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Previous research has shown that specific carotenoid pigments

function through oxidation-reduction reactions to protect chlorophyll

from photooxidation in the presence of reduced nicotinamide adenine

dinucleotide phosphate (NADP). The hypothesis that diuron (3-(3, 4-

d chloropheny1)-1, 1-dimethylurea) initiates phytotoxicity by inhibition

of NADPH synthesis was examined. All experiments were conducted

in vitro using functional chloroplasts isolated from spinach (Spinacia

oleracea, L.) leaves. The initial experiment indicated that light was

necessary to express diuron toxicity. After 8 hr of illumination,

chlorophyll concentration in the diuron treatments was reduced to 10%

of the concentration in the control treatment. The addition of an

artificial electron donor system (ascorbate DPIP) overcame the

effects of diuron and maintained chlorophyll concentrations at higher

levels than in the control treatment after 14 hr of chloroplast



illumination. Ascorbate + DPIP protected chlorophyll against diuron

only in functional caloroplasts, indicating that an intact enzyme

system is necessary for the protective action.

Ascorbate + DPIP provided protection in the presence of

methylamine HC1, an inhibitor of photophosphiorylation, which

suggests that a lack of adenosine triphosphate (ATP) is not the cause

of diuron toxicity.

Kinetic studies showed that carotenoid pigments began to degrade

more quickly than chlorophyll pigments in the presence of diuron which

tends to support the proposal that carotenoid pigments are functioning

naturally to protect chlorophyll from photooxidation.

Diuron toxicity, as measured by chlorophyll degradation was

much greater when ratios of chlorophyll to diuron molecules were

200:1 or lower, than at higher ratios of 300:1 to 800:1. These

results support a previous conclusion that diuron acts at a photo-

synthetic reaction center comprised of approximately 250 chlorophyll

molecules. These data also support a previous proposal that phyto-

toxicity from certain herbicides which inhibit the Hill reaction is

directly related to chlorophyll concentration.

Diuron is a potent inhibitor of the Hill reaction thus preventing

the formation of NADPH. Experimental evidence gained in this study

support the hypothesis that specific carotenoid pigments function in

the presence of reduced NADP to protect photosensitized chlorophyll



from becoming potential oxidants. Therefore it is proposed that

diuron induces phytotoxicity by limiting NADPH, thus catalyzing

photosensitized oxidation reactions which are lethal to the cell.

In greenhouse studies, diuron toxicity to red kidney bean plants

(Phaseolus vulgaris L.) was not overcome by the addition of ascor-

bate or mercapto ethanol in combination with DPIP. Both ascorbate

and mercapto ethanol were toxic to plant tissue. Because of the toxic

symptoms noted, we postulated that the electron donors were rapidly

metabolized, forming secondary toxic compounds before reaching the

chloroplast system. Therefore, they were unable to function as

electron donors in preventing diuron toxicity.
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A PROPOSED MECHANISM FOR DIURON-
INDUCED PHYTOTOXICITY

INTRODUCTION

Several investigators have shown that 3-(3, 4-dichloropheny1)-

1, 1- dimethylurea (diuron) is a potent inhibitor of the Hill reaction in

photosynthesis (7, 27, and others). Levine (19) stated that diuron

owes its effectiveness to its ability to inhibit the flow of electrons

from water to nicotinamide adenine dinucleotide phosphate (NADP). In

the presence of diuron both the c-type and the b-type cytochromes can

be oxidized by Photosystem I (PS I) but they cannot be reduced by

Photosystem II (PS II). One therefore assumes that diuron acts at a

site between PS II and the cytochromes (Figure 1). The photoreduction

of NADP is thus blocked by diuron, but it can be restored if an

artificial electron-donor system such as ascorbate plus 2-6 dichloro-

phenolindophenol (DPIP) is introduced into the chloroplast (26). In

the presence of the electron donor, light absorbed by PS I alone is

sufficient to cause the reduction of NADP.

Early work with Hill-reaction herbicides supported the assump-

tion that these materials kill plants through starvation. Gast (10) was

able to show that 2-chloro-4, 6, bis (ethylamino)-s-triazine (simazine)

reduced starch synthesis in Coleus blumii Benth and that the addition

of sucrose counteracted this effect. Also, Moreland, Hill and Hilton
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Figure 1. Electron-transport chain in photosynthesis. Scheme
demonstrates sites for diuron inhibition of electron
flow, methylamine HC1 inhibition of cyclic and non-
cyclic photophosphorylation, and electron entry from
substitute electron donor system (9, 13, 19).
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(20) found that simazine inhibited the activity of chloroplasts, causing

toxicity to barley plants, but a supply of exogenous sucrose overcame

the toxic symptoms.

