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The growth retardant CCC [ (2-chloroethyl) trimethylammonium

chloride], when applied as a seed soak to Druchamp or Nugaines win-

ter wheat, provided some protection against the toxicity of subse-

quently applied 2-chloro-4-(ethylamino)-6-(isopropylamino)¢ -s-triazine

(atrazine). Plants were grown in sand culture in order to avoid soil

effects on atrazine activity such as adsorption and degradation.

A growth-chamber was used for all experiments except those

concerned with photosynthesis and dark respiration. Pots were top-

watered with nutrient solution containing various concentrations of

atrazine. The nutrient solution-herbicide mixtures were replaced

every 24 hr. Twenty-one days after sowing, the above-ground por-

tions of the plants were removed and oven-dried to provide a measure

of response to the various treatments.



Under the conditions of these experiments, CCC gave significant

protection against atrazine injury in both Druchamp and Nugaines

wheat (P = <0.01). However, CCC-treated plants were still severely

injured by atrazine.

When GA3 was added to the seed soak, the growth-retarding

properties of CCC were suppressed and plants had a normal appear-

ance. GA3 also removed the protective effect of CCC treatment

against atrazine toxicity. GA3 itself had no effect on the toxicity of

atrazine.

Treatment with CCC significantly increased both net photosyn-

thesis and dark respiration of winter wheat when these quantities were

expressed as mg CO2/g dry weight of foliage/unit time. When net

photosynthesis and dark respiration were expressed on a per plant

basis, however, CCC had no effect. Some caution must be used in

interpreting these results until the experiments can be conducted under

more closely controlled conditions.-

The effect of CCC-pretreatment on the toxicity of atrazine to net

photosynthesis was investigated. There was some indication in one

experiment that the inhibitory effect of atrazine on net photosynthesis

was retarded in CCC-treated plants as compared with non-CCC-treated

plants.

The effect of CCC treatment on chlorophyll content of leaves

and the bleaching of leaf discs by atrazine was investigated. Leaf



discs were taken from the first true leaves of wheat plants which had

either been treated with CCC as described or treated only with dis-

tilled water. CCC treatment increased the chlorophyll content of the

leaves on a fresh weight basis in one out of two experiments. Differ-

ences were more pronounced when expressed on a dry weight basis.

CCC treatment did not retard the bleaching of discs when incubated

in the presence or absence of atrazine under a 16-hr photoperiod.

Bleaching of leaf discs by atrazine was accelerated when a wetting

agent, X-77 at a concentration of 0.1% qv, was added to the incuba-

tion medium. In fact, without the X-77, atrazine at concentrations as

high as 16 ppm actually retarded bleaching of the discs.

CCC at 3.16 x 10-2M in the incubation medium delayed senes-

cence of leaf discs in the absence of atrazine but not in its presence.

Experiments were performed with isolated chloroplasts of

spinach (Spinacia oleracea L.) to study the effects of CCC, GA3, and

a mixture of CCC and GA3 on the destruction of chlorophyll both with

and without atrazine treatment. Confusing results were obtained from

this series of experiments. CCC had no effect on the bleaching of

chloroplasts either in the presence or absence of atrazine. GA3

retarded bleaching in the absence of atrazine but had no significant ef-

fect on bleaching by atrazine. The mixture of CCC and GA3 had no sig-

nificant effect on the bleaching of spinach chloroplasts in the absence

of atrazine. However, in the presence of atrazine, bleaching was



significantly retarded by the combination of growth regulators. No

explanation is offered for these results.

The effect of CCC treatment on the uptake of 14C atrazine by

wheat was studied in four different experiments, two of which were

performed in conjunction with metabolism studies. In one of the ex-

periments concerned solely with herbicide uptake, CCC treatment

significantly increased uptake of 14C atrazine (P = < 0.05). In the

other experiment however, there was a significant reduction in herbi-

cide uptake by CCC-treated plants (P = < 0.05). Uptake was expressed

as lig atrazine /g dry weight whole plant (roots and shoots).

In the uptake studies done in conjunction with investigations of

herbicide metabolism, CCC treatment had no effect on uptake of 14C

atrazine. In these experiments, dry weights of plants were not taken

and uptake was expressed as µg atrazine /g fresh weight whole plant.

Metabolism of atrazine by wheat plants as affected by CCC

treatment was studied. Plants were allowed to take up uniformly

ring-labeled 14C atrazine for various periods of time. Roots and

4shoots were extracted separately for 14C activity. Treatment with

CCC did not alter the relative distribution of 14C in the water-soluble

and chloroform-soluble fractions or in the methanol-insoluble residue.

However, since the fractions were not separated into their components,

it cannot be said that CCC treatment had no effect on metabolism of

atrazine by wheat.



A satisfactory explanation for the protective effect of CCC

against atrazine toxicity as demonstrated in this thesis was not pro-

vided by the research outlined in this abstract. However, various

factors which may have contributed to the reduction in toxicity such

as increased chlorophyll and ascorbate content of treated plants and

increased turnover rate of chlorophylls a and b and of (3-carotene are

recognized. The results concerning ascorbate content and turnover

rates of pigments were obtained from a review of the literature.

The protective effect of CCC against atrazine injury as demon-

strated in this thesis was not sufficiently pronounced to promote the

use of CCC as a protectant against atrazine injury in the field. How-

ever, the protective effect possibly could be increased in some way

which would prove practical for field use. Studies on the effect of

CCC in conjunction with other Hill reaction herbicides and in other

atrazine-sensitive species such as soybean may be worthwhile.
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REDUCTION IN ATRAZINE TOXICITY TO WINTER WHEAT
BY THE GROWTH RETARDANT CCC

INTRODUCTION

The growth-retarding properties of (2-chloroethyl) trimethyl-

ammonium chloride (CCC) were first demonstrated in 1960 by Tolbert.

Treated plants are typically short and sturdy with dark green leaves.

CCC has not been shown to occur naturally in plants.

Several hypotheses have been advanced to explain the mode of

action of CCC. These are reviewed by Wunsche (1970). Inhibition of

gibberellin synthesis as one possible mode of action is proposed by

several investigators, e.g. Pa leg et al. (1965) and Lockhart (1962).

There are several reports which provide evidence for suppression of

gibberellin production in Fusarium moniliforme (Gibberella fujikuroi)

by both CCC and 2-isopropyl -4-dimethylamino-5-methylpheny1-1-

piperidine-carboxylate methyl chloride (AMO-1618); Harada and Lang

(1965); Kende, Ninneman, and Lang (1963); Ninneman et al. (1964).

Growth of the fungus was unaffected by both CCC and AMO-1618.

Seeds from plants of Japanese morning glory (Pharbitis nil)

previously treated with CCC had 80% less gibberellin than seeds from

untreated plants (Zeevart, 1966). Further evidence for the effect of

CCC on gibberellin content of higher plants comes from the work of

Jones and Phillips (1967) and Reid and Carr (1967).
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Several review articles concerning the effects of CCC on cereals

and other agricultural crops have been published (Caldicott, 1967;

Humphries, 1968; Jung, 1967; Linser, 1968). Wiinsche (1970) has

produced an extensive review of the literature together with his own

research results, primarily concerned with the effects of CCC on

wheat. CCC is used in many European countries to prevent lodging in

cereals (mainly winter wheat and winter rye). Another commercial

use is in the production of ornamental plants. In the United States,

CCC is manufactured by Cyanamid International, Wayne, New Jersey,

under the trade name Cycocel. This company has produced a booklet'

describing the physical and chemical properties and biological effects

of CCC together with published performance data in a variety of crops.

The chemistry and biological properties of various substituted

s-triazines of which 2-chloro-4-(ethylamino)-6-(isopropylamino)-s-

triazine (atrazine) is one, have been thoroughly reviewed (Gysin and

Knuesli, 1960; Hilton, Jansen, and Hull, 1963; Knuesli et al. , 1969;

Moreland, 1967; Shimabukuro et al., 1971).

Atrazine is a widely used selective herbicide for control of

broadleaf and grass weeds in a variety of crops. Atrazine is also

widely used at non-selective rates in uncropped land (Herbicide

1 Cycocel plant growth regulant. Technical department,
Cyanamid International, Wayne, New Jersey. 1966.
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Handbook of the Weed Science Society of America, Second Edition

1970, pp. 86-91).

All phytotoxic s-triazines inhibit the Hill reaction or oxygen-

evolving step of photosynthesis, though the degree of inhibition does

not always parallel herbicidal effectiveness (Gysin and Knuesli, 1960).

Transport in the plant is primarily via the apoplast, hence the

s-triazines are primarily soil-applied materials though small weeds

may be killed by contact action. Postemergence effectiveness is

increased by using an oil carrier.

The mode of action of the s-triazines and their metabolism in

plants with particular reference to atrazine, will be discussed later

in the relevant sections of this thesis.

The research reported in this thesis originated from the obser-

vation by Singh 2
that treatment with CCC could reduce the herbicidal

effects of triazine herbicides in soil. The beneficial aspects of such

an effect, if sufficiently pronounced, are clear. Compounds which

protect selected plants from herbicidal injury will probably receive

considerable attention in the future. Two examples of materials which

show considerable promise as plant protectants are activated charcoal

(Bovey and Miller, 1969; Coffey and Warren, 1969; Kratky, Coffee,

and Warren, 1970; Linscott and Hagin, 1967), and 1,8-naphthalic

2Singh, H. G. College of Agriculture, University of Udaipur,
Udaipur, India. Personal communication.



anhydride (Burnside, Wicks, and Fenster, 1971). The latter com-

pound when applied as a seed treatment to corn will eliminate most of

the yield loss due to S-ethyl dipropylthiocarbamate (EPTC),

The studies reported here were conducted in order to confirm

the findings of Singh and also to determine the mechanism whereby

CCC exerts its effect on atrazine toxicity. Winter wheat (Triticum

aestivum L. cv. Druchamp and Nugaines) was used as the test species.

Wheat was chosen because it responds well to CCC (Humphries, 1968)

and because it is somewhat sensitive to atrazine. If resistance to

atrazine could be increased, the use of this herbicide for the control

of downy brome (Bromus tectorum L.) in wheat may be feasible. In

order to avoid any effects on the applied atrazine such as adsorption

and degradation, plants were grown in water-washed quartz sand to

which the herbicide was applied. In all experiments reported in this

thesis, CCC was applied as a seed soak.
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SECTION I. EFFECT OF CCC ON TOXICITY OF
ATRAZINE TO WINTER WHEAT

Introduction and Review of the Relevant Literature

Method, Rate, and Time of Application of CCC

The method of CCC application used in all the studies to be re-

ported in this thesis was as a seed soak. Treating seed with CCC or

soaking in CCC solution as methods of application are reported in the

literature (Appleby, Kronstad, and Rhode, 1966; Crosier, 1966; Kaul,

1968; Tolbert, 1960), but these methods have not been used in prac-

tical agriculture. The seed soak method was used in these thesis

studies because it gave very reproducible results and was easy to

carry out. The practical problems of field application were not a

concern in this work.

Generally, in practice, foliage applications of CCC are em-

ployed. These give a greater growth-retarding effect than soil appli-

cation so that lower rates can be used (Jung, 1964). If CCC is applied

as a foliage spray, a dosage of between 1.5 and 2.5 kg/ha is recom-

mended for winter wheat, while 1.0-1.5 kg/ha is sufficient for spring

wheat (Sturm, 1965).

The recommended combination for large scale use by Swiss

growers contains 95% urea and 2% CCC to be applied as a foliage spray

at the rate of 70 kg/ha which corresponds to 1.4kg CCC and 30 kg

nitrogen/ha (Mahlethaler, 1965).
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Usually CCC is applied in 150-250 L/ha of water. However,

aerial applications in 30 L/ha of water have been successful (Arnold,

Di lz, and Kerssen, 1967).

As to timing of CCC applications, de Vos, Di lz, and Bruinsma

(1967) reported that spraying wheat at later growth stages resulted in

shorter culms than did earlier applications, but as both early and late

applications gave similar improvements in lodging resistance, they

concluded that practical application seems possible over a fairly wide

range of growth stages. Sturm (1965) states that CCC can be applied

from the five-leaf stage to the beginning of tillering. Wilnsche (1970)

cites several further references concerning the influence of application

time on the effectiveness of CCC.

Effects of Combination of CCC with Herbicides

The literature concerning combinations of CCC with various

herbicides invariably refers to field experiments involving postemer-

gence applications to cereal crops. Caldicott and Nutall (1968)

studied the effects of CCC alone and in combination with a number of

"growth- regulator" type herbicides either used singly or as mixtures.

Crops were winter wheat and spring oats. Reduction of lodging by CCC

was sometimes increased by addition of a herbicide. In addition, if a

particular herbicide caused some scorch to the crop, the effect was

sometimes increased by CCC though not seriously so. Jung and Sturm
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(1966) found that when CCC was applied with any of a number of herbi-

cides commonly used in cereals, there was a slightly enhanced straw-

shortening effect compared to CCC alone. Sandford and Stovell (1968)

also observed an enhanced effect of CCC when applied with any one of

a number of herbicides commonly used in wheat. This result was

attributed to the surfactant included with the herbicide. The only

reference to the use of a triazine herbicide is that of Lecompt (1966).

He found no CCC x herbicide interaction when applications were

made to winter wheat. Herbicides used were either a mixture of

2- [(4-chloro-o-tolyl)oxy] propionic acid and 4-hydroxy-3,5-diiodoben-

zonitrile (MCPP and ioxynil) or Gesaran 25 [2-(isopropylamino)-4-

(methoxymethylamino)-6-(methylmercapto)-s-triazine]. Grain yields

were taken as a measure of response to the treatments.

Materials and Methods

"Seeds" of Druchamp or Nugaines winter wheat (Triticum

aestivum L. ) were allowed to imbibe either distilled water or a 3.16 x

10-2M solution of CCC for a period of 4 hr. Seeds were held at a

temperature of 21 + 2 C during the imbibition period. After imbibition

had taken place, the seeds were washed three times in tap-water fol-

lowed by planting about 1.9 cm deep in water-washed quartz sand

moistened with tap-water. The sand was contained in plastic pots of

capacity 0. 2 kg which were painted black to exclude light. Six seeds
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were placed in each pot. Four holes were made in the bottom of each

pot to allow for watering. The sand was kept from running out of the

pots by a piece of plastic screen.

Pots were placed in a growth-chamber in a completely ran-

domized arrangement with three replications. Plants were subjected

to a 16-hr photoperiod during which time the temperature was main-

tained at 21 + 2 C. A light intensity of 21,500 + 1,100 lux was pro-

vided with a mixture of fluorescent tubes and incandescent bulbs.

Temperature during the 8-hr dark period was 16 + 2 C. Relative

humidity was maintained at 50% during both the light and dark periods.

Plants were watered by the method of Damanakis et al. (1970).

Pots were placed in the neck of a 4L flask connected to a vacuum pump.

Two 50-m1 increments of a 0.1-strength nutrient solution (Machlis

and Torrey, 1956) were added to the surface of the sand in each pot

and drawn through with the vacuum pump. Watering was begun 48 hr

after planting and continued at intervals of 24 hr until plants were

harvested. Five days after planting, seedlings were thinned to five

per pot.

In order to obtain a dose response curve, various concentrations

of atrazine (99. 7% pure in methanol) were included in the nutrient

solution (Table 1).
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Table 1. Dosages of atrazine used in studies reported in section I.

Atrazine Concentrations

(PPb) (M)

10.8 5 x 10-8

21.6 10-7

43.2 2x 10-7
86.4 4 x 10-7

129.6 6 x 10 -7

The method of watering used in these studies was chosen in

order to minimize fluctuations in concentration of herbicide due to

drying out of the sand and to prevent build-up of salts contained in the

nutrient solution. Aeration of plant roots was also provided while

still leaving sufficient moisture for growth. Pots were re-random-

ized in the chamber after each watering.

Twenty-one days after sowing, plants were harvested and fresh

and dry weights of foliage 3 were recorded. Only data obtained from

dry weight determinations are presented in this thesis however, since

fresh weight measurements gave similar trends. The plant material

was dried at a temperature of 90 C for 18 hr in pre-weighed glass

bottles placed in a forced air oven. Dry weights were determined to

the nearest 0.1 mg. Data were subjected to factorial analysis.

3 "Foliage" refers to leaves and stem throughout this thesis.
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Results and Discussion

Druchamp Winter Wheat

Dose response curves for Druchamp winter wheat as affected by

atrazine, with and without pre-treatment with CCC, are presented in

Figure 1. The foliage dry weight data are presented in Appendix

Table 1 with statistical analysis in Appendix Table 2. Pre-treatment

with CCC reduced plant height. Leaves were shorter, broader, darker

green, and more upright than on non-CCC-treated plants. This agrees

with the results obtained by Bruinsma, de Vos, and Di lz (1965). Dry

weight was also reduced significantly by CCC treatment (Appendix

Tables 1 and 2).

Figure 1 shows that pre-treatment with CCC significantly re-

duced atrazine toxicity to winter wheat at all doses at which atrazine

had a significant effect on growth. This atrazine x CCC interaction

was significant at the 1% level of probability (Appendix Table 2).

Although no evaluations of plant injury due to atrazine were made

during the course of this experiment, it appeared that CCC-treated

plants responded more slowly to the herbicide than did the untreated

controls, i. e. they showed less pronounced symptoms (chlorosis and

necrosis) at any given time. It is clear from Figure 1, however, that

CCC-treated plants were still injured significantly at all effective

dosages of atrazine at the termination of the experiment.
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Nugaines Winter Wheat

Dose response curves for Nugaines winter wheat as affected by

atrazine, with and without pre-treatment with CCC, are presented

in Figure 2. The foliage dry weight data are presented in Appendix

Table 3 with statistical analysis in Appendix Table 4.

The response of Nugaines to CCC was as pronounced as that of

Druchamp (Appendix Tables 3 and 4).

Figure 2 shows that, as with Druchamp wheat, pre-treatment

with CCC significantly reduced atrazine toxicity. Although this

atrazine x CCC interaction was significant at the 1% level of probabil-

ity (Appendix Table 4), it is clear from Figure 2 that the CCC-treated

plants were still injured significantly at all effective dosages of atra-

zine.

Conclusions

The results with both Druchamp and Nugaines winter wheat con-

firm the finding of Singh that treatment of wheat with CCC can reduce

toxicity to atrazine.
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SECTION II. INTERACTION OF CCC AND GA3 IN
DRUCHAMP WINTER WHEAT

Introduction and Review of the Relevant Literature

Effect of GA on the Growth-Retardin Pro erties of CCC

There are several reports which indicate that application of GA3

can overcome the growth-retarding effects of CCC. Jones and Phillips

(1967) showed that CCC applied to roots of sunflower (Helianthus annus

L.) was effective in retarding stem growth. This retardation was

overcome by application of GA3. Lockhart (1962) demonstrated that

both CCC and 2, 4-dichlorobenzyltributylphosphonium chloride

(phosphon-D) interacted competitively with GA3 in affecting stem

growth of bean (Phaseolus vulgaris L.). In experiments performed by

Zeevart (1966), CCC applied to the roots of Pharbitis nil accumulated

in immature seeds and was carried over to the following generation.

Growth of the progeny was retarded and flower formation was inhibited.

These effects were overcome by the application of GA3.

Effect of GA on Toxicity of Herbicides

There are reports in the literature which indicate that treat-

ment of plants with gibberellic acid can increase uptake of, and hence

sensitivity to, a subsequently applied herbicide.
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Devlin and Yaklich (1971) exposed bean plants (Phaseolus
-6vulgaris L.) to concentrations of GA ranging from 2.9 x 10 M to

8.6 x 10-4M in aerated nutrient solution for a period of 24 hr. The

plants were then transferred for a further 24-hr period to nutrient

solution containing 50 ppm N-1-naphthylphthalamic acid (naptalarn).

At the end of this time, plants were analyzed for naptalam residues.

All concentrations of GA were effective in increasing naptalam uptake.

Plants treated with 6 x 10 -4M GA, the most effective concentration,

took up 85% more naptalam than untreated plants. Devlin (1967)

showed that treatment of Agrostis alba L. with GA or IAA increased

sensitivity to 2-chloro-4,6-bis (ethylamino)-s-triazine (simazine).

