight; ca 
149, and 21% for roofs from treated and untreated 
plants. respectively. 

The earlier data for the effect of toxaphcne on phofo- 
synfheficckcfron flow in susceptible oaf [2],and that now 
presented for accompanying effects on CO2 assimilation 
and translocafion. are in close accord with those for the 
effccfs of DDT on swceptibk rye [4,6). though there the 
cffcc-f on franslocafion was more severe [6]. 

Several factors can promote sugar accumulation in 
kavcs [9]. Decreasing franslocation in wheat by a low 
temperature regime or chilling the base of the leaf resulted 
in accumulation of sugars and starch, and as a rcsulr an 
end product inhibition of photosynthesis and decreased 
CO2 assimilation [IO]. A low sink demand in wheat can 
aIso cause sugar ~mu~tion as shown by the increase in 
dry matter of the flag Id following car removal [I I]. 

A currcnf view is that if sucrose, formed exfra- 
chloroplastically, accumulates there is inhibition of su- 
crose phosphate synfhetase [ 121 and sucrose phosphate 
phosphatasc [ 131. There will be, through mass action 
effats. increases in hexose- and triosc-phosphates. This 
scqucstering of phosphate leads to a fall in ortho- 
phosphate level in the cytoplasm. This decreases transport 
of friosc phosphates from the chloroplasf since ortho- 
phosphate is cxchangul for triosc-phosphate across the 
chloroplasf envelope. A depression in photosynthetic 
electron flow will reflect the lack of orthophosphalc for 
the coupled photosynthetic phosphorylafion. and a de- 
crease in CO, assimilation, since this requires ATP and 
NADPH. Phlocm loading of sucrose is thought to involve 
cotransport with protons 141 and if this is inhibited by 
decreased energy status o F the all, franslocation will be 
impaired. 

The relationships bctwan photosynthetic energy con- 
servation, CO2 assimilation, sucrose synthesis and frans- 
location have been revicwcd elsewhere [83. The impli- 
cations from the present data on the effect of foxaphene 
regarding these mechanisms for control of phorosynfhcsis 
have been already made in the context of similar data for 
the response of rye to DDT (61. They can now be 
extended in one rcspccf and that is to suggest that these 
inter-relationships may not be tightly linked. Thus in oat 
treated with foxaphcne, levels of HMP and friose phos- 
phate remain low even in the presence of large quantifies 
of sucrose (e.g. Bt20 in Table 1). The experiments also 
suggest that even when photosynthetic elafron flow is 
inhibited significantly there is no corresponding decline in 
CO1 assimilation and sugars aarumulatc in the leaves. The 
first responses to the decreased energy status of the plant 
are in darcascd kaf metabolism or (ran&cation of the 
sugars derived from photosynthesis. 

The sequence of events which follows the treatment of 
oat with toxaphcne may be as follows. Photosynthetic 
elatron transport is inhibited, so depleting ATP and 
NADPH. Though rata of formation of that arc de- 
creased they arc neverthctess sufhcicnt to support CO* 
~i~&fion to about the same extent as in untreated 
plants. Sugars arc formed, but the lowtrbd energy status 

of the ccl1 means that fnulslocafion to the roofs is 
duzrcasal and further metabolism of sugars in the kaf 
dots not occur. Each suax!ssivc light period promotes the 
formation of additional sugars and after several days these 
form a substantial proportion of the dry weight of the 
leaves. The observation that franslocation is not so 
severely a&ted as with comparabk inhibitions of ckc- 
tron transport in rye treated with DDT 163 may bc part of 
the explanation why toxaphcne-treated oat can often 
show a slow recovery from pesticide injury. 

The magnitude of the inhibition of photosynthetic 
electron flow by DDT or foxaphcne can be regulated by 
dosage level. An extension of the experiments described 
earlier in that respect and in regard to environmental 
parameters (e.g. light, temperature) could therefore pro- 
vide a framework for clarifying the inter-rc~tionshi~ 
between energy status, assimilation. sugar metabolism 
and franslocation. 