However, the idea that Hill-reaction herbicides killed by

starvation was soon questioned by workers who found a lack of toxicity

with these herbicides when treated plants were not subjected to light.

This prompted investigators to suggest that light may enter directly

into the toxic action of potent Hill-reaction herbicides. Ashton (4) and

Sweetser and Todd (24) proposed that the toxicity of monuron and

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

secondary substance such as a toxic photosynthetic intermediate or a

"free radical" formed by some mechanism involving the interaction

between the herbicide and light. In further studies, Ashton (3) found

that phytotoxicity of monuron and atrazine increased with light intensity

and also increased at the wavelengths of light absorbed by chlorophyll

a and b. Thus, herbicide toxicity could not be due solely to starvation.

In 1968 Mitidielq 1 proposed a mechanism for diuron toxicity

based on the above-mentioned results of Sweetser and Todd and

Ashton and on studies reported by Krinsky (16). Krinsky and co-

workers had demonstrated with Euglena gracilis that two forms of

carotenoid pigments undergo oxidation-reduction reactions in the

1 Mitidieri, Agustin. 1968. Personal communication. Oregon State
University, Corvallis.
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presence of visible light and 0 (5, 17). Based on these observations

Krinsky proposed a mechanism (Figure 2) by which carotenoids

function to inactivate an excited chlorophyll-oxygen complex which

could be capable of catalyzing harmful photosensitized oxidations in

cells.

Chlorophyll which is excited by light is usually deactivated to

the original stable ground state by releasing its energy in the process

of photoxynthesis. If chlorophyll is not de-excited, it can combine L.,

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 zeaxanthin which can reduce

the oxidized chlorophyll. Therefore, this oxidation-reduction cycle

can protect against lethal photooxidation of the chlorophyll molecule

and other photo-sensitized oxidations in the cell.

Evidence that carotenoids play an important role as protective

agents against lethal photooxidations is well supported by in vivo studies

(14). Many examples have appeared in which a natural or an artificial

deficiency in carotenoids pigments has been related to lethal photo-

oxidations under aerobic conditions. The process by which chlorophyll-

catalyzed photooxidation occurs has been represented in the following

equation by Schenck (22).

Chl by chls > chlt > chit. 02 > chl bleached
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The equation can be formulated as follows with Sg, Ss, St

representing the sensitizer (chlorophyll) in its ground, singlet

excited, and triplet excited states, respectively. Chlorophyll in the

ground state absorbs light energy and enters an excited singlet state

from which energy is lost and the chlorophyll molecule can return to

its original ground state (fluoresces) or enters a less energetic triplet

state. It is now generally assumed that the reactive species of the

photosensitizer (chlorophyll) is the triplet state which itself is

oxidizable and in the presence of oxygen becomes bleached or photo-

oxidized.

Aronoff and Mackinney (2) have demonstrated that addition of

carotene to chlorophyll solutions protected the chlorophyll, but this

resulted in destruction of the carotenoid pigments. Tea le and Weber

(25) found that photooxidation, of chlorophyll by red light was markedly

inhibited if carotenoid pigments were present.

Mitidieri hypothesized that phytotoxicity from Hill-reaction

herbicides could result from their inhibition of NADPH formation

which is necessary for protection against lethal photo-sensitized

oxidation reactions. The objective of our research was to test the

validity of this hypothesis using diuron and isolated chloroplasts.
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CHAPTER I

LABORATORY EXPERIMENTS

General Methods and Materials

In vitro studies were conducted using functional chloroplasts

isolated from market spinach (Spinacia oleracea L. ) leaves. Chloro-

plast isolation procedures were similar to those described by

Schwartz (23). The leaves (130 g wet weight) were chilled and washed

with cold distilled water (4 C). Midribs were removed, sliced in .25

cm strips, and homogenized in 320 ml of cold grinding medium

containing 0.4 M sucrose, 0.01 M NaCl, 0.01 M sodium ascorbate,

0.05 M Tris-HCI, 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 homogenate the spinach leaves. Five sec was allowed