One possible explanation is that GA and IAA stimulated uptake and/or

translocation of the applied herbicide. Devlin, Deubert, and

Demoranville (1969) found that both GA and IAA enhanced the herbi-

cidal effect of 2-(2, 4, 5-trichlorophenoxy) propionic acid (silvex) on

poison ivy (Rhus toxicodendron L.). Residue analyses indicated more

2,4,5-T in those plants treated with the growth regulators.

The studies reported here were conducted in order to determine

the concentration of GA3 which would overcome the effect of CCC on

winter wheat. Three types of measurement were taken, i, e. , plant

height, length of the first internode, and foliage dry weight. This

information was then used to determine the effect of this concentration

of GA3 on the reduction of toxicity to atrazine given by CCC after this



protective effect had been reconfirmed (section In section Hc,

the effect of GA
3

alone on atrazine toxicity is presented.

Section Ha. Influence of GA1 on the Response
of Druchamp Winter Wheat to CCC

Materials and Methods

Seeds of Druchamp winter wheat were
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allowed to imbibe either

distilled water or one of the solutions listed in Table 2. Imbibition

was allowed to proceed as described previously.

Table 2. Composition and pH of solutions imbibed by winter wheat
seeds.

Solution Concentration pH

(M)
CCC 3.16 x 10-2 4.80

GA34 3.16 x 10-4 3.90
GA3 8.85 x 10-4 3.65
GA3 1.45 x 10-3 3.50
GA3 2.02 x 10-3 3.40
GA3 2.59 x 10-3 3.35
GA3 3.16 x 10-3 3.30

GA3 + CCC 3.16 x 10-4 + 3.16 x 10-2 3.80
GA3 + CCC 8.85 x 10-4 + 3.16 x 10-2 3.55
GA3 + CCC 1.45 x 10-3 + 3.16 x 10-2 3.45
GA3 + CCC 2.02 x 10-3 + 3.16 x 10-2 3.35
GA3 + CCC 2.59 x 10-3 + 3.16 x 10-2 3.30
GA3 + CCC 3.16 x.10-3 + 3.16 x 10-2 3.25

4The 75% K salt of GA3 was used in all these studies. Concen-
trations refer to acid equivalent.
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Plants were grown as described previously except that no herbi-

cide was used in this experiment. Each treatment was replicated

four times.

Twenty-one days after planting, the following measurements

were made:

1. Height of the tallest plant in each pot

2. Length of the first internode of each plant

3. Dry weight of foliage per pot

Dry weights were determined as described previously. Data

were subjected to factorial analysis.

Results and Discussion

Influence of GA3 on Height Reduction of
Winter Wheat Caused by CCC

Results are presented in Figure 3 and Appendix Tables 5 and 6.

In Figure 3, the data are presented as percentages of the dis-

tilled water check. CCC significantly reduced plant height while GA3

significantly increased it (Appendix Table 5). There was a signifi-

cant CCC x GA3 interaction indicating that GA3 can reverse the effects

of CCC. This is also shown in Figure 3.
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CCC concentration (M) 3.16 x 10-2
GA3 concentration (M) 1 3.16 x 104
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Figure 3. Influence of GA3 on height reduction of Drucharnp
winter wheat caused by CCC.
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Influence of GA3 no the Reduction in Length of the
First Internode of Winter Wheat Caused by CCC

Results are presented in Figure 4 and Appendix Tables 7 and 8.

In Figure 4 the data are presented as percentages of the distilled water

check. GA3 increased length of the first internode significantly while

CCC caused a significant reduction in length (Appendix Table 8).

There was a significant CCC x GA3 interaction, in fact, GA3 at the

two highest dosages when applied together with CCC had a more pro-

nounced effect on growth than GA3 alone (Figure 4 and Appendix Tables

7 and 8). A possible explanation of this result is that the CCC in the

mixture was protecting the wheat plants from the relatively low pH

values of the solutions at the higher concentrations of GA3 (Table 2).

Miyamoto (1962) showed that treatment of wheat seeds with a 3.16 x

10-2M solution of CCC for a period of 14 hr protected the subsequent

seedlings from high (11.18 to 11,98) and low (4.36 to 3. 24) pH condi-

tions in the soil in which they were growing.

Influence of GA3 on the Reduction in Foliage Dry
Weight of Winter Wheat Caused by CCC

Results are presented in Figure 5 and Appendix Tables 9 and 10.

In Figure 5, the data are presented as percentages of the distilled

water check. CCC significantly reduced dry weight while GA3 signifi-

cantly increased it (Appendix Table 10). However, increasing the
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concentration of GA3 did not cause a more pronounced increase in dry

weight than that produced by the lowest rate (Figure 5 and Appendix

Table 9). There was no significant CCC x GA3 interaction (Appendix

Table 10).

Conclusions

The results reported in this section of the thesis with the ex

ception of the dry weight data, support the findings of Jones and

Phillips (1967), Lockhart (1962), and Zeevart (1966) that GA3 can

overcome various growth-retarding effects of CCC.

Section lib. Effect of GA.-/ on the Reduction in Toxicity
of Atrazine to Winter Wheat Provided by CCC

Materials and Methods

Seeds of Druchamp winter wheat were allowed to imbibe distilled

water, a 3.16 x 10-2M solution of CCC, or a mixture of CCC with

1.45 x 10-3M GA3.

Plants were grown and treated as described previously, except

that exposure time to atrazine was only 10 days. At the end of this

time, the atrazine was washed from the sand and the plants were

grown for a further 9 days in the absence of herbicide before harvest

and dry matter determinations.
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Dosages of atrazine used in the studies reported in this section

are recorded in Table 3.

Table 3. Dosages of atrazine used in studies reported in section Ilb.
Atrazine Concentrations

(ppb)

21. 6

43. 2

64. 8

86.4
129. 6

(M)

10 -7

2 x 10-7

3 x 10 -7

4x 10 -7

6x10 -7

Results and Discussion

Results are presented in Figure 6 and Appendix Tables 11 to 14.

As in previous experiments, dry weights of foliage were re-

duced significantly by CCC. Significant protection against injury from

atrazine was again provided by CCC. However, the CCC-treated

plants were still injured severely at all effective dosages of atrazine

with the possible exception of the lowest.

When GA3 was added to the CCC seed soak, the protective effect

of CCC against atrazine was abolished as was the reduction in dry

weight of foliage caused by CCC alone. Plants treated with the mix-

ture of GA3 and CCC were indistinguishable from the distilled water

checks.
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Conclusions

GA3 can overcome the protective effect of CCC on atrazine

toxicity to winter wheat. This may be due to abolition of the morpho-

logical and presumably physiological differences brought about by

CCC treatment, or to increased uptake and/or translocation of herbi-

cide following treatment with GA3.

Section IIc. Effect of GA-; on the Toxicity
of Atrazine to Winter Wheat

The experiment reported in this section of the thesis was de-

signed to determine the effect of GA3 on the toxicity of atrazine to

winter wheat. Since GA3 has been shown to reverse the protective

effect against atrazine provided by CCC (section IIb), this experiment

was also designed to provide information to explain this reversal.

The abolition of the protective effect could be due to increased uptake

and/or translocation of atrazine in the presence of GA3 or to a rever-

sal of the morphological and presumably physiological effects produced

by CCC treatment.

Materials and Methods

Seeds of Druchamp winter wheat were allowed to imbibe dis-

tilled water or a 1.45 x 10-3M solution of GA3.
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Plants were grown and treated as described previously. As in

the experiment reported in section Iib, exposure time to atrazine was

10 days. The dosages of atrazine were as recorded in Table 3. Dry

weights of foliage were taken as a measure of response to the treat-

ments.

Results and Discussion

Results are presented in Figure 7 and Appendix Tables 15 and 16.

GA3 did not affect the response of winter wheat to atrazine (Figure 7

and Appendix Table 16). In this experiment, GA3 did not have a signif-

icant effect on foliage dry weight (Appendix Tables 15 and 16). Since

treatment of wheat seeds with GA3 did not affect the tolerance of the

subsequent seedlings to atrazine, it can be assumed that GA3 had no

effect on uptake and/or translocation of the herbicide. This does not

agree with the results quoted from the literature in the introduction to

this section.

Conclusions

The reversal of the protective effect against atrazine given by

CCC when wheat seeds were treated simultaneously with GA3 can

probably be attributed to the prevention by GA3 of the morphological

and physiological effects of CCC rather than to any effect on herbicide

uptake and/or translocation. Following this line of reasoning a little
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further, it could be argued that CCC itself cannot have any effect on

uptake and/or translocation of atrazine, hence this cannot be the ex-

planation for the protective effect against atrazine observed following

treatment with this compound. Uptake of 14C atrazine by wheat plants

as affected by CCC is studied in sections VIa and VIb of this thesis.
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SECTION III. STUDIES WITH CCC AND ATRAZINE ON
NET PHOTOSYNTHESIS AND DARK RESPIRATION

IN DRUCHAMP WINTER WHEAT

Introduction and Review of the Relevant Literature

Effect of CCC on Net Photosynthesis
and Dark Respiration

The literature concerning the effects of CCC on net photosyn-

thesis and dark respiration is not only sparse but also contradictory.

Birecka (1967a) in studies with 14CO2 showed that CCC reduced CO2

assimilation in the flag leaf and top internode of wheat. This was

compensated for by increased translocation of assimilates to the ear

because of reduced storage in the shortened stem. Jung (1967) found

that CCC did not affect the photosynthetic rate of young wheat plants.

The treated plants were smaller than the controls, however, so it

must be assumed that either the photosynthetic area of the leaves was

not reduced or that the assimilatory intensity per unit area was in-

creased. Skopik and Cervinka (1968) showed that dark respiration was

reduced in different organs of winter wheat following CCC penetra-

tion. Later, together with the gradual decomposition of the CCC, the

respiration intensity was again increased. Wunsche (1970) in experi-

ments with intact wheat plants, and with detached flag leaves, indi-

cated that treatment with CCC had no effect on either net photosynthesis
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or dark respiration. Both dark respiration and net photosynthesis

were expressed as mg CO2/cm 2 leaf area/min.

Inhibition of Photosynthesis by Hill Reaction Herbicides

Early research on the mode of action of triazine (and urea)

herbicides indicated that photosynthesis was inhibited by these com-

pounds (Exer, 1958; Gast, 1958; Roth, 1958). In experiments with

Coleus blumei Benth. and Tropaeolum majus, Gast showed that

s imazine and 2-chloro -4,6 -bis(diethylamino)-s -triazine (chlorazine)

inhibited photosynthesis and consequently prevented starch accumula-

tion. Chloroplasts of starch-free Coleus leaves kept on solutions con-

taining sugars and simazine were able to form starch again. Gast

concluded that simazine interferes with photosynthesis but not with

the enzymes involved in starch synthesis. Roth (1958) concluded that

simazine affects photosynthesis since oxygen evolution by Elodea was

inhibited. The work of Good (1961) and Bishop (1962) supported the

idea that inhibition of photosynthesis by certain compounds, including

triazine and urea herbicides, resulted from interference with the

oxygen-evolving step or Hill reaction. Moreland and Hill (1962)

showed that simazine at 10-7M inhibited the Hill reaction in prepara

tions of isolated chloroplasts from barley and turnip greens.

The inhibition of photosynthesis by herbicides can also be

studied by observing their effect on CO2 fixation. Couch and Davis
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(1966) showed that atrazine at 10 ppm inhibited 14CO2 fixation in

corn (Zea mays L.) and in cotton (Gossypium hirsutum L.). Sensitive

soybeans (Glycine max L. Merr.) required only 1 ppm atrazine to

reduce 14CO2 fixation to less than 5% of the untreated check. Van

Oorschot (1965) demonstrated that the capacity of maize to fix CO2

recovered following a 2-hr exposure to a solution containing 2 x 10-5M

sirnazine. In contrast, a sensitive plant such as oats (Avena sativa

L.) did not recover. Recovery of CO2 uptake after removal of the

herbicide indicated that some inactivation of the herbicide within the

plant had taken place.

Light is necessary for the action of Hill reaction herbicides.

Ashton (1965) showed that the toxicity of atrazine and 3-(2-chloro-

pheny1)-1,1-dimethylurea (monuron) to oats increased with increasing

light intensity over the range 2,700 to 43,000 lux. Toxicity of the

herbicide was most pronounced at the wavelengths of light absorbed

by chlorophyll a and b. Ashton, Gifford, and Bisalputra (1963:) and

Sweetser and Todd (1961) proposed that the toxicity of atrazine and

monuron is not caused by the compounds per se but rather by a

secondary substance such as a toxic photosynthetic intermediate or

"free radical" formed by some mechanism involving the interaction

between the herbicide and the incident light.

While inhibition of photosynthesis by triazine herbicides is

undoubtedly their main mode of action, other systems have been
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shown to be affected. Jordan et al. (1966) studied the effect of six

herbicides including two triazines (atrazine and simazine) on growth

of callus derived from the stem pith of tobacco (Nicotiana tabacum L.).

The callus was grown in the dark on a basal medium amended with 3%

sucrose, 2 mg/L IAA, and 0.05 mg/L kinetin. Callus growth was

inhibited by concentrations of atrazine and simazine exceeding 10 M.

Clearly, some process other than photosynthesis was being interfered

with in these studies.

Section Ma. Effect of CCC Pre-Treatment on Net Photosynthesis
and Dark Respiration of Druchamp Winter Wheat

The experiments reported in this section of the thesis were

carried out in order to determine the effect of CCC on both net photo-

synthesis and dark respiration of winter wheat.

Materials and Methods

Seeds of Druchamp winter wheat were allowed to imbibe either

distilled water or a 3.16 x 102M solution of CCC for a period of 4

hr. Plants were grown as described previously except that no herbi-

cide was added. Twenty-four hr before measurements were begun,

plants were moved into the experimental area. .Here they were

exposed to continuous light provided by a bank of fluorescent tubes
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and incandescent bulbs. Light intensity was 19,400 -I- 1,100 lux.

Temperature in the area ranged from 28 to 35 C.

Twelve pots of 3-week-old plants were used in this experiment,

six per treatment. Measurements of CO2 assimilation (net photo-

synthesis) and of CO2 evolution (dark respiration) were made with

an infra-red gas analyzer using a closed system. Total volume of

the system was 1113 ml.

Plants were placed in a cylindrical plexiglass assimilation

chamber, which was then sealed to a plexiglass base with modeling

clay. The internal dimensions of the chamber were 25 cm in height

and 8 cm in diameter. Rate of flow through the system was 1 L/min

provided by a peristaltic pump. Nitrogen gas was used to zero the

instrument and gas containing 515 ppm CO2 was used for calibration.

Net photosynthesis was measured for a period of 10 min. Data

were expressed as mg CO2 fixed/g dry weight of foliage/10 min.

Immediately after CO2 assimilation had been measured, the

chamber was covered with a black plastic sheet to exclude light, and

CO2 evolution (dark respiration) was measured for a period of 5 min.

Measurements of dark respiration could not be carried out for a 10-

min period because the levels of CO2 in the system became too high

for the gas analyzer to record. However, for convenience the data

were converted to mg CO2 evolved/g dry weight of foliage/10 min.
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Measurements of net photosynthesis and dark respiration were

taken on each pot. The procedure was then repeated, giving 12

measurements of both net photosynthesis and dark respiration for each

treatment.

It was necessary to water the pots every 6 hr to prevent water

stress because of the high temperatures in the experimental area.

After all measurements were made, plants were harvested and dry

weights of foliage were determined as described previously. Data

were expressed as mg CO2/g dry weight of foliage/10 min and sub-

jected to statistical analysis.

Results and Discussion

Results are presented in Table 4 and Appendix Tables 17 to 23.

Treatment with CCC significantly increased both net photosynthesis

and dark respiration of winter wheat plants. The summation of both

net photosynthesis and dark respiration is regarded as a measure of

total photosynthesis by some authors. However, this is incorrect

unless photorespiration is known to be negligible. In this experiment,

CCC significantly increased the sum of net photosynthesis and dark

respiration.

When the results are expressed on a per pot basis (five plants),

the differences are negligible (Table 4) with the possible exception of
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the dark respiration data, since the CCC-treated plants weighed

much lesq than the untreated check plants (Appendix Table 23).

Table 4. Effect of CCC on net photosynthesis and dark respiration of
winter wheat expressed on a per pot basis.

Treatment

CCC 3.16 x 102M Avg. net photosynthesis mg CO2/10 min/pot 155
Water check 128

CCC 3.16 x 10 -2M Avg. dark respiration mg CO2/10 min/pot 459
Water check 541

CCC 3.16 x 10-2M Avg. net photosynthesis plus dark 614
Water check respiration mg CO2/10 min/pot 669

Some caution must be used in the interpretation of these results. The

shorter more upright leaves of the CCC-treated plants would be able

to intercept light more efficiently than the check plants, but this in-

creased efficiency was probably exaggerated by the lack of space in

the assimilation chamber. The leaves of the check plants were in-

variably bent over at the ends in order for them to fit into the chamber.

Since both leaves and stem were classified as foliage, the CCC - treated

plants were at an advantage because with their shorter stems, they

had a higher leaf-to-stem ratio. However, the stems of wheat in

common with other members of the Gramineae are covered with

photosynthetic leaf sheaths which reduces the difference between the

CCC-treated plants and the checks.
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The apparent increase in net photosynthesis due to CCC treat-

ment could hardly be due to the increased chlorophyll content of these

plants. Willstatter and Stoll (1918) compared CO2 fixation in leaves

of elm (Ulmus sp.) containing normal and one-tenth-normal quantities

of chlorophyll. The amounts of CO2 fixed per hr by samples of

chlorophyll-deficient leaves were only 15% lower than in normal leaves.

They suggested that the chlorophyll-deficient leaves had a higher ef-

ficiency of CO2fixationthanthe normal leaves. Stoy (1965) in experi-

ments with three varieties of spring wheat did not find close relation-

ships between rate of photosynthesis and chlorophyll concentration.

If CCC did in fact cause an increase in photosynthesis under the

conditions of this experiment, then presumably there was a redis-

tribution of dry matter to the roots. Appleby et al. (1966) found that

exposure of wheat seeds to a 3.16 x 10-2M solution of CCC did not

affect subsequent root growth. Length of the longest root and dry

weight of roots were measured in their studies. Wiinsche (1970)

treated wheat plants with CCC by application to nutrient solution

bathing the roots. A concentration of 10-3M CCC reduced dry weight

of roots of winter wheat by about 70% and of spring wheat by about 50%.

Lateral root production was inhibited severely.

Root weights were not taken in the photosynthesis studies re-

ported in this thesis.
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Section IIIb. Effect of Atrazine on Net Photosynthesis of
Druchamp Winter Wheat, With and Without

CCC Pre-Treatment

The experiment reported in this section of the thesis was car-

ried out in order to determine the effect of CCC pre-treatment on the

ability of atrazine to inhibit net photosynthesis of winter wheat.

Materials and Methods

Seeds of Druchamp winter wheat were allowed to imbibe either

distilled water or a 3.16 x 10-2M solution of CCC for a period of 4

hr. Plants were grown as described previously except that no herbi-

cide was added until measurements of net photosynthesis were made.

These measurements were taken under the same conditions and

following the same procedures as described in section Ma. Each

treatment was replicated three times. Three weeks after sowing,

appropriate pots were treated with 0.1-strength nutrient solution con-

taining atrazine at a concentration of 5 x 10-7M. Measurements of

CO2 uptake were made at intervals of 0, 6, 12, 24, and 36 hr after

herbicide treatment. Measurements on pots which had received no

herbicide were also made at these time intervals. It was necessary

to replace all treating solutions every 6 hr to prevent water stress.

Data were expressed as mg CO2/g dry weight of foliage/10 min and

subjected to factorial analysis.
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Results and Discussion

Results are presented in Figure 8 and Appendix Tables 24 to

26. Figure 8 shows net photosynthesis in CCC- and non-CCC treated

wheat plants as affected by atrazine over a time period of 36 hr. Net

photosynthesis is expressed as a percentage of the initial level at-

tained before herbicide treatment.

As in the previous experiment, CCC significantly increased net

photosynthesis of wheat plants (Appendix Table 25). There was no

significant CCC x atrazine interaction. However, 24 hr after treat-

ment with atrazine, the CCC-treated plants were significantly less

affected than the non-CCC-treated plants (Figure 8). After 36 hr,

net photosynthesis had declined to zero in both CCC- and non-CCC-

treated plants.