The origin of the genetic response in cereals to or- 
ganochlorine pesticides is of interest. Though both DDT 
and toxaphcne have been used widely, cereal crops are 
unlikely to have been suIIicicntly exposed to these pcsfi- 
cida to be subject to s&&on pressures. Possibly suscep 
tibility, the dominant character. is one expression of the 
gene coding for a component of the photosynthetic 
membrane. A paralkl would be the sensitivity to triazincs 
in weeds. Here the herbicides act at the 32 k D protein in 
the QI, region of the photosynthetic ek.ctron transport 
chain and resistance of some wads has arisen through 
sckction of plants where the herbicide binding site is 
altered [IS]. Recently, if has ban shown that three 
residues in the 32 kD protein can be independently 
altered in wad biotypes to produce fhra distinct patterns 
of resistant: to s-triazincs and other herbicides acting at 
this site [ 161. As a result, weed bio\ypcs with varying kvels 
of resistance to s-triazina display quite different cross- 
resistances to these other herbicides. The genetic change 
to give resistance to an organochlorine pesticide in cereals 
could therefore be of a single base in the gene coding for a 
photosynthetic membrane component. Different rcac- 
tions to toxaphene and DDT in the various cereal types 
might be due to separate changes in the structure of the 
binding site of a membrane polypeptidc. Cereals also 
show sekztive rcsistana to some herbicides. At*nnfarua 
is sensitive to chlo~enprop~fhyl while A. sutiw and A. 
srtilis arc resistant, and varietal differences in response of 
T. mstivum varieties to chlortoluron have been reported 
[ 173. It is likely that genes conferring resistance to other 
peslkidcs may & widespread in agricultural crop species 
and their exploitation in breeding programmcs for im- 
proved varieties could give the potential for crop profaz- 
fion against agrochemicals used in pest control. 

EXPIWMFXTAL. 

hearmnc 01 &us vi01 DDT. The methuds arc described in 
the proceding ppcr 121. 

Exrrocrion o~s&J&fcp&cf3. The kaves of fhrn plants (cu 3 g 
wet wt) were homogenized in hot 80% EfOH; the IUVCS of a 
fourth plant were used to dcfmnine the wer wt:dry wl ratio. 
After hoatogcnrafton. exfru% were cznfrifugcd at looO# for 
IO min to remove cell d&r& and the cfhsnolic solns wM then 
carefully reduced to dryness by vacuum dirtilfstion at 36’ in a 
rotary evaporator. ‘Ihe r&due wa utc~ed by gcnfk agitation 
1125” with &ion&d H1O. After removal of undhirdvod Edids 
by filtration through a sinfered &ss funnel total carbohydrate in 
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an appropnaIe alquo~ was dc~am~ncd by PhOH-HsSO. ro 
agcnr [IS] and the rkTdnlnngcx1~ wuqain raid 10 

dryness before soln in Sml 80:; EtOH and Iransfcr IO a 

previously weighed vessel The CXI_ was conal IO co 0.5 ml 

undcrasIrcamofNrandIhc mmaining liquid removal by fraze- 
drying IO dcmtminc the weigh1 of EtOH-cxtrx~abk mar&al. 

tjrirmuiorl of su@rs. The sugars pracnt (alama entirely 
gluccne. fnrtosc pnd suaosc) in cx~rac~s Utal on an 8g 
d&xlIIc E (free base form~Zeokarb 225 (H’ form) column. 
ancr the anrrifugaIion srqc during cxlrnc~ion. were separalai 
by chromatography on Whatman No. I paper usmg 
EtOAc HO& Ha0 (3: 3: I) as sdvcnt. Afia lartion of zones 
on indicator strips by ponisidinc hydrochlorxk ragcnr [ 191 the 
mdivAra1 sugars were elured by HsO and aIimaIal by 
PLOH-HrSO. repgem [ 181. 

“CO, acsimtlorton uudus. The procedures for lcsfsoxIonsarc 
given in ref. [7]. When whole seedlings were used these were 
genrly uprooted and held uprighr in suitably large boiling tubes 
adapted for gas flow as in the sampk chamber usal for kaf 
sccIIons. Prcpsralion of “C assimilare cxIracts. separation of 
mctabolIIa by 2DTLC and my of rsdio&viIy were as in 
ref. [7]. 
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