between each interval to keep the machine from heating. Eight thick-

nesses of cheesecloth were washed with cold distilled water. The

homogenate was strained through the cheesecloth, centrifuged at 250

x g for 5 min to remove whole cells and large debris, and centrifuged

at 2000 x g 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 g for 5 min to remove additional debris. The
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supernatant was then centrifuged at 2000 x g for 10 min to settle the

chloroplasts again. These chloroplasts were then washed twice by

resuspending in 160 ml of cold standard medium following each centrif-

ugation at 2000 x g for 10 min. At the conclusion of the last centrifu-

gation, the washed chloroplasts were suspended in 20 ml of cold

standard medium and diluted to a chlorophyll concentration of 0.3

mg/cc. All above operations were carried out at a temperature

between 0 and 4 C.

Total chlorophyll (a + b) was determined according to the

spectrophotometric method described by Arnon (1).

The herbicide 3-(3,4-dichloropheny1)-1,1-dimethylurea

(diuron) at 5 x 106 M and L(+) ascorbic acid (0.2 M) plus 2,6-

dichlorophenylindolephenol (DPIP) at 0.001 M were added singly or in

combination to chloroplasts (0. 3 mg/cc) contained in standard medium.

Technical grade diuron was dissolved in water by shaking for 12 hr in

a heated water bath (50 C).

Except where otherwise noted, each experiment consisted of

three treatments: (a) control, (b) diuron, and (c) diuron plus

ascorbate and DPIP. All treatments contained 4.0 ml of chloroplast

extract. Treatments b and c contained 4.0 ml of diuron solution and

treatment c contained 0.54 ml of ascorbate and 0.28 ml of DPIP.

Distilled water was used to bring each treatment to a total volume of

8.82 ml.
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Experiments were initiated by placing the treatments contained

in 25-m1 flasks in a water bath (22-25 C) and illuminating with four

300-watt incandescent flood lamps and four cool-white fluorescent
2tubes providing approximately 21,500 lumens /m at the water surface.

Treatment effects were evaluated by removing 0. 5 -ml samples

from flasks at periodic intervals and diluting in 3 ml of 80% acetone.

The mixture was centrifuged at 2000 x g for 10 min and the chlorophyll

concentration was determined spectrophotometrically as described

by Arnon (1). The chloroplast activity during a period of illumination

identical to those during experiments was measured by the ferricya-

nide reduction method described by Laber and Black (18).

Each experiment was conducted at least twice. Each treatment

was replicated either two or three times depending on the quantity of

chloroplasts isolated.

Light Requirement

In the initial study it was important to confirm that light was

necessary to cause chlorophyll destruction in the presence of diuron,

and secondly, to verify that all chemical components per se added to

chloroplasts had no direct degradative effect to the chlorophyll mole-

cule.

Identical sets of treatments were placed in the light and the

dark. The dark environment was maintained by placing the treatment
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flasks in a water bath (23 C) and covering with a heavy black cloth.

The light treatment was administered as previously described.

Chlorophyll concentration was determined at 2-hr intervals for

a period of 24 hr in the dark treatments and 14 hr in the illuminated

treatments.

Diuron and Ascorbate + DPIP

To test the proposed mechanism (Figure 2), it was necessary to

control the synthesis of NADPH. Diuron inhibits electron flow, thus

preventing NADPH reduction. Ascorbic acid + DPIP acts as an

electron donor in the presence of diuron and an active Photosystem I

to produce NADPH (Figure 1) as shown by Vernon and Zaugg (26).

The objective of this trial was to determine if chlorophyll

concentration could be preserved in the presence of diuron if NADPH

synthesis was maintained by the addition of ascorbate + DPIP.

Treatments included a control, diuron, and diuron + ascorbate +

DPIP.

Need for Functional Chloroplasts

Diuron's effect on chlorophyll photooxidation and the role of

carotenoids in protecting chlorophyll were proposed as occurring

during active photosynthesis. This implies the need for functioning

chloroplasts before diuron can initiate photo-sensitized bleaching of
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chlorophyll and also for as corbate + DPIP to overcome the effect

of diuron.