The photosynthetic ability of the check plants declined slowly

over the experimental period until it reached about 80% of the initial

level (Figure 8). This may have been due to the high temperatures

in the experimental area or to slight water stress. The reduced ef-

fect of atrazine on net photosynthesis in the CCC - treated plants at

the 24-hr time period may have been due to reduced uptake of atra-

zine, slightly increased rate of metabolism of atrazine, or to in-

creased chlorophyll content of CCC-treated plants. All of these pos-

sibilities are considered in the appropriate sections of this thesis.
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O 0 Atrazine alone
0---0 Atrazine + CCC

A a CCC check
0- -0-- Untreated check

Time - hr

Figure 8. Effect of atrazine at 5 x 10-7M on net photosynthesis
in Druchamp winter wheat with and without CCC
pre -treatment.
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Under the conditions of this experiment, CCC did not give a

sufficiently pronounced protective effect against the inhibition of net

photosynthesis caused by atrazine to account for the differences re-

corded in sections I and IIc of this thesis. However, during the

photosynthesis studies, plants were given continuous light rather than

the 16-hr photoperiod employed in the other studies reported in this

thesis with the exception of the isolated chloroplast experiments

(sections Va, b, and c). Guthrie (1929) reported that tomatoes

(Lycopersicon esculentum Mill. ) which were transferred from a

greenhouse to conditions of continuous illumination developed inter-

veinal chlorosis after a period of several days. Increasing the dura-

tion of illumination resulted in a decrease in total chlorophyll and

total carotenoids, especially on a dry weight basis. Arthur, Guthrie,

and Newell (1930) found that the first signs of injury to tomato plants

subjected to a 24-hr day appeared in five to seven days. They re-

ported that carbohydrate content decreased when plants were subjected

to continuous light. It was concluded that the deleterious effects of

continuous light were due to a malfunctioning of the process of photo-

synthesis.

No pronounced chlorosis was noted on the wheat plants used in

the photosynthesis studies reported in this thesis. However, plants

were only exposed to continuous illumination for a period of 60 hr

(48 hr in section Mc) which may have been insufficient time for injury
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to occur or for symptoms to appear. Although chlorosis from con-

tinuous light has not been reported in wheat, the possibility remains

that continuous light may have interfered with any protective effect

due to CCC.

Section IIIc. Effect of Atrazine on Net Photosynthesis of
Druchamp Winter Wheat, With and Without

CCC Pre-Treatment

Materials and Methods

Seeds of Druchamp winter wheat were allowed to imbibe

either distilled water or a 3.16 x 10-2M solution of CCC for a period

of 4 hr. Plants were grown as described previously. Measurements

of net photosynthesis were made on 21-day-old plants as described

previously. Each treatment was replicated three times. In this ex-

periment, the concentration of atrazine used was 10-6M. Measure-

ments of CO2 uptake were made at intervals of 0, 6, and 12 hr after

treatment. The herbicide was then washed out of the sand surround-

ing the plant roots. Further readings were taken 12 hr after this

washing. Measurements on pots which had received no herbicide

were also made at each time interval. Data were expressed as mg

CO 2/g dry weight foliage/10 min and subjected to factorial analysis.
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Results and Discussion

Results are presented in Figure 9 and Appendix Tables 27 to 29.

In Figure 9, net photosynthesis is expressed as a percentage of the

initial level for each treatment.

Again CCC significantly increased net photosynthesis (Appendix

Table 28). There was no significant atrazine x CCC interaction. Net

photosynthesis of both CCC- and non-CCC-treated plants was reduced

considerably after 12-hr exposure to atrazine (Figure 9). However,

in both cases, recovery was complete 12 hr after the herbicide was

removed. This recovery indicates that wheat has some capacity to

detoxify atrazine. Hamilton (1964) found that both roots and shoots

of wheat contained benzoxazinone derivatives and were thus able to

convert a small percentage of applied simazine to the non-phytotoxic

hydroxy form.
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SECTION IV. STUDIES ON THE EFFECTS OF CCC AND
ATRAZINE ON CHLOROPHYLL CONTENT OF EXCISED

LEAF DISCS FROM DRUCHAMP WINTER WHEAT

Introduction and Review of the Relevant Literature

Effect of CCC Treatment on Chlorophyll
Content and Leaf Senescence

Bruinsma et al. (1965) reported that spraying cereal plants

with CCC often increased chlorophyll content. Michniewicz,

Chrominski, and Belt (1968) applied CCC as a foliage spray to winter

wheat in the tillering stage. Whole plant chlorophyll content as

determined 3 weeks prior to harvest was increased by 2 and 4 kg/ha

CCC but reduced by 8 kg/ha. In contrast, El-Damaty, HOfner, and

Neuman (1965) reported that treatment with CCC did not affect chloro-

phyll content of bean seedlings.

Chlorophyll degradation in isolated leaf discs of various plants

has been delayed by CCC and other growth retardants. Michniewicz

et al. (1968) floated leaf sections of wheat on solutions of CCC. CCC

at 10-2 and 10-3M retarded chlorophyll degradation of discs incubated

in the dark. Knypl (1967) incubated leaf discs of maize in the dark

on media containing distilled water, penicillin G at 60 i. u. /ml, and

growth retardants as required. CCC at 5 x 10-3 to 5 x 10 -2M,

coumarin at 100 to 750 mg/L, and phosphon-D at 10-4 to 10-3M all
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retarded chlorophyll degradation. Kessler, Spiegel, and Zolotov

(1967) showed that chlorophyll senescence in leaf discs of bean in-

cubated in darkness was retarded by CCC at 50 mg/ml, N-dimeth-

ylamino succinamic acid (B-995) at 500 mg/ml, and kinetin at 200

mg/ml.

Effect of Chlorophyll Content on Resistance
to Hill Reaction Herbicides

There are reports in the literature that chlorophyll content of

plants or isolated chloroplast systems can affect resistance to herbi-

cides which inhibit the Hill reaction. Brenchley and Appleby (1971)

studied the effects of photoperiod and magnesium deficiency on the

toxicity of atrazine to tomatoes. Magnesium deficiency and constant

light both caused reduction in chlorophyll content of tomatoes. A

combination of these two conditions caused an additive reduction in

chlorophyll content and significantly reduced tolerance to atrazine.

Stanger and Appleby (1972) studied the effect of varying the

molar concentration of 3- (3,4 -dichlorophen.y1) -1,1 -dimethyl urea

(diuron) in the presence of a constant molar concentration of chloro-

phyll on the bleaching of isolated chloroplasts from spinach (Spinacia

oleracea L.). Diuron caused rapid and extensive chlorophyll degrada-

tion at chlorophyll:diuron ratios of 200:1 and lower. At higher ratios,

bleaching by diuron was much reduced. Izawa and Good (1965)
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estimated from partition analyses and inhibition kinetics that one

diuron molecule can inhibit the activity of approximately 2,500

chlorophyll molecules. This does not necessarily contradict the re-

sults of Stanger and Appleby, since in their studies many of the

diuron molecules would be in solution surrounding the chloroplasts

or otherwise removed from the site of action.

All of the studies cited above support the concept that the

degree of in vivo toxicity of herbicides which inhibit the Hill reaction

is inversely correlated with chlorophyll concentration.

Use of Leaf Discs as a Bioassay for Herbicidal Activity

Shimabukuro and Swanson (1969) showed that inhibition and re-

covery of photosynthesis in isolated leaf discs of sorghum (Sorghum

bicolor Pers.) and pea (Pisum sativum L.) agreed with the reported

tolerances of intact sorghum and pea plants to atrazine.

Copping and Davis (1972) incubated corn leaf discs in constant

light or in darkness in dilute solutions of atrazine with and without

kinetin. Kinetin decreased chlorophyll loss in the light whereas

atrazine had no effect. In darkness, atrazine at a concentration of

5 x 10-8M increased chlorophyll a retention in the absence of exo-

genous kinetin, but in the presence of 1.5 µg/ml kinetin, the herbi-

cide increased loss of chlorophyll. Increasing the kinetin concen-

tration to 15 µg /ml relieved the effect of 5 x 10-8M atrazine but
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10-7M atrazine increased chlorophyll loss. Higher concentrations

of kinetin (150 and 1500 µg /ml) prevented all effects of atrazine.

Section IVa. Effect of CCC Pre-Treatment on Chlorophyll Content
of Druchamp Winter Wheat and on Disappearance of

Chlorophyll from Isolated Leaf Discs in the
Presence and Absence of Atrazine

The experiments reported in this section of the thesis were

performed (a) in order to examine the effect of CCC treatment on

chlorophyll content of winter wheat, and (b) to determine the effect

of CCC pre-treatment on the capacity of isolated leaf discs to with-

stand bleaching by atrazine.

Materials and Methods

Plants of Druchamp winter wheat were grown from seeds which

had either been treated with CCC or distilled water as described pre-

viously.

Twelve days after sowing, two leaf discs 5 mm in diameter

were taken from the first true leaf of each plant with a cork borer.

Treatments were made to 10 discs which were floated on 12 ml of

solution in a petri dish containing two filter papers. To discourage

growth of microorganisms, each dish contained 120 i. u. penicillin

per ml (as sodium benzyl penicillin penicillin G). Atrazine dis-

solved in methanol was added to the dishes as required. Final
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concentrations of atrazine in the dishes were 0, 1.85, 3.70, and

7.40 x 10-5M (0, 4, 8, and 16 ppm). All dishes received the same

quantity of methanol (0. 12 %).

Dishes were placed in a completely randomized arrangement

in a growth-chamber with three replications per treatment. The set-

tings on the growth-chamber were as described previously.

Discs were harvested after 0, 1, 2, and 4 days of incubation.

Extra discs were taken to determine initial levels of chlorophyll in

CCC- and non-CCC-treated plants. Immediately after harvesting, the

discs were immersed in liquid nitrogen followed by storage in a deep-

freeze at -28 C until required for extraction. Chlorophyll was ex-

tracted by grinding the discs in reagent grade acetone. Chlorophyll

concentrations in extracts were determined spectrophotometrically

as described by Arnon (1949).

Data were analyzed statistically.

Results and Discussion

Chlorophyll Content

Results are presented in Appendix Tables 30 to 35. CCC caused

a significant increase (P = < 0.01) in the chlorophyll content of the

first true leaves of winter wheat as determined by samples of leaf

discs (Appendix Tables 30 and 31). However, the fresh weights of
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discs from CCC-treated wheat were also significantly higher than

those from the untreated controls (Appendix Tables 32 and 33). When

the data were expressed as y,g chlorophyll/g fresh weight of leaf

tissue (Appendix Table 34) CCC-treated plants still had a higher

chlorophyll content but the difference was only significant at the 5%

level (Appendix Table 35).

Bleaching of Leaf Discs

Results are presented in Figures 10 and 11 and Appendix Tables

36 and 37. Figure 10 shows the effect of incubating discs from CCC-

and non-CCC-treated wheat plants in the absence of atrazine. For

the first three time periods, discs from CCC-treated plants had a

significantly higher chlorophyll content than the untreated. However,

since the degradation curves are parallel, CCC did not retard the

senescence of these discs with time.

When the data were expressed on a percentage basis (Figure

11 and Appendix Table 36), CCC had no effect on disappearance rate

of chlorophyll from leaf discs either alone or in the presence of

atrazine.

It is interesting that atrazine significantly retarded the disap-

pearance of chlorophyll from both CCC- and non-CCC-treated discs

(Appendix Table 36 and Figures 10 and 11).
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The effect of CCC pre-treatment on the disappearance of chloro-

phyll from leaf discs of wheat in these studies does not agree with

results of other workers (Kessler et al. , 1967; Knypi, 1967;

Michniewicz et al. , 1968). However, those authors included CCC in

the incubation medium which was not done in the experiment reported

here. Also, they incubated the leaf discs in darkness whereas a 16-

hr day was employed in the thesis studies.

Atrazine at the concentrations used in this study clearly had

a stimulatory effect on chlorophyll retention in treated leaf discs.

Plant growth stimulation by sublethal concentrations of herbicides is

well documented. Wiedman and Appleby (1972) include a short review

on this subject in their paper. Newton (1966) reported that atrazine

delayed the senescence of Douglas fir (Pseudotsuga Menziesii (Mirb.)

Franco) while Mastakov and Prohorcik (1962) observed an increased

chlorophyll content in corn, millet (Pennisetum glaucum (L.) R. Br.),

and spring wheat following field applications of atrazine and simazine.

Since in the studies reported in this section of the thesis, atra-

zine at all concentrations stimulated chlorophyll retention in treated

leaf discs, and CCC pre-treatment had no effect on the magnitude

of this stimulation, no conclusions as to the effect of CCC pre-treat-

ment on lethal concentrations of atrazine can be made. Copping and

Davis (1972) reported that atrazine at concentrations of 1 x 10-8M,

75 x 10-8M, and 1 x 10 - M had no effect on the retention of chlorophyll
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in leaf discs of corn incubated in constant light of intensity 8,500

lux. This is not surprising since corn is resistant to atrazine. The

work of Copping and Davis is the only study found in the literature

which deals with an interaction between a triazine herbicide and a

growth regulator as affecting chlorophyll content in leaf tissue.

Section IVb. Effect of CCC Pre-Treatment on Chlorophyll Content
of Excised Leaf Discs from Druchamp Winter Wheat

and on Disappearance of Chlorophyll from Leaf
Discs in the Presence and Absence of Atrazine

with 0.1% X-77 Added to the Incubation
Medium. Loss of Chlorophyll from

Leaf Discs during Storage

Since atrazine had a stimulatory effect on chlorophyll retention

in wheat leaf discs in the experiment reported in section IVa, the

dosage was increased to 1.11 x 10-4M in this study. In addition, in

order to increase penetration of atrazine into the discs, a wetting

agent, X-77 was added, at a concentration of 0. 1% (v/v).

Materials and Methods

Leaf discs were taken from the first true leaves of 12-day-old

Druchamp winter wheat plants which had been treated with CCC or

distilled water as described previously. Leaf discs were incubated

as described in section IVa. Doses of atrazine were 0 and 1.11 x

10-4M (24 ppm). All dishes received 0.19% methanol and 0. 1% X-77
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wetting agent (a mixture of alkylarylpolyoxyethylene glycols, free

fatty acids, and isopropanol) as well as 120 i.u. penicillin G per ml.

Discs were harvested after 0, 1, 2, and 4 days of incubation

and processed as described previously.

Extra discs were taken to determine initial levels of chlorophyll

in CCC- and non-CCC-treated plants on both a fresh and dry weight

basis and to determine if loss of chlorophyll could occur following

treatment with liquid nitrogen and subsequent storage in the deep-

freeze. For the latter study, 12 lots each of 10 leaf discs were taken.

The chlorophyll contents of six of the batches were determined im-

mediately. The other six lots were immersed in liquid nitrogen fol-

lowed by storage in the deep-freeze in the dark for a period of 12 weeks

before assay for chlorophyll content.

All data in this section of the thesis, with the exception of the

storage experiment just described, were analyzed statistically.

Results and Discussion

Chlorophyll Content

Results are presented in Appendix Tables 38 to 47. CCC caused

a significant increase (P = < 0.01) in the chlorophyll content of the

first true leaves of winter wheat as determined by samples of leaf

discs (Appendix Tables 38 and 39). The fresh weights of discs from
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CCC-treated wheat were also significantly higher than those from

the untreated controls (Appendix Tables 40 and 41). When the data

were expressed as p.g chlorophyll/g fresh weight of leaf tissue

(Appendix Table 42), the differences between CCC- and non-CCC-

treated wheat were no longer significant (Appendix Table 43).

However, using the results shown in Table 5, chlorophyll con-

tents/g dry weight of leaf tissue were estimated (Appendix Table 44).

Expressed on this basis, CCC treatment caused a highly significant

increase in chlorophyll content (Appendix Table 45).

Table 5. Fresh and dry weights of leaf discs from CCC- and non-CCC-
treated wheat plants.

Treatment
Fresh wt. of 10
leaf discs mg.

Dry wt. of 10
leaf discs mg. % dry matter

CCC 3.16 x 10-2M 26.8 3.0 11.2
26.8 3. 1 11.6
27.8 3. 2 11.5

Avg. 27.1 3. 1 11.4

Water check 24.0 3. 1 12.9
11 24.1 2.9 12.0
II 25.1 3.3 13.1

Avg, 24.4 3.1 12.7

CCC increased the fresh weight of leaf discs but did not affect

the dry weight. Consequently, chlorophyll content expressed on a

unit dry weight basis was increased significantly by CCC treatment

since chlorophyll content per 10 dics was increased-
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Bleaching of Leaf Discs

Results are presented in Figures 12 and 13 and Appendix Tables

46 and 47. Figure 12 shows the effect of incubating discs from CCC-

and non-CCC -treated wheat plants in the absence of atrazine but with

0. 1% X-77. As described, the CCC-treated discs had a higher chloro-

phyll content at time zero than the check discs. However, unlike the

previous experiment, this difference was not maintained throughout

the incubation period. This, together with the fact that the chloro-

phyll in the discs degraded more rapidly than the previous experiment

may have been due to the presence of X-77.

Atrazine at 1.11 x 10 -4M significantly accelerated the loss of

chlorophyll from leaf discs of both CCC- and non-CCC-treated plants

(Figure 13 and Appendix Tables 46 and 47). There was no atrazine x

CCC interaction although there is a suggestion that loss from CCC-

treated discs in the presence of atrazine after 2 days of incubation

was retarded in comparison to loss from non-CCC -treated discs

(Figure 13 and Appendix Table 46). This difference was not statis-

tically significant, however.

The results indicate that the increased chlorophyll content of the

CCC-treated leaf discs was not sufficient to provide any protection

from bleaching by atrazine. However, the ratio of chlorophyll mole-

cules to atrazine molecules in this study was low although there is no
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way of knowing how much atrazine reached the active centers in the

chloroplasts.

Loss of Chlorophyll from Leaf Discs During Storage

Results are presented in Table 6.

Table 6. Loss of chlorophyll from untreated leaf discs during storage
for 12 weeks at -28 C.

Observation
Initial chlorophyll Chlorophyll concentrations
concentrations in discs after 12 wk storage

I 20.4 17.5
II 21.0 17.4
III 19.0 17.5
IV 20.0 18.6
V 20.4 17.5
VI 20.0 17.5
Avg. 20.1 i.j.g/10 leaf 17.7 p,g/10 leaf

discs discs

Compared to freshly harvested discs, those stored in the deep-

freeze for 12 weeks had about 12% less chlorophyll. Loss during

storage was not a problem in these studies, however, since in all

cases determinations were completed within 10 days of the initiation

of an experiment.

Section IVc. Effect of CCC (Plus 0. 1% X-77) in the Incubation
Medium on Disappearance of Chlorophyll from Isolated

Leaf Discs of Druchamp Winter Wheat in the
Presence and Absence of Atrazine

This experiment was carried out to investigate the possibility
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that CCC added to the incubation medium could affect the bleaching

of leaf discs in the presence or absence of atrazine. As stated in

section IVa, various workers have shown that addition of CCC to the

incubation medium retarded loss of chlorophyll in leaf discs from

plants of bean (Kessler et al. , 1967), maize (Knypl, 1967), and wheat

(Michniewicz et al. , 1968).

Materials and Methods

Leaf discs were taken from the first true leaves of 12-day-old

Druchamp winter wheat plants. Plants had not received a CCC treat-

ment. Discs were incubated as described previously. Doses of

atrazine were 0, 1.85 x 10-5M, 3.70 x 10-5M, and 1.11 x 10 -4M (0,

4, 8, and 24 ppm). All dishes contained 0. 19% methanol, 0. 1% X-77,

and 120 i. u. penicillin G per ml of solution. Sufficient CCC to pro-

vide a concentration of 3.16 x 10-2M in the incubation medium was

added to half the dishes. The other half received no CCC. Discs

were harvested at intervals of 0, 1, 2, and 4 days of incubation and

processed as described previously.

Data were subjected to factorial analysis.

Results and Discussion

Results are presented in Figures 14 and 15 and Appendix Tables

48 and 49.
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Figure 14 shows the effect of CCC in the incubation medium on

the disappearance of chlorophyll from leaf discs incubated in the

absence of atrazine. Although the overall effect of CCC was not

significant (Appendix Table 49), the chlorophyll content of discs in-

cubated in the presence of CCC was significantly higher than those

incubated without CCC after 4 days of incubation (Figure 14). This

agrees with the results already cited from the literature.

CCC had no effect on the bleaching of leaf discs by atrazine

(Figure 15 and Appendix Tables 48 and 49). The more rapid bleach-

ing of discs in the presence of X-77 is clear if the results are com-

pared to those presented in section IVa. This accelerated bleaching

occurred both in the presence and absence of atrazine which indicates

that X-77 was toxic at the concentrations used in these studies.

CCC in the incubation medium delayed the senescence of leaf

discs in the absence of atrazine. This delayed senescence was not

apparent in the presence of atrazine. The effect of CCC on the

toxicity of atrazine reported in sections I and lib of this thesis could

well have been due to changes induced in CCC-treated plants prior

to the effects of atrazine treatment on the Hill reaction. Laborie

(1963) demonstrated that CCC treatment had a promoting effect on the

turnover rate of the main chloroplast pigments in wheat. This,

together with increased chlorophyll content could help to explain the
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protective effect of CCC treatment against atrazine observed in intact

wheat plants.
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SECTION V. EFFECT OF CCC, GA3, AND A MIXTURE OF BOTH
GROWTH REGULATORS ON THE BLEACHING OF ISOLATED

SPINACH CHLOROPLASTS IN THE PRESENCE AND
ABSENCE OF ATRAZINE

Introduction and Review of the Relevant Literature

Exer (1958) showed that isolated chloroplasts from corn and

spinach (Spinacia oleracea L.) were equally sensitive to the inhibition

of the Hill reaction by simazine. The mechanism controlling sensi-

tivity to this type of herbicide thus lies outside the chloroplasts.

Stanger and Appleby (1972) showed that bleaching of isolated

spinach chloroplasts by diuron could be prevented by the addition of

an artificial electron donor system consisting of ascorbate plus 2,6-

dichlorophenolindophenol. Vernon and Zaugg (1960) demonstrated

that some protection could be provided by ascorbate alone in this type

of system.

The experiment reported in this section of the thesis was car-

ried out to investigate the effect of CCC in the incubation medium on

the bleaching of isolated spinach chloroplasts in the presence and

absence of atrazine. Section Vb reports the effects of GA3 on such

a system while section Vc investigates the effects of a mixture of CCC

and GA3. All three experiments were carried out at the same time

and under identical conditions.
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An isolated chloroplast system was studied because it allowed

an investigation of the interaction between atrazine and the growth

regulators on the photosynthetic system, in the absence of such fac-

tors as differential uptake and metabolism of the herbicide. These two

factors must always be considered when using intact plants. Spinach

chloroplasts were used rather than wheat chloroplasts because they

are easier to isolate.

Section Va. Effect of CCC on the Bleaching of Isolated
Spinach Chloroplasts in the Presence and Absence

of Atrazine

Materials and Methods

Functional chloroplasts were isolated from market spinach

leaves. Chloroplast isolation procedures were similar to those des-

cribed by Schwartz (1966). One hundred and thirty g of fresh leaves

were chilled and washed with cold (4C) distilled water. The leaves

were sliced into 0.25-cm strips excluding the midrib, and homo-

genized in 320 ml of cold grinding medium containing 0. 4M sucrose,

0.O1M NaC1, 0.O1M sodium ascorbate, 0.05M Tris-HC1, and 0.01

M Tris base adjusted to pH 7.5 before chilling. A blender operated

at high speed for five 5-sec intervals was used to homogenize the

spinach leaves. Five sec were allowed between each interval to pre-

vent heating of the homogenate. Eight thicknesses of cheesecloth were
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washed with cold distilled water to remove chlorine. The homogenate

was strained through the cheesecloth, centrifuged at 250 x L for 5 min

to remove whole cells and large debris, then centrifuged at 2000 x pz

for 10 min to sediment the chloroplast pellets from the supernatant.

The chloroplasts were resuspended in 160 ml of cold standard medium

(grinding medium minus sodium ascorbate) and centrifuged at 250 x

for 5 min to remove additional debris. The supernatant was then

centrifuged at 2000 x & for 10 min to pellet the chloroplasts. These

chloroplasts were then washed twice by resuspending in 160 ml of cold

standard medium following each 10 min centrifugation at 2000 x At

the conclusion of the last centrifugation, the washed chloroplasts

were suspended in 20 ml of cold standard medium and diluted to a

chlorophyll concentration of 0.3 mg/ml, All of the above operations

were carried out in the cold (0-4C).

Table 7 gives the composition of the treatment solutions used in

this experiment. Total volume of each treatment solution was 10 ml.

Final concentrations of chlorophyll, atrazine, and CCC were thus 0.12

mg/ml, 4 x 10-5M, and 3.16 x 10-2M respectively.

The various treatment solutions were placed in 25 ml flasks

contained in a water bath maintained at 22-25 C. Illumination was

provided by four 300 -watt incandescent flood lamps and four cool-

white fluorescent tubes providing a total of approximately 21,500 lux
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Table 7. Composition of treatment solutions used in the experiment reported in section Va.

Ingredients

Chloroplasts Atrazine CCC

(4 ml of 0. 3 mg/ml 10-4M 3. 16 x 10- iM Distilled

Treatment chlorophyll content) (4 ml) (1 ml) water

Water check X 6 ml

CCC check X X S ml

Atrazine 4 x 10 M X - 2 ml

Atrazine 4 x 10-5sM + CCC X X X 1 ml

at the water surface. Because of the heat from the lights, ice was

added to the water bath at intervals to regulate the temperature.

Bleaching of chloroplasts was followed by removing 0.5 ml

samples from flasks at intervals of 3 hr and diluting with 2.5 ml of

reagent grade acetone. The mixtures were centrifuged at 2000 x

for 10 min and chlorophyll concentrations determined spectrophoto-

metrically by the method of Arnon (1949). To determine the initial

levels of chlorophyll in each flask, all treatments were sampled at

zero time.

Flasks were placed in the water bath in a completely randomized

arrangement with two replications per treatment. Data were subjected

to facorial analysis after converting all chlorophyll concentrations to

percentages of the time zero levels.
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Results and Discussion

Results are presented in Figure 16 and Appendix Tables 50 and

51. CCC had no effect on the bleaching of spinach chloroplasts either

in the presence or absence of atrazine. Thus, under the conditions of

this experiment, CCC was not capable of functioning as an electron

donor to protect chloroplasts from photooxidation. The protective

effect against atrazine produced by CCC treatment in intact wheat

plants probably cannot be explained in terms of a direct effect of CCC

on the photosynthetic system.

Research by Michniewicz and Lamparska (1965) showed that CCC

at a concentration of 250 ppm (1.08 x 10-3M) in nutrient solution in-

creased the levels of ascorbate and dehydroascorbate in bean plants.

GA3 had the reverse effect, and addition of GA3 to nutrient solution

containing CCC reduced the promotive effect of CCC on the biosyn-

thesis of ascorbate. If these results are applicable to wheat plants,

then they help to explain the protective effect of CCC pre-treatment

on atrazine toxicity and the abolition of this effect by the simultaneous

application of GA3.
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Section Vb. Effect of GA3 on the Bleaching of Isolated
Spinach Chloroplasts in the Presence and Absence

of Atrazine

Materials and Methods

Functional chloroplasts of spinach were isolated as described

in section Va. Table 8 gives the composition of the treatment solu-

tions used in this experiment. Total volume of each treatment solu-

tion was 10 ml. Final concentrations of chlorophyll, atrazine, and

GA3 were thus 0.12 mg /ml, 4 x 10-5M, and 3.16 x 10-4M, respec-

tively.

Table 8. Composition of treatment solutions used in the experiment reported in section Vb.

Ingredients

Chloroplasts Atrazine GA3

(4 ml of 0.3 mg/ml 10-4M 3.16 x 10-3M Distilled
Treatment chlorophyll content) (4 ml) (1 ml) water

Water check X - 6 ml
GA3 check X - X 5 ml

Atrazine 4 x 10-5M X X 2 ml
Atrazine 4 x 10-5M + GA3 X X X 1 ml

The various treatment solutions were incubated as described

in section Va, and chlorophyll concentrations were determined as

before.
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Results and Discussion

Results are presented in Figure 17 and Appendix Tables 52 and

53. GA3 retarded bleaching of chloroplasts in the absence of atrazine

but had no significant effect on bleaching by atrazine (Figure 17 and

Appendix Table 53). Fletcher and Osborne (1965) reported that GA3

retarded senescence in leaf discs of Taraxacum officinale but not in

17 other species tested. Discs were incubated in the dark at 25 C.

GA3 concentrations ranging from 10 to 50 mg/L (about 3 x 10-6

1.5 x 10-5M) were optimal for retarding chlorophyll loss. A con-

centration of 25 mg/L retarded degradation of RNA and protein.

Whether GA3 would retard the senescence of chloroplasts from

Taraxacum is not known, but the effect of GA3 on leaf discs was cer-

tainly species specific.

Section Vc. Effect of a Mixture of CCC and GA3 on the
Bleaching of Isolated Spinach Chloroplasts n the

Presence and Absence of Atrazine

Materials and Methods

Functional chloroplasts of spinach were isolated as described

in section Va. Table 9 gives the composition of the treatment solu-

tions used in this experiment. Total volume of each treatment solu-

tion was 10 ml.
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The various treatment solutions were incubated as described

in section Va, and chlorophyll concentrations were determined as

before.

Table 9. Composition of treatment solutions used in the experiment reported in section Vc.

Treatment

Chloroplasts
(4 ml of 0. 3 mg/ml
chlorophyll content)

Atrazine
10-4M
(4 ml)

CCC
3. 16 x 10-1M

(1 ml)

GA3

3. 16 x 10-3M Distilled
(1 ml) water

Water check
CCC + GA3 check

Atrazine 4 x 10-5M
Atrazine 4 x 10-5M +
CCC + GA3

6 ml
4 ml

X 2 ml

Results and Discussion

Results are presented in Figure 18 and in Appendix Tables 54

and 55.

The mixture of CCC and GA3 had no significant effect on the

bleaching of spinach chloroplasts in the absence of atrazine (Appendix

Table 55). However, there was a highly significant interaction be-

tween atrazine and the mixture of CCC and GA3 (Appendix Table 55

and Figure 18). Bleaching by atrazine was retarded significantly in

the pres

tion this

ence of the growth regulators, although after 15 hr of incuba-

reduction was probably not significant (Figure 18).



100

80

60

40

20

water check

CCC + GA3

Atrazine
4 x 10-5M

+CCC
GA3

Figure 18,

3 6 9
Incubation time - hr

Atrazine
4 x 10-5M

12 15

Effect of a mixture of CCC and GA3 on the bleaching of isolated spinach chloroplasts in the
presence and absence of atrazine.



76

No explanation of the protective effect of the mixture of growth

regulators can be given. Clearly, this result does not relate to the

situation in intact wheat plants. In that experiment, treating seeds

of wheat with a mixture of GA3 and CCC did not alter the response of

the subsequent plants to atrazine (section IIb).
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SECTION VI. EFFECT OF CCC PRE-TREATMENT ON UPTAKE
OF WATER AND 14C ATRAZINE BY DRUCHAMP WINTER WHEAT

Introduction and Review of the Relevant Literature

Effect of CCC Treatment on Transpiration
and Water Uptake

There is a fairly extensive body of literature concerning the ef-

fects of CCC and other growth retardants on transpiration and water

uptake of various plants. Results are contradictory, however. Farah

(1969) grew spring wheat in a greenhouse under three different water

conditions. CCC treatment significantly reduced both evapotranspira-

tion and its ratio to yield of grain particularly under low moisture

conditions. El-Damaty, Kuhn, and Linser (1965) showed that applica-

tion of CCC to spring wheat grown under different water stresses had

no effect on transpiration coefficient (water transpired/g dry matter

production). Wtii.nsche (1970) demonstrated that treatment with CCC

reduced transpiration of treated wheat plants during the first 10 weeks

after treatment. The effect of CCC was most pronounced on an organic

soil, intermediate on a sandy soil, and weakest on a clay soil. More

water was available for growth in the organic soil compared to the

other two soil types. In the later stages of growth, however, transpir-

ation of CCC-treated plants decreased more slowly than for untreated

plants because of the later ripening of the former. On the organic
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soil, the treated plants used considerably more water per unit dry

weight of grain (60%) and of total plant (20%). Differences were small

on the clay and sandy soils. Tolbert (1960) found that wheat seedlings

retraded by CCC showed no reduction in transpiration. Zemanek

(1967) showed that leaves from CCC-treated wheat plants transpired

at an increased rate when compared with untreated controls. Re-

search by Kharanyan (1967) showed that CCC prevented water loss

from plants of bean and kidney bean during drought. Saturation deficit

was small compared with untreated controls. CCC increased the con-

tent of firmly bound water in the leaves. Ha levy and Kessler (1963)

showed that both CCC and Phosphon-D when applied as soil drenches

increased resistance of bean plants to wilting. Experiments by Kaul

(1968) indicated that seed treatment with CCC could increase the re-

sistance of wheat to drought.

Asher (1963) showed that both CCC and Phosphon-D applied as

soil drenches retarded growth of slash pine and reduced transpiration

significantly. Reduced needle length of treated trees did not explain

transpiration differences. Evidence was presented which indicated a

a decreased stomatal opening due to CCC. This has never been shown

in wheat.
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Relation Between Water Uptake and Uptake
of Herbicides Through Roots

There is evidence that uptake and translocation of herbicides

which move in the apoplast are directly related to water uptake via

the transpiration stream. Sheets (1961) added 14C simazine to nu-

trient solution supporting the growth of oat and cotton seedlings. The

amount of 14C in the leaves of both species after a given time interval

appeared to be dependent on transpiration. Absorption and transloca-

tion of the herbicide were increased with decreasing relative humidity

and increasing temperature. Sedgley and Boersma (1969) showed

that increasing water stress reduced the effect of diuron on photo-

synthesis in wheat indicating that translocation to the site of action was

dependent on transpiration.

The experiment reported in this section of the thesis was de-

signed to study the effect of CCC pre-treatment on uptake of water and

of
14C atrazine dissolved in that water. Reduced uptake of herbicide

by CCC-treated plants would help explain the protective effect against

atrazine provided by CCC.

Section VIa. Effect of CCC Pre-Treatment on Uptake of Water
and 14C Atrazine by Druchamp Winter Wheat I

Materials and Methods

Seeds of Druchamp winter wheat were allowed to imbibe either
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distilled water or a 3.16 x 10-2M solution of CCC as described pre-

viously. Plants were grown in sand for 5 days as described. At the

end of this time, the seedlings were washed carefully out of the sand

and transferred to aerated nutrient solution contained in 0.2 kg capa-

city plastic pots with snap-on lids. Pots were painted black and lids

were covered with masking tape to exclude light. The lids were per-

forated in five places. A. section of plastic drinking straw 3 cm long

and 0.6 cm in diameter was placed in each of three of the holes. Each

straw contained one wheat seedling. The pots contained a 0.25-strength

nutrient solution (Machlis and Torrey, 1956) which was aerated con-

tinuously. Attempts to grow plants in 0.1-strength nutrient solution

as in the sand culture experiments were unsuccessful since plants

became chlorotic, presumably because the solution was not replaced

at frequent intervals. Pots were placed in a growth-chamber in a

completely randomized arrangement. The settings on the growth-

chamber were as described previously. Aeration of the nutrient solu-

tion was provided through a disposable glass micropipette connected

to an air-line through a piece of plastic tubing. A hypodermic needle

was fixed to the other end of the tubing. The tip of the needle was

pushed into the air hose. Air pressure was regulated through a re-

ducing valve. A pressure of about 140 g/cm2 was sufficient to pro-

vide adequate aeration of the nutrient solution. The micropipettes

were inserted to the bottoms of the containers.
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Plants were grown in the nutrient solution for a period of 12

days. The nutrient solution was "topped-up" as required through a

small hole in each lid. At the end of the 12-day period, plants were

removed from the containers by cutting round the straws with a pair

of scissors. Plants were placed in a 5 x 10 -4M solution of Ca(NO 3)2

for a period of 24 hr in another growth-chamber under the same con-

ditions of light, temperature, and relative humidity as before.

After this time, plants were exposed to uniformly ring-labeled
14C atrazine in 5 x 10 -4M Ca(NO3)2"

Solutions were contained in

100-m1 pyrex dishes fitted with plexiglass lids. The lids were com-

posed of half circles of plexiglass connected by a hinge. A notch was

cut into the inner face of each half circle extending for about three-

quarters of its length. A piece of plastic foam filled each notch.

This foam served to hold the plants in place when the two half circles

were closed over the straws containing them. Each lid had two verti-

cal plexiglass projections for ease of handling. Before the addition of

the 14C atrazine, all dishes were equilibrated with a "cold" solution

of 10-5M atrazine in 5 x 10 -4M Ca(NO3)2 for a period of 16 hr. This

was done in order to minimize adsorption of the 14C atrazine onto the

walls of the dishes. A preliminary experiment had indicated that some

adsorption was possible. This adsorption was essentially complete

within 15 min of adding the herbicide to the dishes. Uniformly ring-

labeled 14C atrazine of specific activity 2.18 mamMole dissolved in
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methanol was added to a series of dishes each containing 75 ml of a

5 x 10 -4M solution of Ca(NO )3 2. Sufficient herbicide was added to

give a total activity of 0.2 p.c in each dish. The concentration of

atrazine in the dishes was 1.25 x 10-6M (0.27 ppm). The labeled

herbicide was added with a micro-syringe in a volume of 100 µ1 meth-

anol. After spiking, dishes were swirled gently for 15 min before

taking a 0.9-ml sample to determine the initial activity level. This

and subsequent samples were taken with a 1-ml pyrex disposable

pipette fitted with a rubber bulb safety device. The 15-min time

period allowed for any adsorption to take place. A series of dishes

containing 14C atrazine but no plants was included to correct for

evaporation and to determine if any adsorption of herbicide occurred

after the initial 15-min period.

After the initial sample had been placed in a scintillation vial,

three plants were placed in each dish, held by the plastic foam as

described above. Plants were positioned so that the roots were im-

mersed in the herbicide solution. Dishes were placed in the growth-

chamber in a completely randomized arrangement with two replica-

tions. Samples from the dishes were taken at intervals of 6, 12, and

24 hr after herbicide addition. Dishes were sampled by sucking up

the contents with a burette attached by tubing to a faucet. The con-

tents of the burette were then made up to 75 ml with Ca(NO3)2 after

noting the volume of liquid taken up by the plants, and the mixture
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run back into the dish. A 0.9-ml sample was then taken into a scin-

tillation vial for counting. The plant roots were rinsed in 75 ml

"cold" Ca(NO3)2 for a period of 30 sec. A 0. 9 - ml sample of the

rinse was taken for counting. After rinsing, plant roots were blotted

dry and the remnants of the seed were removed along with the plastic

drinking straw. Roots and shoots were separated and cut into pieces.

Plant material was dried in pre-weighed glass bottles as described

previously.

Each scintillation vial contained 10 ml of scintillation fluid, the

composition of which is given in Table 10.

Table 10. Composition of scintillation fluid used in studies with
14C

atrazine.

Ingredient Amount used per L of scintillation fluid

Toluene 666 ml
Triton X-100 (emulsifier) 333 ml
2, 5 -diphenyloxazole(PPO) 5.5 g
[ 1, 4 -bis -2 (5 phenyloxazoly1) - b enz ene] (POPOP) 0.1 g

PPO is a primary solute or fluor which converts the excitation energy

arising from the 14C to light quanta. POPOP acts as a secondary

solute or fluor by shifting the wavelengths of light emitted by the pri-

mary fluor to regions of greater photocathode sensitivity in the

counter.

Samples were counted on a Packard Tri-Garb liquid scintillation

spectrometer. The machine was set for 20,000 counts or 5 min per
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vial, whichever came sooner. After all the vials had been counted,

they were removed from the counter. A spike of 14C toluene of known

activity was then added to each vial before counting again. With this

internal standard method, quenching could be corrected for, i. e. the

efficiency of each count could be determined by use of the equation

Y - XE where E = efficiency of countingsp

Y = count after spiking in cpm

X = initial count before spiking in cpm

sp = activity of spike in dpm

The actual activity in each vial in dpm was then given by the expres-

sion - b, where b is the background in cpm. Counting efficiencies

in this experiment ranged from 85 to 95%.