To investigate this need, chlorophyll was extracted from spinach

leaves in 80% acetone. Midribs were removed from 50 g of chilled

spinach leaves. The remaining tissue was cut into 0.25-cm strips

and placed in a mixer. One-hundred-ten ml of reagent grade acetone

were added to the spinach leaves and the mixer operated at low speed

for 10 min. The homogenate was filtered and the chlorophyll concen-

tration of the filtrate was determined. The filtrate was then diluted to

a final concentration of 0.3 mg/cc. The treatments included (a)

control, (b) diuron, (c) ascorbate + DPIP, and (d) diuron + ascorbate

+ DPIP. Volumes of each treatment component added and the pro-

cedures followed during illumination in evaluating results were the

same as those described previously.

Chlorophyll: Diuron Ratios

The effect of diuron on chlorophyll destruction was studied at

various ratios of diuron to chlorophyll molecules. Ratios were 5, 50,

100, 200, 300, 400, and 800 chlorophyll molecules to one diuron

molecule. Calculations to determine ratios were based on the molec-

ular wt of chlorophyll at 923. The total amount of chlorophyll (3 ml

of 0. 3 mg/cc) was equal in all treatments. The desired chlorophyll:

diuron ratios were obtained by diluting the diuron stock solution
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(6. 5 x 10-5) to the appropriate concentrations. The chloroplasts were

illuminated for a period of 18 hrs. At the beginning of illumination

and at 2-hr intervals, 0.5 ml aliquots were removed from each flask

and diluted with 5 ml of 80% acetone. The mixture was centrifuged

at 2000 x g for 10 min. The supernatant was decanted and absorbance

at 645 nm was recorded.

ATP Involvement

Since diuron inhibits photophosphorylation by blocking electron

flow, the possibility exists that a low concentration of ATP rather

than a lack of NADPH may be responsible for diuron toxicity. To

investigate this possibility, methylamine HC1 (0. 02 M), which inhibits

cyclic and non-cyclic photophosphorylation but stimulates electron

flow (13), was added alone and in combination with diuron, ascorbate +

DPIP, or diuron + ascorbate + DPIP to chloroplast extracts. The

treatments were illuminated and concentrations were determined at the

beginning of illumination and at 3-hr intervals for 15 hr.

Carotenoid Pigments

Kinetic studies were conducted to compare the rate of break-

down of chlorophyll and carotenoid pigments in chloroplasts treated

with diuron and diuron + as corbate and DPIP. The treatment

components were added at the same concentrations as in previous
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experiments. Each treatment was replicated three times. At the

start of illumination and at 30-min intervals, 0.5 ml of chloroplast

extract was removed from each treatment replicate and combined to

form one sample. The combined 1.5 ml was diluted in 15 ml of 80%

acetone and centrifuged for 10 min at 2000 x g. An absorption

spectrum of the supernatant was obtained by scanning at wavelengths

from 300 to 700 nm. Concentration of carotenoids and chlorophyll

was determined by absorbance at peaks of 450 and 650 nm,

respectively.

Results

Light Requirement

Light was needed to initiate diuron toxicity (Figure 3). Diuron

or diuron + ascorbate + DPIP had no effect on chlorophyll concentra-

tion in a 24-hr period when the chloroplasts were kept in the dark.

However, the chlorophyll concentration in the diuron treatment

exposed to light began to decrease at a relatively constant rate after

an initial 2- to 3-hr lag period. Within 14 hr it had decreased from

0.28 to 0.06 mg/cc.

A slight reduction in chlorophyll content did occur in the control

treatment exposed to light. However, the reduction began only after a

lag period of approximately 6 to 8 hr. These results agree with in
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vivo studies. Ashton (3) demonstrated that chlorophyll was the

principal absorbing pigment and that morphological symptoms of

atrazine and monuron toxicity were not expressed in the dark.

Diuron and Ascorbate + DPIP

The addition of ascorbate + DPIP protected chlorophyll from

photooxidation in illuminated chloroplasts (Figure 4). The chlorophyll

concentration in the diuron treatment decreased from 0.23 to 0.05

mg/cc in 8 hr and continued to decrease to a final concentration of

0.01 mg/cc in 15 hr. The rate of chlorophyll degradation in the

control and in the diuron plus electron donor treatment paralleled each

other for the first 8 hr. Beyond 8 hr the chlorophyll in the control

treatment decreased at an accelerated rate similar to that of the

diuron treatment. After 8 hr the chlorophyll concentration in the

diuron plus electron donor treatment remained constant until the

experiment was terminated.