After counting and correcting for efficiency, the total activity

in each dish in dpm could easily be calculated. The activity in dpm

could then be, expressed as lig of atrazine since the specific activity

of the 14C atrazine was known. The amount of atrazine taken up by a

group of three plants after a specified time interval could then be cal-

culated using the following expression: [Initial quantity of atrazine in

dish -(quantity remaining after the specified time interval + quantity

of atrazine removed by rinsing the roots)]. Adsorption was not signifi-

cant in this experiment so it did not enter into the equation. Uptake

of atrazine was expressed as p.g/g dry weight of whole plant (roots and
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shoots). Uptake of water was expressed as ml/g dry weight of whole

plant. The atrazine uptake data were subjected to factorial analysis.

Results and Discussion

Uptake of Water

The results are presented in Figure 19. Treatment with CCC

did not affect the uptake of water by plants of winter wheat when ex-

pressed as ml/g dry weight of whole plant. Since CCC treatment

caused a decrease in dry weight of whole plants (Appendix Table 58),

water uptake per plant would be reduced. However, the dry weight

differences were not consistent.

There was a falling off in the rate of water uptake after 24 hr

(Figure 19). This reduction of transpiration could have been caused

either by the lights of the growth-chamber going off after 16 hr incu-

bation (16-hr photoperiod), by the presence of atrazine, or by a com-

bination of both factors. Wills, Davis, and Funderburk (1963) found

that atrazine applied in nutrient solution to corn, cotton, and soybeans

reduced transpiration both in intact plants and excised shoots. This

effect occurred only in the light. Microscopic examination revealed

that atrazine had caused stomatal closure. The results of Smith and

Buchholtz (1963) support those of Wills et al. They demonstrated a

reduction in transpiration rate in both resistant corn and susceptible
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soybean following exposure to atrazine at 1 and 20 ppm in nutrient

solution. Reduction occurred 1 to 3 hr after application of the herbi-

cide.

Uptake of 14C Atrazine

Results are presented in Figure 20 and Appendix Tables 56 and

57. Treatment with CCC significantly reduced (P = < 0.05) the uptake

of atrazine 14C by winter wheat (Appendix Table 57). There was no

interaction between CCC and time, indicating that the uptake curves

did not diverge significantly with time. This is shown in Figure 20.

The decrease in uptake of 14C atrazine by CCC -treated wheat plants

could account for the increased resistance of these plants to atrazine

reported in sections I and II. However, an examination of Appendix

Table 56 will indicate that the "significant!' difference in uptake was

probably due to the results obtained at the 12-hr time period.

Relation Between Water Uptake and Herbicide Uptake

There was a highly significant correlation (R = 0.890) between

water uptake (ml) and uptake of 14C atrazine (p.g). This agrees with

the results of Sheets (1961).
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Section VIb. Effect of CCC Pre-Treatment on Uptake of
Water and 14C Atrazine by Winter Wheat - II

Materials and Methods

The materials and methods used in this experiment were iden-

tified with those described in the previous section except that an addi-

tional exposure period (36 hr) to atrazine was included. In addition,

since equilibration of the containers with "cold" atrazine had been

shown to eliminate any adsorption of 14C atrazine onto the walls of

the dishes, this factor was discounted in this and subsequent experi-

ments with 14C atrazine.

Results and Discussion

Uptake of Water

The results are presented in Figure 21. Treatment with GCC

did not affect the uptake of water by plants of winter wheat when ex-

pressed as ml/g dry weight of whole plant. Since CCC treatment

generally caused a decrease in dry weight of whole plants (Appendix

Table 61), water uptake per plant would be reduced.

As in the previous experiment, there was a falling off in the

rate of water uptake after 24 hr. This was probably due to the lights
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in the growth-chamber switching off after 16 hr (16-hr photoperiod),

since the rate of uptake was restored at the 36-hr time period.

Uptake of 14C Atrazine

Results are presented in Figure 22 and Appendix Tables 59 and

60. Treatment with CCC significantly increased (P = < 0.05) the

uptake of atrazine 14C by winter wheat (Appendix Table 60). This re-

suit is the opposite of that obtained in the previous experiment carried

out under identical conditions. The only difference was that in this

experiment, plants were 3 days older than in the previous study. This

is indicated by the increase in dry weights compared with the previous

experiment (Appendix Table 61 v. Appendix Table 58).

There was no interaction between CCC and time, indicating that

the uptake curves did not diverge significantly with time. This is

shown in Figure 22.

Further experiments on the effect of CCC treatment on herbicide

uptake would need to be done before a definite conclusion could be

drawn. However, since conflicting results were obtained, it seems

unlikely that uptake differences could fully account for the reduced

toxicity of atrazine to CCC-treated plants obtained in three separate

experiments (sections I and lib).

Relation Between Water Uptake and Herbicide Uptake

There was a highly significant correlation (R = 0.826) between

water uptake (ml) and uptake of 14C atrazine (p.g). This substantiates

the work of Sheets (1961).
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SECTION VII. EFFECT OF CCC PRE-TREATMENT ON
METABOLISM OF 14C ATRAZINE BY

DRUCHAMP WINTER WHEAT

Introduction and Review of the Relevant Literature

Metabolism of A-Triazine Herbicides in Plants

1. Hydrolysis

Hydrolysis of atrazine and simazine in maize to their 2-hydroxy

derivatives was the first degradation reaction of 2-chloro-s-triazine

herbicides indentified in plants (Castelfranco, Foy, and Deutsch,

1961; Gysin and Knuesli, 1960; Hamilton and Moreland, 1962; Roth,

1957). The active constituent in maize which catalyses the conversion

of simazine to hydroxysimazine was identified as 2, 4 dihydroxy-7-

methoxy-1, 4-benzoxazine-3-one (benzoxazinone) or its glucoside

(Hamilton, Bandurski, and Reusch, 1962; Roth and Knuesli, 1961;

Wahlroos and Virtane.n, 1959). Hydroxylation of 2-chloro-s-triazines

seems, from the evidence available, to be limited to benzoxazinone-

containing species such as resistant maize and Job's tears (Coix

lacryma-jobi) and susceptible wheat and rye (Hamilton, 1964;

Shimabukuro, 1967). Plants not containing benzoxazinone do not form

the 2-hydroxy derivatives. These plants include resistant sorghum,

intermediately susceptible pea and cotton, and susceptible oat, barley,

and soybean (Hamilton, 1964; Shimabukuro, 1967; Shimabukuro and
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Swanson, 1970). Recent work indicates that alternative metabolic

pathways for the detoxification of 2-chloro-s-triazines exist

(Lamoreux et al. 1970; Shimabukuro et al. , 1971). Hydroxylation,

though it contributes to total detoxification, is not essential for re-

sistance to s-triazine herbicides even in plants such as maize

(Shimabukuro et al. , 1971).

2. N-Dealkylation

Formation of 14CO following application of chain-labeled
14C

simazine occurs in resistant maize, intermediately susceptible cotton,

and susceptible soybean (Fu.nderburk and Davis, 1963). One of the

two possible N-dealkylated metabolites of atrazine, 2-chloro-4-amino-

6-isopropylamino-s-triazine was isolated as the predominant meta-

bolite from atrazine-treated pea plants (Shimabukuro, Kadunce, and

Frear, 1966). Shimabukuro (1967) showed that dealkylation of atrazine

occurred in sorghum, pea, soybean, wheat, and maize. Both quantita-

tive and qualitative differences among the five species were detected.

In pea, soybean, and wheat, the predominant dealkylated metabolite

was the isopropyl derivative, though there were traces of the ethyl

derivative in all three species. In maize, nearly equal amounts of the

isopropyl and ethyl derivatives were detected.
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3, Glutathione Conjugation

This metabolic pathway for s-triazi.ne herbicides was discovered

relatively recently. Shimabukuro (1967) showed that in highly resis-

tant sorghum, atrazine was converted not into hydroxyatrazine but into

other water-soluble compounds. Shimabukuro and Swanson (1969)

showed that in a period of 7 hr, 62% of the atrazine absorbed by leaf

discs of sorghum was converted into water-soluble metabolites other

than hydroxyatrazine. Recently, two of the major metabolites were

isolated and identified as S -(4-ethylamino-6-isopropylamino-s-tria-

ziny1-2)-glutathione (GS-atrazine) and S - )1 L -glutamyl - (4 ethylamino-

6-isopropylamino-s-triaziny1-2)-L-cysteine (Lamoreux et al. , 1970).

The significance of differential metabolism of toxic s-triazine

molecules in plants as it relates to the tolerance of these herbicides

is clear.

No work is known of the effect of plant growth regulators on the

metabolism of these herbicides in plants. The paper by Biswas and

Hemphill (1965), despite its title, gives no information on this subject.

The experiment reported here was designed as a preliminary

study of the effect of CCC pre-treatment on the metabolism of
14C

atrazi.ne by winter wheat. Differences in metabolism could account

for the differential response of CCC- and non-CCC-treated plants to

atrazine.
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Section Vila. Effect of CCC Pre-Treatment on Metabolism
of 14C Atrazine by Druchamp Winter Wheat - I

Materials and Methods

Seeds of Druchamp winter wheat were allowed to imbibe either

distilled water or a 3.16 x 10 2M solution of CCC as described pre-

viously. Plants were grown and treated with 14C atrazine as des-

cribed in section VIa. In this experiment, the dose of 14C atrazine

was doubled to give 0. 4µc /dish. The concentration of atrazine in

the dishes was 2.5 x 106M (0.54 ppm).

Uptake of 14C atrazine was measured after exposure periods to

the herbicide of 6, 12, 24, and 36 hr as described previously. After

each exposure period and following rinsing of the roots, plants were

returned to the growth-chamber for a further 24-hr period. During

this time, roots were exposed to a "cold" solution of 2.5 x 106M

atrazine in 5 x 104M Ca(NO3)2. At the end of the 24-hr period,

plants were removed from the dishes. A 0. 9 -ml sample was taken

from each dish and placed in a scintillation vial for counting. The

purpose of this was to check for any leakage of herbicide out of the

roots.

Plants were separated into roots and shoots. Fresh weights of

plant material were taken to the nearest 0.1 mg. The plant samples

were, immersed in liquid nitrogen followed by storage in a deep-freeze

until required. When required, samples were extracted to determine
14C residues as chloroform-soluble, water-soluble, and insoluble
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residue fractions. The extraction procedures were essentially the

same as those described by Lamoreux et al. (1970). Samples were

ground with liquid nitrogen in a mortar and pestle. The powdered

material was extracted in a blender with 80% methanol for 15 min.

The homgenate was filtered by vacuum through two pre-weighed filter

papers. The residue was again extracted with 80% methanol as des-

cribed above. After filtration and thorough washing with 80% methanol,

the residue was stored in pre-weighed glass bottles. The methanol

in the extract was evaporated off under vacuum at 35 C. Ten ml of

chloroform were added to the concentrated extract and the two phases

allowed to resolve in a separatory funnel. The resultant water-soluble

and chloroform-soluble fractions were run into 25 ml volumetric

flasks. Any chloroform in the water-soluble fraction was driven off

by placing the flasks in a heated sand bath. The water-soluble fraction

was again washed with 10 ml chloroform and the two phases were

separated as before. Both water-soluble and chloroform-soluble frac-

tions were made to volume and stored in a deep-freeze at -28 C.

Aliquots of the water-soluble fraction were taken directly into

scintillation vials for counting. Since chloroform is an efficient

quenching agent, aliquots of the chloroform-soluble fractions were

first evaporated to dryness under vacuum before the scintillation

fluid was added. Aliquots of the methanol-insoluble residue were

placed in scintillation vials containing 10 ml gel scintillation fluid.

The gel scintillation fluid contained 40 g Cabosil (finely powdered

silica), 5.5 g PPO, and 0.1 g POPOP/L. of toluene. Samples were
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counted and corrected for quenching as described previously. Data

were not subjected to statistical analysis,

Results and Discussion

Results are presented in Table 11 and Appendix Tables 62 and

63, Appendix Table 62 shows the data expressed as dpm recovered

per three plants in each of the various fractions. The amount of 14C

atrazine taken up/g fresh weight of whole plant (roots and shoot) is

also given in this Table. Table 11 gives the same data as Appendix

Table 62 expressed as mean values of the two replicates.

It is clear that treatment with CCC did not significantly affect

the uptake of 14C atrazine by wheat plants. Uptake was not linear

with time, perhaps indicating that the increased concentration of

atrazine used in this metabolism study was reducing transpiration

and hence limiting uptake.

Also, pre-treatment with CCC clearly did not affect the relative

distribution of 14C in the different fractions (Appendix Table 63). The

majority of the 14C extracted from the tissues occurred in the chloro-

form fractions from the shoots. This activity represents intact atra-

zine 14C together with dealkylated metabolites (Shimabukuro, 1967).

Shimabukuro (1967) found most of the 14C activity in the shoots of

sorghum,, soybean, pea, and wheat following root exposure to 14C

atrazine. In the experiment reported in this thesis, significant activity

was recovered in the water-soluble fraction from the shoots. There
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was some indication of an increase in this fraction with time though

the results are variable. This activity probably represents hydroxy-

lated metabolites, mainly hydroxyatrazine (Shimabukuro, 1967). Un-

like dealkylated metabolites which still retain some herbicidal activity,

hydroxyatrazine is completely non-herbicidal (Shimabukuro, 1967).

Little activity was recovered from the roots, either in the

chloroform-soluble or water-soluble fractions and there were no ob-

vious changes in these fractions with time. The quantity of 14C

detected in the methanol-insoluble residue was very low.

Significant quantities of 14C were found following transfer of

the plants to "cold" atrazine for a period of 24 hr. Some of this

material may have remained, on the outside of the roots following the

first rinse in "cold" atrazine. However, Shimabukuro (1967) found

that some of the dealkylated metabolites of atrazine formed in the

roots of corn and sorghum were excreted into the external solution.

Although pre-treatment with CCC did not affect the relative dis-

tribution of C recovered in different fractions from wheat plants,

this does not necessarily mean that CCC had no effect on metabolism

of atrazine. To investigate this possibility, the different components

of the fractions would have to be identified. This was not done in the

studies reported in this thesis.



Table 11.
14C activity in different fractions extracted from roots and shoots of Druchamp wheat plants following exposure to

14C
atrazine.

Treatment
Exposure time
to herbicide-hr*

dpm recovered/3 plants

Leakage from
roots Total

p.g
14C

atrazine
taken up /g fresh
wt. whole plant

Chloroform
Root Shoot

Water
Root Shoot

Residue
Root Shoot

CCC 3. 16 x 10-2M
Water check

CCC 3. 16 x 10-2M
Water check

CCC 3. 16 x 10-2M
Water check

CCC 3. 16 x 10-2M
Water check

6

12

24

36

3, 058
5,231

3, 477
3, 361

2, 762
5,938

5,603
5,783

59, 221
95,048

123, 228
86, 535

141, 208
249,939

262,505
197,243

963
1,657

1, 664
1, 445

1, 927
3,090

3,146
4,080

6, 268
6,004

13, 151
16, 967

29, 207
25,143

34,346
53,367

95
96

188

235

186
209

242
369

102
127

235
145

599
285

296
456

27, 323
45, 529

29,122
27, 714

34, 166
43, 170

38, 502
49, 785

97, 029
151, 690

171,063
136, 399

210, 054
327, 773

344, 638
311, 080

0.54
0. 62

0.55
0.58

0. 98
1. 11

1. 27
1.06

*
Followed by 24 hr in "cold" atrazine
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Section VIIb. Effect of CCC Pre-Treatment on Metabolism
of 14C Atrazine by Winter Wheat - II

Materials and Methods

This experiment was identical to that described in section VIIa,

except that three replications were used and differences in timing were

initiated. In this experiment, all plants were exposed to 14C atrazine

for a period of 24 hr. Following this exposure, appropriate plants

were exposed to "cold" atrazine in 5 x 10-4M Ca(NO3)2 for periods of

0, 48, and 72 hr before extraction.

Results and Discussion

Results are presented in Table 12 and Appendix Tables 64 and

65. Appendix Table 64 shows the data expressed as dpm recovered

per three plants in each of the various fractions. The amount of 14C

atrazine taken up/g fresh weight of whole plant is also given in this

Table. Table 12 gives the same data as Appendix Table 64 expressed

as mean values of the three replications. Pre-treatment with CCC

clearly did not significantly affect the uptake of 14C atrazine by wheat

plants.

Pre-treatment with CCC did not affect the relative distribution

of
14C in the different fractions (Appendix Table 65). As in the pre-

vious experiment, the majority of the 14C extracted from the tissues



Table 12.
14C

activity in different fractions extracted from roots and shoots of Druchamp wheat plants, following exposure to 14C
atrazine.

Treatment

Exposure
time to
herbicide

-hr

Time in
"cold"

atrazine
-hr

d pm recovered/3 plants
Residue

Leakage from roots

Chloroform WaterC- Total
Chloroform Water

Root Shoot Root Shoot Root Shoot

CCC 3. 16 x 10-2M 24 0 29, 901 179, 621 6, 022 12, 216 210 245 228, 216
Water check 30, 008 161, 788 7, 599 12, 287 177 304 208,523

CCC 3. 16 x 10
-2M

24 48 4, 524 197, 700 2, 420 34, 420 266 627 16,467 1, 889 258, 333
Water check 4, 648 193, 780 2, 367 25, 700 326 996 15,323 1, 929 245, 077

CCC 3. 16 x 10-2M 24 72 2, 832 198, 204 1, 936 47, 704 343 877 19, 498 1, 534 272, 928
Water check 3, 273 194, 954 2, 466 41,978 327 955 18,670 1,687 264,310

14C atrazine
taken up/g fresh
wt. whole plant.

0. 94
0. 69

0.74
0.77

0. 75
0.83
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occurred in the chloroform fractions from the shoots. There was no

change in the activity of this fraction with time. Activity in the water-

soluble fraction from the shoots increased with time perhaps indica-

ting metabolism of 14C atrazine to hydroxy derivatives.

Following the initial 24-hr exposure to 14C atrazine, significant

quantities of 14C were recovered in the chloroform-soluble fraction

from the roots. Forty-eight hr later, this activity had declined signifi-

cantly. This decline was probably due to translocation into the shoots.

The increase in the activity of the water-soluble fraction in the shoots

parallels the decline of the chloroform-soluble activity in the roots.

The water-soluble fraction in the roots remained at a low level

of activity throughout the experiment. Hamilton (1964) found benzox-

azinone derivatives in both roots and shoots of wheat plants though there

was a higher concentration in the shoots.

As in the previous experiment, the amount of 14C recovered in

the methanol-insoluble residue remained at a very low level.

The solution remaining after the plants were removed for har-

vest was partitioned between chloroform and water. Most of the

activity was retained in the chloroform fraction indicating intact atra-

zine or dealkylated metabolites. A small quantity was retained in

the water-soluble fraction, indicating the presence of hydroxylated

metabolites.
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As in the previous experiment, the different components of the

water-soluble and chloroform-soluble fractions would have to be re-

solved before the effect of CCC-treatment on the metabolism of atra-

zine could be determined with certainty. More research should be

done in this area.
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DISCUSSION AND CONCLUSIONS

Treatment of seeds of winter wheat with a solution of CCC

significantly increased resistance to subsequently applied atrazine

under growth-chamber conditions. The simultaneous addition of GA3

abolished the protective effect of CCC. GA3 alone had no effect on

atrazine toxicity.

An examination of the possible reasons for the effect of CCC on

atrazine toxicity should begin with an account of the effect of atrazine

and other Hill reaction herbicides on the photosynthetic system. It

is a well-established fact that herbicides able to inhibit photosynthesis

can do so in higher plants (Roth, 1958), algae (Bishop, 1961), and

isolated chloroplasts (Moreland and Hill, 1963). The system which

appears most sensitive to these herbicides is the oxygen-evolving step

associated with Photosystem II; the so-called Hill reaction. According

to Levine (1969), diuron (and presumably other Hill reaction herbi-

cides) owes its effectiveness to its ability to inhibit the flow of elec-

trons from water to NADPH. The photoeduction of NADP is thus

blocked but it can be restored if an artificial electron donor system

such as ascorbate plus dichlorophenolindophenol is introduced into

the chloroplast (Levine, 1969; Schwartz, 1966; Vernon and Zaugg,

1960). Vernon and Zaugg have demonstrated that some protection

against photooxidation can be given by ascorbate alone.
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Krinsky (1966) proposed a mechanism whereby carotenoid pig-

ments function to inactivate an excited chlorophyll-oxygen complex

which would be capable of catalyzing harmful photosensitized oxida-

tions in the cell. Chlorophyll molecules excited by light are usually

deactivated to the original stable ground state by releasing energy

in the process of photosynthesis. If chlorophyll is not de-excited, it

can combine with molecular oxygen and be destroyed by photooxidation.

Some of the NADPH formed in normal photosynthesis acts through an

enzymatic reaction (de-epoxidase) to regenerate zeazanthin which can

reduce the oxidized chlorophyll. This oxidation-reduction cycle can

thus protect the chlorophyll molecule from lethal photooxidation and

the cell itself from other photosensitized oxidations. Mitidieri (1968,

unpublished, cited in Stanger and Appleby, 1972) constructed a hypothe-

sis to account for the toxicity of diuron (and other Hill reaction herbi-

cides) which combines the ideas of Levine with those of Krinsky.

According to Mitidieri, these herbicides may owe their effectiveness

to the fact that inhibition of NADPH formation in their presence could

cause lethal photosensitized oxidations in the cell because NADPH

is necessary for the maintenance of the protective mechanism des-

cribed by Krinsky. Stanger and Appleby (1972), using isolated spinach

chloroplasts, demonstrated that toxicity due to diuron resulted from

a lack of NADPH. They also showed that carotenoid pigments in the

chloroplasts began to break down prior to degradation of chlorophyll.
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This suggests that the immediate effect of diuron in inhibiting the for-

mation of NADPH was oxidation of the carotenoids, and that degrada-

tion of chlorophyll was consequential. The reduced toxicity of diuron

in the presence of increasing concentrations of chlorophyll as demon-

strated by Stanger and Appleby may therefore have been at least

partly due to the concomitant increase in carotenoid concentration.

Any explanation of the protective effect of CCC on atrazi.ne tox-

icity as described in this thesis must consider the intervention of CCC

in relation to events occurring both prior to and after inhibition of the

Hill reaction by atrazine.

Events Occurring Prior to Inhibition of
the Hill Reaction by Atrazine

(a) Herbicide uptake

Reduced uptake of herbicide caused by CCC treatment would

help explain the increased resistance to atrazine of CCC -treated

plants. The results obtained in this thesis were contradictory (sec-

tions VIa and b; VIIa and b). The uptake studies were of necessity

carried out under different conditions than the dose response studies.

In the dose response studies, plants were grown in sand culture while

in the uptake studies they were grown in aerated nutrient solution

followed by transfer to non-aerated Ca(NO3)2 containing 14C atrazine.

However, Sheets (1961) observed that the amount of 14C accumulating
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in the foliage of oats following root exposure to 14C simazine was

unaffected by aeration over a 168-hr period.

It appears from the literature that under some circumstances,

CCC can reduce transpiration and hence water uptake (Farah, 1969;

Kharanyan, 1967). Since uptake of herbicides which move in the

apoplast is proportional to water uptake (Sheets, 1961), reduction in

transpiration by CCC would result in reduced uptake of these materials.

While transpiration may be reduced on a per plant basis (Wilinsche,

1970), this difference probably would not be significant on a dry weight

basis since CCC treatment caused a reduction in dry weight, at least

in wheat. In the experiments reported in this thesis, CCC did not

cause a reduction in water uptake from non-aerated Ca(NO
3

)
2

solution

when expressed on a per g dry weight of whole plant basis. However,

there were differences in herbicide uptake caused by CCC so that

herbicide uptake was not exactly proportional to water uptake. In the

experiments reported in sections Vila and b, CCC treatment appar-

ently did not affect uptake of 14C atrazine when expressed on a unit

fresh weight basis.

In view of the alternative conclusions which could be drawn from

the above studies, the question of herbicide uptake as affected by CCC

should be investigated in more detail.

(b) Herbicide metabolism

Differential metabolism of atrazine in CCC- and non-CCC-treated
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plants would alter the amount of intact herbicide reaching the active

sites in the chloroplasts. In the experiments reported in this thesis

(sections Vlia and b), CCC did not alter the relative distribution of
14C in water-soluble and chloroform-soluble fractions from roots and

shoots of herbicide-treated plants, nor were there any differences in

herbicide uptake caused by CCC treatment. The water-soluble frac-

tion is assumed to represent various hydroxylated metabolites mainly

the 2-hydroxy form), which are totally non-phytotoxic (Shimabukuro,

1967). The chloroform-soluble fraction on the other hand, represents

intact atrazine plus various N-dealkylated metabolites (mainly the

isopropyl derivative) which retain some herbicidal activity (Shimabukuro,

1967). Therefore, to be certain that CCC had no effect on metabolism

of atrazine, the various components of the chloroform-soluble fraction

would have to be separated and determined quantitatively. This was

not done in the experiments reported in this thesis.

(c) Increased chlorophyll content following CCC treatment

Increased chlorophyll content of wheat leaves following treat-

ment with CCC is recorded in section IV of this thesis. These results

are supported by those of Bruinsma et al. (1965) and Michniewicz

et al. (1968).

There are reports in the literature that increased chlorophyll

content of both whole plants and isolated chloroplast systems can
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reduce toxicity symptoms of Hill reaction herbicides (Brenchley and

Appleby, 1971; Stanger and Appleby, 1972).

As discussed earlier, this increased resistance to the Hill reac-

tion herbicides may have been due as much to a concomitant increase

in carotenoid content as to the increase in chlorophyll content.

However, the results of Stanger and Appleby also support the

concept of photosynthetic reaction centers each comprised of several

hundred chlorophyll molecules at which a Hill reaction herbicide would

act. It is reasonable to assume that increasing the number of such

reaction centers would delay the appearance of symptoms following

treatment with such a herbicide.

There was some indication that inhibition of CO2 fixation (net

photosynthesis) by atrazine in CCC-treated plants was retarded in

comparison with the effect of atrazine on plants not treated with CCC

(section Illb). The apparent increase in net photosynthesis due to

CCC treatment could hardly be due to the increased chlorophyll con-

tent of these plants.

WillstItter and Stoll (1918) compared CO2 fixation in leaves of

elm containing normal and one-tenth-normal quantities of chlorophyll.

The amounts of CO2 fixed per hr by samples of chlorophyll-deficient

leaves were only 15% lower than in normal leaves. They suggested

that the chlorophyll-deficient leaves had a higher efficiency of CO2

fixation than the normal leaves. Stoy (1965) in experiments with three
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varieties of spring wheat did not find close relationships between rate

of photosynthesis and chlorophyll concentration.

The increased chlorophyll content of wheat plants following treat-

ment with CCC could help to explain the reduced toxicity of atrazine

to these CCC-treated plants as reported in this thesis. This con-

clusion is made in spite of the failure of increased chlorophyll content

of isolated leaf discs to protect against atrazine injury (section IV).

In these experiments, the ratio of atrazine molecules to chlorophyll

molecules was clearly high. In addition, rapid senescence of leaf

discs made clear comparisons difficult.

(d) Complexing of atrazine with CCC

The possibility exists that CCC is capable of forming a complex

with atrazine inside the plant. Such a complex would perhaps be bro-

ken during the extraction procedures described in section VI. Tolbert

(1964) detected complexes of CCC with 14C-labeled organic acids fol-

lowing applications of the growth retardant to algae and wheat leaves.

It is known that CCC is translocated out of treated leaves (Alcock,

Morgan, and Jessup, 1967; Birecka, 1967b; gkopik and Cervinka,

1968) and following root application (Birecka, 1967b).

There is evidence to suggest that CCC is not metabolized by

plants (Birecka, 1967b; Blain, 1967; Bier and Faust, 1967). On the

other hand, some authors have presented evidence which suggests that

metabolism does occur (El-Fouly and Jung, 1969; Jung and Henjes,
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t.71964; Skopik and Cervinka, 1967). In either case, it is clear that

sufficient intact CCC would have remained distributed throughout the

wheat plants to complex with at least some of the atrazine taken up

over the time periods used in the studies reported in this thesis.

(e) Complexing of CCC with the chloroplast protein

Tolbert (1964) reported that because it is strongly cationic,

CCC exists in plants as a salt, the anion of which may be an inorganic

nutrient, or an anionic site in certain proteins or nucleic acids. The

specific type of complex formed in vivo was not determined.

The possibility exists that CCC could complex with the chloro-

plast protein and thus prevent atrazine molecules from reaching the

active site.

Events Occurring After Inhibition of the Hill
Reaction by Atrazine

(a) Reduction in toxicity of atrazine due to higher ascorbate

levels in CCC-treated plants

Michniewicz and Lamparska (1965) demonstrated that CCC could

increase ascorbate content in bean plants. This effect could be re-

versed by GA3.

An increased ascorbate content would to a certain extent, protect

chlorophyll from destruction by atrazine (Vernon and Zaugg, 1960).

This is because ascorbate can act as an electron donor to Photosystem
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II as described earlier. The system is much more efficient if there

is another component such as 2, 6- dichlorophenolindophenol present.

The effect of CCC treatment on ascorbate levels of wheat plants

was not measured.

(b) Reduction in toxicity of atrazine due to higher peroxidase

levels in CCC-treated plants.

One of the adverse effects of Hill reaction herbicides may be

the production of strong oxidizing agents including peroxides (Ashton

et al. 1963; Sweetzer and Todd, 1961). CCC has been shown to in-

crease peroxidase activity in various plants including wheat (El-Fouly

and Jung, 1966; Gaspar and Lacoppe, 1968; Halevy, 1963). Con--

ceivably, the increased peroxidase levels caused by CCC could pro-

vide some protection against the oxidizing agents mentioned above.

However, since such oxidizing agents have not been identified following

treatment with Hill reaction herbicides, their existence is purely

hypothetical. Eastin, Palmer, and Grogan (1964) measured peroxi-

dase activity in two isogenic lines of corn, one of which was resistant

to atrazine, and the other sensitive. Untreated plants from the re-

sistant line had higher peroxidase levels- than untreated susceptible

plants. Atrazine treatment significantly increased peroxidase activity

in the resistant line while reducing it in the susceptible line. The

resistant plants not only had higher peroxidase levels than the sus-

ceptible but were also able to produce more peroxidase as a response
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to treatment with atrazine. While these peroxidase levels may well

have some bearing on resistance to atrazine, corn is also able to

metabolize this herbicide by at least three different mechanisms as

described in section VII of this thesis.

(c) Increased turnover rate of chlorophylls a and b and of

3 -carotene caused by treatment with CCC.

Laborie (1963) showed that CCC increased the rate of turnover

of chlorophylls a and b and of f3 -carotene in wheat. This increased

renewal rate could clearly provide some protection against atrazine

injury by replacement of pigments destroyed by the herbicide. Beta-

carotene is a precursor of zeazanthin which fits into the scheme pro-

posed by Krinsky (1966) to demonstrate how carotenoids can function

to protect chlorophyll from photooxidation.

Although the effect of CCC on atrazine toxicity to wheat was

investigated from various angles as reported in this thesis, no definite

explanation for the protective effect in intact plants is offered here.

Various suggestions have been provided in this section, however,

based on this research and results from the literature. The ability

of GA3 to overcome the protective effect against atrazine given by CCC

cannot be explained in terms of direct antagonism between the two

compounds since they are not related structurally.

The increased resistance of CCC-treated wheat plants to

atrazine was statistically significant but unlikely to be of agricultural



115

significance unless ways can be found to magnify the effect in the field.

It may be worthwhile to study the effect of CCC on the response of

some other sensitive species such as soybean to atrazine and other

Hill reaction herbicides.
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SUMMARY

Experiments were performed in the growth-chamber and labora-

tory to investigate the nature of the interaction between the growth

retardant CCC and the herbicide atrazine. The following results were

obtained:

1. Treatment of wheat seeds with a solution of CCC reduced toxicity

of atrazine to the subsequent plants. This protective effect was

demonstrated in both Druchamp and Nugaines varieties of winter

wheat.

2. Simultaneous applications of GA3 were found to overcome the

growth-retarding effects of CCC and also to abolish the protective

effect of CCC against atrazine toxicity.

3. GA3 itself had no effect on the toxicity of atrazine to winter wheat.

4. Treatment with CCC apparently increased both net photosynthesis

and dark respiration of wheat plants significantly. The results

concerning net photosynthesis should be interpreted with caution,

however. This is discussed in section Ma of the thesis.

5. There was some evidence that CCC- !treatment slowed down the

effect of atrazine on net photosynthesis.

6. Treatment with CCC increased chlorophyll content of wheat leaves

on both a fresh and dry weight basis.



117

7. CCC treatment had no effect on disappearance of chlorophyll from

leaf discs of wheat subjected to a 16-hr photoperiod either in the

presence or absence of atrazine.

8. CCC added to the incubation medium delayed the senescence of

leaf discs in the absence of atrazine but not in its presence.

9. CCC had no effect on the bleaching of isolated spinach chloroplasts

either in the presence or absence of atrazine.

10. GA3 retarded bleaching of isolated spinach chloroplasts in the

absence of atrazine but not in its presence.

.11. A mixture of CCC and GA3 did not affect the bleaching of spinach

chloroplasts in the absence of atrazine but did exert a significant

protective effect in the presence of atrazine.

12, Treatment with CCC did not affect water uptake of wheat plants

when expressed on a per g dry weight basis.

. 13. Results concerning the effect of CCC on uptake of 14C atrazine

were contradictory. In one experiment, CCC treatment increased

uptake significantly (P = < 0.05), while in another instance, CCC-

treated plants took up significantly less 14C atrazine (P = < 0.05).

Uptake was expressed as p,g atrazine/g dry weight whole plant.

Uptake studies carried out in conjunction with metabolism experi-

ments indicated no effect of CCC treatment on uptake of 14C

atrazine by wheat. Uptake was expressed as pg atrazine/g fresh

weight whole plant.
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14. CCC had no effect on the distribution of 14C in water-soluble and

chloroform-soluble fractions isolated from roots and shoots

following treatment of wheat plants with 14C atrazine. In order

to determine the actual effect of CCC treatment on the metabolism

of atrazine, the components of the chloroform-soluble fraction

would have to be separated.

While no clear explanation for the protective effect of CCC

treatment is provided as a result of the experiments described in this

thesis, various possibilities are discussed arising from a considera-

tion of those results together with work reported in the literature.

The magnitude of the protective effect was not sufficiently great to

propose the use of CCC as a protectant against atrazine injury in the

field. An investigation of ways to increase the protective effect which

would be applicable to field conditions, and studies on the possibility

of a CCC x atrazine interaction in other sensitive species such as

soybean may be worthwhile.
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Appendix Table 1. Effect of CCC on toxicity of atrazine to Druchamp
winter wheat.

Foliage dry wt.
(mg/pot) Avg. dry wt.

Treatment I II III
as % of

respective check

(M)
Atrazine
0 456 406 441
5 x 10-8 389 351 329 82

10-7 370 332 320 78

2 x 10-7 176 163 181 40
4 x 10-7 94 111 86 22
6 x 10-7 92 105 101 23

Atrazine + CCC
0 + 3.16 x 10-, 287 338 278

5 x 10-° + 3.16 x 10" 308 286 370 99
10-7 + 3.16 x 10-2 254 250 176 83

2 x 10-7 + 3.16 x 10-2 168 174 173 57
4 x 10-7 + 3.16 x 10-2 108 115 106 35

6 x 10-7 + 3.16 x 10-2 94 81 94 30

Appendix Table 2. Analysis of variance for Appendix Table 1.

Source of Variation DF SS MS

Atrazine 5 42,151.91 8,430.38 263,91**

CCC 1 1,983.40 1,983.40 62.09**

Atrazine .x CCC 5 2,480.18 496.04 15.53**

Error 24 766.67 31.94

Total 35 47,382.16

** Significant at the 1% level
CV = 7.9%
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Appendix Table 3. Effect of CCC on toxicity of atrazine to Nugaines
winter wheat.

Foliage dry wt.
(mg/pot) Avg. dry wt.

Treatment I II III
as % of

respective check

(M)

AtraZine

0 214 215 200
5 x 10-8 -163 185 174 83

10-7 199 191 180 91

2 x 10-7 91 117 109 51

4 x 10-7 68 56 69 31

6 x 10-7 59 55 55 27

Atrazine + CCC
0 + 3.16 x 10-2 151 145 149

5 x 10-8 + 3.16 x 10-2 155 138 119 93
10-7 + 3.16 x 10-2 138 134 141 93

2 x 10-7 + 3.16 x 10-2 95 103 98 67
4 x 10-7 + 3.16 x 10-2 65 64 63 43
6 x 10-7 + 3.16 x 10-2 53 57 64 38

Appendix Table 4. Analysis of variance for Appendix Table 3.

§6111.66 6i Vapiatieft §§ M8 114

Atrazine 5 8,434.33 1,686.87 222.04**

CCC 1 608.40 608.40 80.08**

Atrazine x CCC 5 576.13 115.23 15.17**

Error 24 182.33 7.60

Total 35 9,801.19

** Significant at the 1% level
CV = 7.3%
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Appendix Table 5. Influence of GA3 on height-reduction of Druchamp
winter wheat caused by CCC.

Treatment I

Height of tall est plant
(mm)

II III IV Avg,

Water Check 355 360 348 355 355
GA3 3.16 x 10 -4M 355 360 385 345 361
GA3 8.85 x 10-4M 340 340 350 355 346
GA3 1.45 x 10-3M 360 365 440 390 389
GA3 2.02 x 10-3M 400 445 390 365 400
GA3 2.59 x 10-3M 450 355 355 385 386
GA3 3.16 x 10-3M 380 355 380 380 374

CCC 3.16 x 10 2M 258 243 240 225 242
CCC 3.16 x 10-2M + GA3 3.16 x 10-4M 290 308 295 270 291
CCC 3.16 x 10-2M + GA3 8.85 x 10-4M 260 250 275 310 274
CCC 3.16 x 10-2M +GA3 1.45 x 10-3M 340 400 375 320 359
CCC 3.16 x 10-2M + GA3 2.02 x 10-3M 350 450 380 500 420
CCC 3.16 x 10-2M + GA3 2.59 x 10-3M 370 390 385 375 380
CCC 3.16 x 10-2M + GA3 3.16 x 10-3M 455 395 395 500 436

Appendix Table 6. Analysis of variance for Appendix Table 5.

Source of Variation DF SS MS F

CCC
1

12,570.02 12,570.02 11.99**

GA3 6 101,762.61 16,960.43 16. 18 **

CCC x GA3 6 43,911.61 7,318.60 6.98**

Error 42 44,018.75 1,048.07

Total 55 202,262.98

** Significant at the 1% level
CV = 9.0%
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Appendix Table 7. Influence of GA3 on reduction in length of first
internode of Druchamp winter wheat caused by
CCC.

Treatment I

Length of 1st internode
mean of 4 plants/pot

(mm)
II III. IV Avg.

Water Check
GA3 3.16 x 10-4M
GA3 8.85 x 10 -4M
GA3 1. 45 x 10 -3M
GA3 2.02 x 10-3M
GA3 2. 59 x 10 -3M

GA3 3. 16 x 10 -3M

CCC 3.16 x 10-2M
CCC 3.16 x 10-2M + GA3 3.16 x 10-4M
CCC 3.16 x 10-2M + GA3 8. 85 x 10 -4M
CCC 3.16 x 10-2M + GA3 1.45 x 10.3M

3.16 x 10-2MCCC + GA3 2.02 x 10-3M
CCC 3.16 x 10-2M + GA3 2.59 x 10-3M

3.16 x 10-2MCCC + GA3 3.16 x 10-3M

23
28
28
28
23
35
29

9
20
21
27
23
41
43

21
24
41
28
37
38
38

9
24
24
22
29
46
42

23
27
29
44
38
28
40

8
20
21
32
24
44
45

23
23
28
47
43
34
43

9

14
17
19
32
33
48

23
26
32
37
35
34
38

9
20
21
25
27
41
45

Appendix Table 8. Analysis of variance for Appendix Table 7.