In all experiments the chlorophyll concentration remained

constant for at least 6 to 8 hr in the control treatments before

degradation commenced. Chloroplast activity studies using ferricya-

nide reduction techniques (18) have indicated that specific activity of

illuminated chloroplasts decreases within 2 hrs from approximately

250 to 45 1.1M of FeCN reduced/mg chlorophyll/hr, but will continue

to function for 4 to 6 hr at this low rate. This suggests that high
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rates of electron flow are not essential for protection of chlorophyll

from photooxidation and that degradation of chlorophyll in the controls

occurred after Photosystem II had been completely inactivated.

Vernon and Zaugg (26) showed that ascorbate + DPIP restored NADP

reduction in the presence of diuron. Based on this observation and

the results of the experiment, it is concluded that continued electron

flow, resulting in the formation of NADPH, is necessary for pro-

tection of chlorophyll against photooxidation.

Need for Functional Chloroplasts

Diuron had no effect on concentration of chlorophyll which had

been extracted from the chloroplasts and illuminated (Figure 5).

Ascorbate + DPIP, however, reacted very quickly (5 min) in the

absence of light to destroy 43% of the initial chlorophyll concentration,

but had only a slight effect on chlorophyll bleaching in the remaining

8 hrs of illumination.

Although the exact nature of the bleaching reaction by ascorbate

+ DPIP was not studied, the experiment demonstrated that the effect

of diuron on chlorophyll destruction by photooxidation and the ability

of an artificial electron donor to overcome this effect is operational

only with functional chloroplasts. It is evident that ascorbate +

DPIP protects chlorophyll in the presence of diuron by donating
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electrons into the photosynthetic system rather than acting directly

with the chlorophyll molecule.

Chlorophyll: Diuron Ratios

The effect of diuron on the photooxidation of chlorophyll in

chloroplasts at specific ratios of chlorophyll to diuron is shown in

Figure 6.

The most rapid and extensive degradation of chlorophyll

occurred when the chlorophyll:diuron ratios were 200:1 and lower.

The chlorophyll content in the lower ratio treatments decreased from

0. 17 mg/cc to approximately 0.0 25 mg/cc in 14 hr of illumination.

When the chlorophyll:diuron ratios were increased to 300:1, less

rapid and extensive chlorophyll degradation was noted. Diuron's

effect was even less at the 400:1 ratio; and at the highest ratio of

800:1, the total chlorophyll content at the end of 14 hr of illumination

was the same as in the untreated control.

Significantly, a direct correlation did not exist between

chlorophyll degradation and chlorophyll: diuron ratios. Diuron had

much less effect between the ratios of 200 and 300:1 than between 100

and 200:1. These results support the conclusion that diuron acts at

the photosynthetic reaction center which comprises a unit of approxi-

mately 250 chlorophyll molecules (6, 12, 21). When sufficient diuron

molecules are not available to inhibit all reaction centers, the
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unaffected photosynthetic units may continue to function, forming

NADPH and partially protecting the cell from oxidation reactions.

ATP Involvement

Addition of methylamine HCl to functional chloroplasts resulted

in a reduction in chlorophyll concentration intermediate between the

diuron treatment and the control (Figure 7). When ascorbate + DPIP

was added to chloroplasts treated with methylamine HC1 or the

combination of methylamine HC1 and diuron followed by 17 hr of

constant illumination, the chlorophyll content was maintained at a

concentration equal to that of the control.

If ATP rather than NADPH was involved in protecting chlorophyll

from photooxidation we would expect the methylamine HC1 and

diuron treatments to have the same effect on chlorophyll concentration

and these effects would not be overcome by the addition of ascorbate

+ DPIP.

Goode and Izawa (11) have shown that methylamine HCI at low

concentrations (0.01 M) is a potent inhibitor of both cyclic and non-

cyclic photophosphorylation in functional chloroplasts. They also

noted that under short-term experiments (15 min) electron flow was

stimulated. Vernon and Zaugg (26), studying the reduction of NADPH

in chloroplasts, have reported that certain amines at higher concen-

tration (0. 16 M) are strong inhibitors of NADP reduction. We



22

.120
%ft control

.105 ... Ascorbate + DPI P.u .u .. + methylamine HcI.
01 .090 . .
E

.075
c.i \ xxx
c \\ xxx
c°) .060 N x\\ Met hylamine

N. HcI>,.c .045
a.
o
2 .030 .
.c
(..)

Diuron

.015

8 10 12 14 16 18

Time (hrs)

Figure 7. The effect of methylamine HC1 (.02 M), diuron, and
methylamine HC1 + ascorbate + DPIP on chlorophyll
degradation.