Source of Variation DF SS MS

CCC 1 37.54 37. 54 13. 34**

GA3 6 360.96 60.16 21.38**

CCC x GA3 6 92.12 15.35 5, 46**

Error 42 118.18 2.81

Total 55 608.80

** Significant at the 1% level
CV = 5. 5%
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Appendix Table 9. Influence of GA3 on reduction in foliage dry weight
of Druchamp winter wheat caused by CCC.

Foliage dry wt.
(mg/pot)

Treatment I II III IV Avg.

Water Check 544 489 576 474 521
GA3 3.16 x 10-4M 591 582 626 591 598
GA3 8.85 x 10-4M 563 618 540 583 576
GA3 1.45 x 10-3M 556 573 558 546 558
GA3 2.02 x 10-3M 601 531 615 569 579
GA3 2.59 x 10-3M 619 520 568 528 559
GA3 3.16 x 10-3M 522 633 619 591 591

CCC 3.16 x 10-2M 345 426 445 437 413
CCC 3.16 x 10-2M + GA3 3.16 x 10- 1v1 416 458 424 482 445
CCC 3.16 x 10-2M + GA3 8.85 x 10- M 425 524 509 453 478
CCC 3.16 x 10-2M + GA 1.45 x 10 -3M 459 435 561 547 501
CCC 3.16 x 10-2M + GA3 2.02 x 10-3M 600 567 539 528 559
CCC 3.16 x 10-2M + GA3 2.59 x 10-3M 578 529 503 554 541
CCC 3.16 x 10-2M + GA3 3,16 x 10-3M 388 556 610 571 531

Appendix Table 10. Analysis of variance for Appendix Table 9.

Source of Variation DF SS MS

CCC 1 75,558.02 75,558.02 34.52**
GA3 6 55, 194. 71 9, 199.12 42. 03**

CCC x GA3 6 28,713.86 4, 785.64 2. 19NS

Error 42 91, 934. 25 2,188.91
Total 55 251,400.84

** Significant at the 1% level
CV = 8.8%
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Appendix Table 11. Effect of CCC on the toxicity of atrazine to
Druchamp winter wheat.

Treatment

Foliage dry wt. Avg. dry wt. as
(mg/pot) % of respective

I II III IV check

(M)
0 508 478 427 ,526

10-7 437 461 419 455 91

2 x 10-7 323 377 364 397 76
3 x 10-7 311 311 306 389 63
4 x 10-7 243 242 241 261 51

6 x 10-7 210 211 227 216 45

Atrazine CCC
0 + 3.16 x 10-2 361 323 333 323

10-7 + 3.16 x 10-2 401 253 357 355 102
2 x 10-7 + 3.16 x 10-2 270 322 299 272 87
3 x 10-7 + 3.16 x 10-2 255 293 254 306 83
4 x 10-7 + 3.16 x 10-2 227 268 206 217 70
6 x 10-7 + 3.16 x 10-2 205 186 188 213 59

Appendix Table 12. Analysis of variance for Appendix Table 11.

Source of Variation DP SS MS

Atrazine 5 265,669.85 53,133.97 64.12**

CCC 1 50,246.02 50,246.02 60. 64 **

Atrazine x CCC 5 29,037.35 5,807.47 7.01**

Error 36 29,831.75 828.66

Total 47 374,784.98

** Significant at the 1% level
CV =9.2%
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Appendix Table 13. Effect of GA3 on the reduction in toxicity of
atrazine to Drucha.mp winter wheat provided by
CCC.

Treatment

Foliage dry wt.

(mg /pot)

II III

Avg. dry
wt. as %
of respec-

IV tive check

(M)
Atrazine
0

10-7
2 x 10-7
3 x 10-7
4 x 10-7
6 x 10-7

Atrazine + CCC + GA
0 + 3.16 x 10-Z

10 + 3.16 x 10-2
2 x 10-7 + 3.16 x 10-2
3 x 10-7 + 3.16 x 10-2
4 x 10-7 + 3.16 x 10-2
6 x 10-7 + 3.16 x 10-2

508 478 427 526
437 461 419 455 91
323 377 364 397 76
311 311 306 289 63
243 242 241 261 51
210 211 227 216 45

+ 1.45 x 10-3 475 553 387 453
3+ 1.45 x 10-396 348 415 425 85

+ 1.45 x 10-3 345 347 339 287 71

+ 1.45 x 10-3 320 302 263 279 63
+ 1.45 x 10-3 244 253 232 257 55
+ 1.45 x 10-3 185 200 181 213 42

Appendix Table 14. Analysis of variance for Appendix Table 13.

Source of Variation DF SS MS

Atrazine 5 424,951.42 84,990.28 91.65**

CCC + GA3 1 6,075.00 6,075.00 6.55NS

Atrazine x CCC + GA3 5 2,736.75 547.35 O. 59NS

Error 36 33,384.50 927.35

Total 47 467,147.67

** Significant at the 1% level
CV = 9.2%
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Appendix Table 15. Effect of GA3 on the toxicity of atrazine to
Druchamp winter wheat.

Treatment

Foliage dry wt. Avg. dry wt. as
(mg/pot) % of respective

I II III IV check

(M)
Atrazine
0 508 478 427 526

10-7 437 461 419 455 91
2 x 10-7 323 377 364 397 76
3 x 10-7 311 311 306 289 63

4 x 10-7 243 242 241 261 51

6 x 10-7 210 211 227 216 45

Atrazine + GA3
0 + 1.45 x 10-3M 534 404 474 445

10-7 + 1.45 x 10-3M 540 391 480 470 101
2 x 10-7 + 1.45 x 10-3M 363 341 377 355 77

3 x 10-7 + 1.45 x 10-3M 273 278 265 296 60

4 x 10-7 + 1.45 x 10-3M 271 247 253 263 56
6 x 10-7 + 1.45 x 10-3M 191 182 223 233 45

Appendix Table 16, Analysis of variance for Appendix Table 15.

Source of Variation DF SS MS

Atrazine 5 469,335.17 93,867.03 99.50**

GA3 1 176.33 176.33 0.19NS

Atrazine x GA3 5 4,041.17 808.23 0.86NS

Error 36 33,961.00 943.36

Total 47 507,513.67

** Significant at the 1% level
CV = 8.9%



Appendix Table 17. Effect of CCC pre-treatment on net photosynthesis of Druchamp winter wheat.

Treatment

Net photosynthesis
(mg CO2/g dry wt. foliage/10 min)

I II III IV V VI VII VIII IX X XI XII Avg.

CCC 3.16 x 10-2M 281 293 378 316 457 283 308 228 332 275 250 204 300

Water check 140 177 190 133 208 174 125 171 190 111 148 140 159

Appendix Table 18. Analysis of variance for Appendix Table 17.

Source of Variation DF SS MS

Between treatments
Within treatments
Total

1

22

23

12,013.35

6,029.38
18,042.73

12,013.35
274. 06

43.83**

** Significant at the 1% level
CV = 7. 2%
LSD 0.01 = 60



Appendix Table 19. Effect of CCC pre--treatment on dark respiration of Druchamp winter wheat.

Treatment

Da.ixc respiration
(mg CO2/g dry wt. foliage/10 min)

I II III IV V VI VII VIII IX X XI XII Avg.

CCC 3.16 x 10-2M 944 754 895 953 770 919 991 946 956 906 900 726 888

Water check 686 667 616 654 600 712 741 728 720 641 689 641 675

Appendix Table 20. Analysis of variance for Appendix Table 19.

Source of Variation DF SS MS

Between treatments
Within treatments
Total

1

22

23

27,413.44
10,835.56

38,249.00

27,413.44 55.66**

492.53

** Significant at the 1% level
CV = 2.8%
LSD 0.01 =81



Appendix 21. Effect of CCC pre-treatment on net photosynthesis plus dark respiration of Druchamp
winter wheat.

Treatment

Net photosynthesis plus dark respiration
(mg/ CO2/g dry wt. foliage/10 min)

I II III IV V VI VII VIII IX X XI XII Avg.

CCC 3.16 x 10-2M 1225 1047 1273 1269 1227 1202 1299 1174 1288 1181 1150 1130 1205

Water check 826 844 806 787 808 886 869 899 910 752 837 781 834

Appendix Table 22. Analysis of variance for Appendix Table 21.

Source of Variation DF SS MS

Between treatments
Within treatments
Total

1

22

23

82,881.67
8,779.12

91,660.78

82,881.67
399.05

207.70**

** Significant at the 1% level
CV = 2.0%
LSD 0.01 = 73



Appendix Table 23. Foliage dry weights of plants used in taking measurements recorded in Appendix
Tables 17, 19, and 21.

Treatment I(VII)* II(VIII)

Foliage dry wt.
mg/pot

III(IX) IV(X) V(XI) Avg.

CCC 3.16 x 10-2M

Water check

540

878

495

847

512

735

538

841

524

724

492

784

517

802

* Two sets of measurements made per pot for both net photosynthesis and dark respiration.



Appendix Table 24. Effect of atrazine at 5 x 10-7M on net photosynthesis of Druchamp winter wheat plants with and without CCC pre-treatment.

Treatment

Net photosynthesis mg CO2 /g dry wt. foliage/10 min.
Time - hr

0 6 12 24 36

I H III Avg. I II III Avg. I II III Avg. I II III Avg. I II III Avg.

CCC 3. 16 x 10-2M 395 532 314 414 337 460 427 408 335 425 397 386 251 388 300 313 315 331 329 325

Water check 339 228 261 276 237 220 245 234 203 225 261 230 263 221 216 233 215 228 190 211

Atrazine 5 x 10-7M +

CCC 3. 16 x 10-2M 413 317 259 330 372 554 215 380 414 456 237 369 256 321 259 279 0 0 0 0

Atrazine 5 x 10-7M 270 240 231 247 240 168 220 209 224 203 280 236 124 73 101 99 0 0 0 0

Appendix Table 25. Analysis of variance for Appendix Table 24.

Source of Variation DF SS MS

Atrazine 1 116, 248.02 116, 248. 02 28. 27**

CCC 1 226, 074. 82 226, 074. 82 54.98 **

Time 4 290, 747. 83 72, 686.96 17. 68**

Atrazine x CCC 1 1, 353. 75 1, 353. 75 0. 33NS

Atrazine x Time 4 132, 192. 23 33, 048. 06 8. 04**

CCC x Time 4 22, 447. 10 5, 611. 78 1. 37NS

Atrazine x CCC x Time 4 18, 504. 17 4, 626.04 1. 13NS

Error 40 164, 484.67 4, 112. 12

Total 59 972, 052. 58

** Significant at the 1% level
CV = 24.8/
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Appendix Table 26. Foliage dry weights of plants used in taking
measurements recorded in Appendix Table 24.

Foliage dry wt.
(mg/pot)

Treatment I II III Avg. .

CCC 3.16 x 10-2M 469 301 466 409

Water check 687 667 710 668

Atrazine 5 x 10-7M + CCC 3.16 x 10-2M 434 349 338 374

Atrazine 5 x 10-7M 702 658 609 656



Appendix Table 27. Effect of atrazine at 10-6M on net photosynthesis in plants of Druchamp winter wheat with and without CCC pre-treatment.

Treatment I

0
II

Net photosynthesis mg CO2/g dry wt. foliage/10 min.

Time - hr
6

III Avg. I II III Avg. I

12

II III Avg.

Herbicide washed out after
12 hr & measurements taken
after further 12-hr period

I II III Avg.

CCC 3.16 x 0-2M 447 298 391 379 420 390 396 402 381 398 418 399 408 369 357 378

Water check 221 253 256 243 233 284 280 266 210 256 247 238 276 233 254 254

Atrazine 10-6M +
CCC 3.16 x 10-2M 329 402 408 380 299 443 457 400 185 145 133 221 361 397 455 404

Atrazine 10-6M 205 264 246 238 183 203 280 222 164 162 110 145 246 213 207 222

Appendix Table 28. Analysis of variance (on data taken before herbicide washed out).

Source of Variation DF SS MS F

Atrazine 1 26,653.36 25,653.36 9.65**

CCC 1 171,258.03 171,258.03 64.42**

Time 2 35,147.39 17,573,69 6.61**

Atrazine x CCC 1 367.36 367.36 0. 14NS

Atrazine x Time 2 30,755.72 15,377.86 5. 79 **

CCC x Time 2 2,224.06 1,112.03 0.42NS

Atrazine x CCC x Time 2 6,445.06 3,222.53 1.21NS

Error 24 63,801.33 2,658.39

Total 35 335,652.31

** Significant at the 1% level
CV = 17.5%
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Appendix Table 29. Foliage dry weights of plants used in taking
measurements recorded in Appendix Table 27.

Treatment I

Foliage dry wt.
(mg/pot)
II III Avg,

CCC 3.16 x 10-2M

Water check

Atrazine 10-6M + CCC 3.16 x 10-2M

Atrazine 10-6M

457

786

470

684

524

662

427

689

503

641

447

681

495

696

441

685



Appendix Table 30. Effects of CCC pre-treatment on chlorophyll content of excised leaf discs of
Druchamp winter wheat.

chlorophyll /10 leaf discs
Tr eatment I II III IV V VI VII VIII IX X XI XII Avg.

CCC 3.16 x 10" M 21.4 21.4 21.0 21.4 22.8 21.4 21.4 20.4 21.4 20.0 21.4 21.4 21.3

Water check 19.0 17.9 19.0 18.6 19.0 19.0 18.6 20.0 18.6 20.0 18.6 20.0 19.0

Appendix 31. Analysis of variance for Appendix Table 30.

Source of Variation DF SS MS

Between treatments 1 30.60 30.60 68.98 **

Within treatments 22 9. 76 0. 44

Total 23 40.36

** Significant at the 1% level
CV = 3. 3%
LSD 0.01 =0.77



Appendix Table 32. Effect of CCC pre-treatment on fresh weights of excised leaf discs of Druchamp
winter wheat.

Fresh wt. of 10. leaf, discs
(mg)

Tr eatment I II III IV V VI VII VIII IX X XI XII Avg.

CCC 3.16 x 10-2M 23.3 23.7 23.4 22.3 24.8 23.7 24.2 23.9 23.8 24.2 23.9 23.0 23.7

Water check 22.0 22.6 22.0 22.9 23.1 22.1 21.7 22.2 21.5 22.2 21.3 21.4 22.1

Appendix Table 33. Analysis of variance for Appendix Table 32.

Source of Variation DF SS MS

Between treatments
Within treatments
Total

22

23

15.36

8.07
23.43

15.36 41.85**

0.37

** Significant at the 1% level
CV = 2.6%
LSD 0.01 = 0.70



Appendix Table 34. Effect of CCC pre-treatment on chlorophyll concentration in excised leaf iiscs of
Druchamp winter wheat.

Treatment
chlorophyll/g fresh wt. leaf tissue

I II III IV V VI VII VIII IX X XI XII Avg.

CCC 3.16 x 10-2M 918 903 897 960 919 903 884 854 899 901 895 930 899

Water check 864 792 864 812 823 860 857 901 865 901 873 935 862

Appendix 35. Analysis of variance for Appendix Table 34.

Source of Variation DF SS MS

Between treatments

Within 'treatments

Total

1 810.34 810.34

22 3,053.23 138.78

23 3,863.56

5.84*

* Significant at the 5% level
CV = 1.3%
LSD 0.05 = 31.5



Appendix Table 36. Effect of atrazine on the disappearance of chlorophyll from leaf discs excised from CCC- and non-CCC-treated plants of
Druchamp winter wheat - % chlorophyll remaining with time.

Time-days

Treatment
1

I II III Avg. I

2

II III Avg. I II III Avg.

(M)
Atrazine
0

5-
1.85 x 10
3.70 x 10-s

- 57.40 x 10

0
1.85 x 10-5
3.70 x 10-5
7.40 x 10-5

71 69 76 72 64

76 77 82 78 69

82 76 69 76 64

76 64 74 71 64

65 72 72 70 62

72 72 72 72 65

65 72 72 70 6S

77 72 72 74 59

58
62
64
64

57
70
65
59

58
69

64
69

57
70
65
65

60
67
64
66

59
68
65
61

53
60
58
51

43
65
65
65

40
S8
60
S8

45
63
57
60

58
60
58
51

37
65
65
63

50
59

S9

53

42
64
62
59

Discs from
CCC-treated
p..ants

Discs from
non-CCC-
treated plants

Appendix Table 37. Analysis of variance for Appendix Table 36.

Source of Variation DF SS MS

Atrazine 3 875.04 291.68 16.47**

CCC 1 11.68 11.68 O. 66NS

Time 2 3,327.25 1,663.63 93.95**

Atrazine x CCC 3 72.04 24.01 1.36NS

Atrazine x Time 6 313.75 52.29 2.95*
CCC x Time 2 63.03 31.51 1.78NS

Atrazine x CCC x Time 6 249.08 41.51 2.34*

Error 48 850.00 17.71

Total 71 5,761.88

** Significant at the 1% level
* Significant at the 5% level
CV = 6.6%
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Appendix Table 38. Effect of CCC pre-treatment on chlorophyll
content of excised leaf discs of Druchamp winter
wheat.

p,g chlorophyll/10 leaf discs
Treatment I II III IV V VI Avg.

CCC 3.16 x 10-2M

Water check

20.0

17.5

20.0

16.1

19.0

17.5

20.0

17.5

20.0

17.5

18.6

17.5

19.6

17.3

Appendix Table 39. Analysis of variance for Appendix Table 38.

Source of Variation DF SS MS

Between treatments

Within treatments
Total

1

10

11

16.33

3.63

19.97

16.33

0.36

44.95**

** Significant at the 1% level
CV = 3.3%
LSD 0.01 = 1.10
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Appendix Table 40. Effect of CCC pre-treatment on fresh weight of
excised leaf discs of Druchamp winter wheat.

Fresh wt. of 10 leaf discs
(mg)

Tr eatment I II III IV V VI Avg.

CCC 3.16 x 10-2M 26.0 26.6 27.0 26.2 26.6 25.9 26.4

Water check 24.0 23.7 24.1 24.6 23.7 24.1 24.0

Appendix Table 41. Analysis of variance for Appendix Table 40.

Source of Variation DF SS MS

Between treatments
Within treatments
Total

1

10

11

16.57

1.44

18.01

16.57

0.14
114.92**

** Significant at the 1% level
CV = 1.5%
LSD 0.01 =0.69
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Appendix Table 42. Effect of CCC pre-treatment on chlorophyll
concentration in excised leaf discs of Druchamp
winter wheat.

g chlorophyll/g fresh wt. leaf tissue
Treatment I II III IV V VI Avg,

CCC 3.16 x 10-2M

Water check

769

729

752

679

704

726

763

711

752

752

718

726

743

721

Appendix Table 43. Analysis of variance for Appendix Table 42.

Source of Variation DF SS MS

Between treatments 1 1,518.75 1,518.75 2.40NS

Within treatments 10 6,321.50 632.15

Total 11 7,840.25

CV = 3.4%
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Appendix Table 44. Effect of CCC pre-treatment on estimated
chlorophyll concentration in excised leaf discs
Df Drucham.p winter wheat.

11.g chlorophyll/g dry wt. leaf tissue+
Treatment I II III IV V VI Avg.

CCC 3.16 x 10-2M

Water check

6667

5645

6667

5367

6129

5645

6667

5645

6667

5833

6200

5833

6500

5661

+ estimated from dry weight determinations on discs from CCC- and
non-CCC-treated plants

Appendix Table 45. Analysis of variance for Appendix Table 44.

Source of Variation DF SS MS

Between treatments

Within treatments
Total

1

10

11

2,107,570.08
485,566.84

2,593,136.91

2,107,570.08
48,556.68

43.40**

** Significant at the 1% level
CV = 3.6%
LSD 0.01 = 403



Appendix Table 46. Effect of atrazine + 0. 1% X-77 on the disappearance of chlorophyll from leaf discs
excised from CCC-and non-CCC-treated plants of Druchamp winter wheat
chlorophyll remaining with time.

Treatment

1

Observation
I II III

Time-days
2

Observation
Avg. . I II III

4
Observation

Avg. I II III. Avg.

(M)Atrazine
0 63 63 68 65 36 43 43 41 4 4 4 4
1.11 x 10-4 63 61 68 64 36 29 31 32 0 0 4 1.3

0 71 63 71 68 41 41 47 43 4 4 10 6

1.11 x 10-4 71 55 69 65 32 16 10 19 0 0 2 0.7

Discs. from CCC-
treated plants
Discs from non-CCC-
treated plants

Appendix Table 47. Analysis of variance for Appendix Table 46.

Source of Variation DF SS MS F

Atrazine 1 491.36 491.36 19. 14 **
CCC 1 4.69 4.69 0. 18NS
Time 2 23,439.50 11,719.75 456.61**
Atrazine x CCC 1 103.36 103.36 4.03NS
Atrazine x Time 2 352.72 176.36 6.87**
CCC x Time 2 93.. 06 46.53 1. 81NS
Atrazine x CCC x Time 2 76.06 38.03 1. 48NS
Error 24 616.00 25.67
Total 35 25,176.75
** Significant at the 1% level
CV = 14.9%



Appendix Table 48. Effect of CCC at 3.16 x 10-2M (+ 0.1% X-77) in the incubation medium on dis-
appearance of chlorophyll from isolated leaf discs of Druchamp winter wl'eat in
the presence and absence of atrazine % chlorophyll remaining with time.

Treatment I
1

II III Avg. I

Time-days
2

II III Avg. I
4

II III Avg.

(M)
0

-51.85 x 10
3.70 x 10-5
1.14 x 10-4

0
1.85 x 10-5
3.70 x 10-5
1.14 x 10-4

76
78
70
78

78
72
65
78

78
72
83
65

72
78
70
65

78
72
76
76

72
76
76
76

77
74
76
73

74
75
70
73

54
29
27

0

47
29
34

7

47
40
27
15

42
47
27
15

47
47
39
45

45
42
27
13

49
39
31
20

45
39
29
12

27
6

0
9

11
27
13

6

27
23

0
0

13
27
13

3

25
23

9
0

18
13

9
0

26
17

3

3

14
22
12

3

3.16 x 10 -2M CCC
in incubat.on
medium

No CCC in
incubation
medium

Appendix Table 49. Analysis of variance for Appendix Table 48.
Source of Variation DF SS MS F

Atrazine 3 3,161.50 1,053.83 20.27**
CCC 1 53.39 53.39 1.03NS
Time 2 47,232.33 23,616.17 454. 28 **
Atrazine x CCC 3 213.06 71.02 1. 37NS
Atrazine x Time 6 1,451.00 241.83 4.65**
CCC x Time 2 44.78 22.39 0. 43NS
Atrazine x CCC x Time 6 282.11 47.02 O. 9ONS

Error 48 2,495.33 51.99
Total 71 54,933.50
**Significant at the 1% level CV = 18.1%



Appendix Table 50. Effect of CCC at 3.16 x 10-2M on the bleaching of isolated spinach chloroplasts in the presence and absence of atrazine %

chlorophyll remaining with time.

Treatment
3

II Avg. I

6

II Avg. I

Time - hr
9

II Avg. I

12

II Avg. I

15

II Avg.

(M)
Atrazine
0
4 x 10-5

0
4 x 10-5

90
79

91
74

90
74

78
82

90
77

85

78

91
75

91

66

90
66

78
72

91

72

85

69

96
63

87

56

84
58

77
61

90
61

82
59

83
49

85
42

75
42

75
45

79

46

80
44

73
35

83

29

64
29

72

29

69
32

78
29

3.16 x 10-2M
CCC in the incu-
bation medium

No CCC in the
incubation medium

Appendix Table 51. Analysis of variance for Appendix Table 50.

Source of Variation DF SS MS F

Atrazine 1 6,943.23 6,943.23 213.80**

CCC 1 27.23 27.23 0. 84NS

Time 4 5,021.60 1,255.40 38.66**

Atrazine x CCC 1 0.63 0.63 0,02NS

Atrazine x Time 4 1,353.90 338.47 10.42**

CCC x Time 4 77.40 19.35 0.60NS

Atrazine x CCC x Time 4 128.50 32.13 0.99NS

Error 20 649.50 32.48

Total 39 14,201.99

** Significant at the 1% level
CV = 8.2%



Appendix Table 52. Effect of GA3 at 3.16 x 10-4M on the bleaching of isolated spinach chloroplasts in the presence and absence of atrazine - %
chlorophyll remaining with time.

3 6

Treatment I H Avg. I II Avg. I

Time - hr
9 12

II Avg. I II Avg.
15

I II Avg.

(M)
Atrazine
0 99 98 99 100 98 99 94

4 x 10-5 70 92 81 65 83 74 55

0 91 78 85 91 78 85 87

4 x 10-5 74 82 78 66 72 69 56

92
72

77
61

93 93 90
64 45 59

82 85 75

59 42 56

92
52

80
44

92 86 89

34 44 39

83 72 78

29 29 29

Appendix Table 53. Analysis of variance for Appendix Table 52.

Source of Variation DF SS MS

Atrazine 1 8, 526. 40 8, 526. 4 0

GA3 1 883.60 883. 60

Time 4 3, 818.35 954. 59

Atrazine x GA3 1 96. 10 96. 10

Atrazine x Time 4 1, 725. 35 431.34

GA3 x Time 4 10. 15 2.54

Atrazine x GA3 x Time 4 33. 15 8.29

Error 20 1, 120.00 56. 00

Total 39 16, 213.00

** Significant at the 1% level
CV = 10.2%

3. 16 x 10-4M
GA3 in the incuba-
tion medium

No GA3 in the
incubation
medium

156. 26**

15. 78**

17. 05**

1. 72NS

7. 70**

0. 05NS

0. 1SNS



Appendix Table 54. Effect of a mixture of CCC at 3. 16 x 10-2M and GA3 at 3. 16 x 10-4M on the bleaching of isolated spinach chloroplasts in the
presence and absence of atrazine - % chlorophyll remaining with time.

Time - hr
3 6 9

Treatment I II Avg. I II Avg. I II Avg. I

12

II Avg.
15

I II Avg.

(M)
Atrazine
0 71 95 83 70 95 83 64 91 78 62 84 73 S6 72 64

4 x 10-5 107 83 95 83 76 80 72 66 69 58 51 55 42 34 38

0 91 78 85 91 78 85 87 77 82 85 75 80 83 72 78

4 x 10-5 74 82 78 66 72 69 56 61 59 42 45 44 29 29 29

Appendix Table 55. Analysis of variance for Appendix Table 54.

Source of Variation DF SS MS

Atrazine 1 3, 045.03 3, 045. 03

CCC + GA3 1 87. 03 87. 03

Time 4 5, 460.75 1, 365. 19

Atrazine x CCC + GA3 1 748. 23 748. 23

Atrazine x Time 4 1, 940. 85 485.21

CCC + GA3 x Time 4 105. 35 26. 34

Atrazine x CCC + GA3 x Time 4 28.65 7. 16

Error 20 2, 118. 50 105.93

Total 39 13, 534. 39

** Significant at the 1% level
CV = 14. 7%

3. 16 x 10-2M
CCC + 3. 16 x 10-4
M GA3 in the in-
cubation medium

No CCC or GA3
in the incubation
medium

28. 75**

0. 82NS

12. 89**

7. 06**

4.58 **

0. 25NS

0. 07NS



Appendix Table 56. Effect of CCC pre-treatment on uptake of 14C atrazine by Druchamp winter
wheat - I.

Atrazine uptake p.g/g dry wt. whole plant
Exposure time to herbicide - hr

6 12 24
Treatment I II Avg. I II Avg. I II Avg.

CCC 3.16 x 10-2M 1. 8 3. 7 2. 8 5. 2 6.8 6.0 12.1 12.2 12. 2

Water check 3.3 5. 1 4. 2 13, 1 10.3 11.7 12.4 13.8 13. 1

Appendix Table 57. Analysis of variance for Appendix Table 56.

Source of Variation DF SS MS

CCC 1 21.87 21.87 13.66.*

Time 2 169.15 84.58 52. 81**

CCC x Time 2 13. 63 6.81 4. 25NS

Error 6 9. 61 1.60

Total 11 214.26

** Significant at the 1% level I-
* Significant at the 5% level tyl

CV = 15.1%
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Appendix Table 58. Dry wt. of winter wheat plants mg.
in studies reported in Section VIa.

Plants used

Dry wt.
Tr eatment Rep whole plant

CCC 6 hr I Root 1456 3334
Shoot 1878

CCC 6 hr II Root 1580 3555
Shoot 1975

Water 6 hr I Root 1191 3304
Shoot 2113

Water 6 hr II Root 1563 4124
Shoot 2579

CCC 12 hr I Root 1677 3640
Shoot 1963

CCC 12 hr II Root 1643 3831
Shoot 2188

Water 12 hr I Root 1401 3814
Shoot 2413

Water 12 hr II Root 1604 4256
Shoot 2652

CCC 24 hr I Root 1206 3392
Shoot 2186

CCC 24 hr II Root 1147 3208
Shoot 2061

Water 24 hr I Root 1976 4595
Shoot 2614

Water 24 hr II Root 1767 4133
Shoot 2366



Appendix Table 59. Effect of CCC pre-treatment on uptake of 14C atrazine by Druchamp winter
wheat - II.

Atrazine uptake p.g/g dry wt. whole plant
Exposure time to herbicide - hr

6 12 24 36
Tr eatment I II Avg. I , II Avg. I II Avg. I II Avg.

CCC 3.16 x 10-2M 4.2 8.2 .6.2 .5.0 5.3. 5.2. 8.6. 11,1 9..9 12.2 14.8 13.5

Water check 3.2 5.5 4.4 3.8 5.9 4.9 7.5 6.6 7.1 10.0 10.6 10.3

Appendix Table 60. Analysis of variance for Appendix Table 59.

Source of Variation DF SS MS

CCC 1 16.61 16.61 6.65*

Time 3 125.46 41.82 16. 74 **

CCC x Time 3 4.99 1.66 0. 67NS

Error 8 19.99 2.50

Total 15 167.04

** Significant at the 1% level
* Significant at the 5% level
CV = 20.5%
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Appendix Table 61. Dry wt. of winter wheat plants mg.
in studies reported in Section VIb.

Plants used

Dry wt.
Tr eatment Rep whole plant

CCC 6 hr I Root 1577 5218
Shoot 3641

CCC 6 hr II Root 1650 4891
Shoot 3241

Water 6 hr I Root 2068 6325
Shoot 4257

Water 6 hr II Root 2067 6027
Shoot 3960

CCC 12 hr I Root 1416 4557
Shoot 3141

CCC 12 hr III Root 1646 5681
Shoot 4035

Water 12 hr I Root 2416 68 48
Shoot 4432

Water 12 hr III Root 1692 5286
Shoot 3594

CCC 24 hr I Root 1822 5137
Shoot 3315

CCC 24 hr II Root 2061 5881
Shoot 3820

Water 24 hr I Root 2199 6389
Shoot 4190

Water 24 hr II Root 2062 6588
Shoot 4526

CCC 36 hr I Root 1610 4847
Shoot 3237

CCC 36 hr II Root 1592 5404
Shoot 3812

Water 36 hr I Root 1650 4980
Shoot 3330

Water 36 hr II Root 2391 6906
Shoot 4515



14
Appendix Table 62. The effect of CCC pre-treatment on the metabolism of C atrazine by Druchamp winter wheat I. - dpm recovered in

different fractions.

Treatment

Exposure
time to
herbicide

hr*

CCC 3. 16 x 10-2M 6

Water check 6

CCC 3. 16 x 10-2M 12

Water check 12

CCC 3. 16 x 102M 24

Water check 24

CCC 3. 16 x 10-2M 36

Water check 36

* Followed by 24 hr in "cold" atrazine

Rep

dpm recovered/3 plants Leakage
from
roots Total

la g 14C atrazine
taken up/g fresh
wt. whole
plant

Chloroform Water
Root Shoot Root Shoot

Residue
Root Shoot

I 4, 326 63, 031 1, 017 10, 311 142 119 20, 367 99, 313 0. 55

II 1, 790 55, 410 909 2, 224 48 85 34, 278 94, 744 0. 52

I 3, 672 79, 580 1, 776 5, 888 138 93 39, 068 130, 215 0. 57

II 6, 789 110, 516 1, 537 6, 119 53 161 47, 989 173, 164 O. 67

I 3, 920 115, 809 1, 857 15, 232 199 228 32, 737 169, 982 0. 43

II 3, 033 130, 646 1, 471 11, 070 176 242 25, 506 172, 144 O. 66

I 3, 903 111, 495 1, 885 22, 496 379 98 30, 096 170, 352 0. 64

II 2, 819 61, 574 1, 004 11, 437 91 189 25, 331 102, 445 O. 52

I 3, 987 165, 271 2, 533 35, 484 238 548 35, 744 243, 805 1. 14

II 1, 537 117, 144 1, 321 22, 929 134 650 32, 587 176, 302 0. 81

I 4, 654 216, 448 2, 786 22, 340 209 236 34, 036 280, 709 1. 08

II 7, 222 283, 429 3, 394 27, 945 209 334 52, 304 374, 837 1. 14

I 5, 368 209, 359 3, 545 39, 206 333 158 45, 957 303, 926 1. 18

II 5, 838 315, 650 2, 747 29, 485 150 433 31, 046 385, 349 1. 36

I 4, 648 216, 926 4, 334 45, 656 507 380 53, 612 326, 063 1. 22

II 6, 917 177, 559 3, 825 61, 077 230 532 45, 957 296, 097 0. 89



14 14
Appendix Table 63. The effect of CCC pre-treatment on the metabolism of C atrazine by Druchamp winter wheat I. - % distribution of C in

different fractions.

Treatment

Exposure Total dpm
time to recovered inclu- % distribution of

14C
Leakage

Herbicide ding leakage Chloroform Water Residue from

hr* Rep from roots Root Shoot Root Shoot Root Shoot roots

CCC 3. 16 x 10-2M 6 I

II

Water check 6 I

II

CCC 3. 16 x 10-2M 12 I

II
Water check 12 I

II

CCC 3. 16 x 102M 24 I

II

Water check 24 I

II

CCC 3. 16 x 10-2M 36 I

II

Water check 36 I

II

* Followed by 24 hr in "cold" atrazine

99, 313 4.4 63.5 1.0 10.4 0. 1 0. 1 20. 5

94, 744 1.9 58.5 1.0 2.4 <0. 1 <0. 1 36. 2

130, 215 2. 8 61. 1 1.4 4. 5 0. 1 <0. 1 30. 0

173, 164 3.9 63.8 0.9 3. 5 <0. 1 <0. 1 27. 7

169, 982 2. 3 68. 1 1. I 9.0 0. 1 0. 1 19. 3

172, 144 1. 8 75.9 1. 0 6.4 0. 1 0. 1 14. 8

170, 352 2.3 65.5 1. 1 13.2 0.2 <0. 1 17. 7

102, 445 2. 8 60.1 1.0 11.2 <0, 1 0.2 24. 7

243, 805 1.6 67. 8 1.0 14.6 0. 1 0.2 14. 7

176, 302 0.9 66.5 0. 8 13.0 <0. 1 0.4 18. 5

280, 709 1. 7 77. 1 1.0 8.0 <0. 1 <0. 1 12. 1

374, 837 1.9 75.6 0.9 7.5 <0, 1 <0. 1 14.0
303, 926 1. 8 68.9 1. 2 12.9 0. 1 <0. 1 15. 1

385, 349 1. 5 81.9 0.7 7.7 <0. 1 0. 1 8. 1

326, 063 1.4 66.5 1.3 14.0 0. 2 0. 1 16.4

296, 097 2. 3 60.0 1.3 20.6 <0. 1 0.2 15. S



Appendix Table 64. The effect of CCC pre-treatment on the metabolism of
14C atrazine by Druchamp winter wheat II. - dpm recovered in

different fractions.

Treatment

Exposure
time to
herbicide

hr

CCC 3. 16 x 10-2M 24

Water check 24

CCC 3. 16 x 102M 24

Water check 24

CCC 3. 16 x 102M 24

Water check 24

Time in
"cold"

atrazine
hr Rep

dpm recovered/3 plants

Leakage
from
roots
Chloro-
form Water Total

14
p., g C atrazine
taken up/g fresh
wt. whole
plant

Chloroform Water
Root Shoot Root Shoot

Residue
Root Shoot

0 I 36, 051 169, 575 5, 687 4, 281 186 186 215, 966 0. 86

II 26, 802 193, SOO 6, 711 6, 105 203 165 233, 486 0.93

III 26, 849 175, 788 5, 668 26, 263 242 385 235, 195 1.02

0 I 30, 491 142, 075 5, 607 19, 299 150 376 197, 988 0. 68

II * 173, 813 * 6, 605 * 388 -- * 0.62

III 29, 684 169, 475 9, 591 10, 956 203 149 -- -- 219, 058 0. 76

48 I 4, 131 179, 000 2, 277 45, 595 205 572 1S, 257 2, 916 249, 953 0. 65

II 6, 038 228, 763 2, 877 34, 744 305 680 15, 601 1, 746 290, 754 0. 71

III 3, 404 185, 338 2, 107 22, 921 287 628 IS, 543 1, 004 234, 292 0. 87

48 I 4, 654 176, 813 2, 346 24, 631 316 1, 301 14, 845 3, 105 228, 011 0.70
II 5, 187 199, 138 2, 499 20, 330 346 763 IS, 251 1, 847 245, 388 0. 77

III 4, 103 205, 388 2, 255 32, 140 315 925 IS, 873 834 261, 833 0. 83

72 I 2, 580 211, 650 2, 249 56, 712 468 805 18,498 1, 051 293, 713 0.70
II 2, 880 182, 388 1, 768 36, 938 246 804 19, 460 1, 746 246, 230 0. 74

III 3, 036 200, 57S 1, 790 49, 462 315 1, 023 20, 836 1, 804 278, 841 0. 82

72 I 3, 992 176, 925 2, 897 47, 004 248 734 22, 957 1, 899 256, 656 0. 86

II 3, 347 205, 963 2, 413 42, 895 382 1, 029 19, 610 1, S54 277, 193 0, 75

III 2, 480 201, 975 2, 088 36, 034 350 1, 102 13, 444 1, 607 259, 080 0. 88

* Initial methanol extract spilled



Appendix Table 65. The effect of CCC pre-treatment on the metabolism of 14C atrazine by winter wheat II. - % distribution of
14C

in different
fractions.

Treatment

Exposure Time in Total dpm 14 Leakage
time to "cold" recovered inclu

% distribution of C
from roots

herbicide atrazine ding leakage Chloroform Water - Residue ChIoro-
hr hr Rep from roots Root Shoot Root Shoot Root Shoot form Water

CCC 3. 16 x 102M 24 0 I

II

III
Water check 24 0 I

II

III
CCC 3. 16 x 102M 24 48 I

II

III
Water check 24 48 I

II
III

CCC 3. 16 x 102M 24 72 I

II

III
Water check 24 72 I

II
III

215, 966 16.7 78.5 2.6 2.0 <0. 1 <0. 1
233, 486 11, 5 82.9 2.9 2.6 <0. 1 40. 1
235, 195 11.4 74.7 2.4 11. 1 0. 1 0.2
197, 988 15.4 71. 8 2. 8 9. 7 <0. 1 0. 2

* * * * * * *

219, 058 13.1 77.4 4.4 S. 0 <0. 1 <0. 1 -- --
249, 953 1.6 71.6 0.9 18.2 <O. 1 0.2 6, 1 1.2
290, 754 2. 1 78.7 1.0 11, 9 0, 1 0.2 S. 4 0.6
234, 292 1. 5 79. 1 0. 8 9, 8 0. 1 0, 3 7, 9 0.4
228, 011 2.0 77.5 1.0 10.8 0. 1 0.6 6.5 1.4
245, 388 2. 1 81.2 1.0 8.3 0. 1 0. 3 6. 2 0. 8

261, 833 1.6 78.4 0.9 12.3 0. 1 0. 2 6.0 0. 3

293, 713 0. 8 72. 1 0. 8 19.3 0.2 0.3 6. 2 0.4
245, 230 1.2 74.1 0.7 15, 0 0. 1 0.3 7.9 0. 7

278, 841 1. 1 71.9 0.6 17.7 0. 1 0, 4 7, 5 0. 6

256, 656 1.6 68.9 1, 1 18.3 <0. 1 0.3 8.9 0. 7

277, 193 1.2 74.3 0.9 15, 5 0. 1 0.4 7.0 0.6
259, 080 1.0 78. 0 0. 8 13.9 0. 1 0.4 5.2 0.6

* Initial methanol extract of roots spilled