23

postulated that methylamine HC1 inhibited ATP formation but the

reduction in chlorophyll concentration is a consequence of inhibition

of NADPH reduction. This could occur as a result of the extended

time period that methylamine HC1 was exposed to the illuminated

chloroplasts.

Carotenoid Pigments

Preliminary studies with thin-layer chromatography and

spectrophotometric methods indicated that carotenoid pigments in the

presence of diuron were destroyed at rates which paralleled those of

chlorophyll (Figure 8). Subsequent investigations indicated that the

carotenoid pigments began to break down prior to chlorophyll pig-

ments. Based on these observations, detailed kinetic studies were

initiated with the thought that if carotenoid pigments begin to degrade

prior to chlorophyll this would support the hypothesis that carotenoids

are acting to protect chlorophyll from photooxidation.

A summary of the results from four duplicated experiments is

illustrated in Figure 9. The carotenoid pigments began to degrade

within 30 min after light was applied and degraded continually at a

constant rate during the entire 11.5 hr of illumination (Figure 9).

Chlorophyll did not begin to degrade until 3 hr after the experiment

was started. The rate of degradation of both pigments paralleled

each other after the initial 3-hr period.
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The kinetic study suggests that the immediate effect of diuron in

inhibiting the formation of NADPH is oxidation of carotenoids and that

the degradation of chlorophyll is consequential. The initial lag in

chlorophyll degradation was observed in all experiments. Apparently,

adequate concentrations of reduced carotenoids were available to

prevent the oxidation of chlorophyll for 2 to 3 hr after Photosystem II

had become inactive.

Discussion

These data indicate that diuron induces phytotoxicity by

catalyzing lethal photosensitized oxidations in chloroplasts.

The photosensitized oxidations occur as a consequence of the inhibition

of electron flow. The inhibition of electron flow initiates two second-

ary toxic effects (Figure 2). First, it prevents the light-activated

chlorophyll molecule from becoming deactivated, thus increasing the

concentration of excited chlorophyll molecules which can combine with

0 and become potential oxidants. Secondly, it inhibits the formation

of reduced NADP, the coenzyme needed to reduce carotenoids which

inactivate the chlorophyll-oxygen complex.

The proposed hypothesis suggests that toxicity from diuron is

initiated by the absorption of light in the absence of reduced NADP.

The results of the initial experiment support this concept when the

toxicity of diuron was overcome by the addition of an artificial
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electron donor (ascorbate + DPIP). Previous research (26) had

established that ascorbate + DPIP functions in diuron-treated chloro-

plasts to restore NADPH production.

The suggestion that diuron toxicity is a consequence of secondary

physiological disfunctions initiated by light and the inhibition of

electron flow was further supported when it was shown that both

diuron toxicity and the protection of chlorophyll by ascorbate + DPIP

occurred only in illuminated functional chloroplasts. Diuron had no

effect on chlorophyll concentrations when chloroplasts were kept in

the dark or when chlorophyll was extracted from the chloroplasts by

acetone prior to treatment.

In vivo studies have also verified the necessity of light for

phytotoxicity from certain Hill-reaction herbicides. Ashton (3)

reported that atrazine and monuron toxicity was dependent on light

and that phytotoxicity increased with both light intensity and light at

that particular wavelength absorbed by chlorophyll a and b. This

indicates the need for excited chlorophyll (higher concentration with

increased light intensity) and the involvement of the chlorophyll

molecule per se.

Moreland (20) and others have observed that exogenous sucrose

has overcome toxic effects of simazine-treated barley plants. Early

interpretations of the results were that sucrose reduced toxicity by

relieving the plant of carbohydrate starvation. Krinsky (16) has
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shown that malate can act as a reductant for oxidized carotenoids.

We can thus hypothesize that sucrose may have served as a reducing

source for carotenoids, thereby allowing them to function in protecting

chlorophyll from photooxidation.

Diuron effects on chlorophyll degradation at various chlorophyll-

to-diuron ratios demonstrate that diuron is much more efficient in

initiating chlorophyll destruction than at a 1 to 1 ratio. Diuron was

equally effective in destroying chlorophyll at all ratios up to approxi-

mately 200:1. Diuron was much less effective at chlorophyll-to-

diuron ratios of 300:1 and the final chlorophyll concentration in the

400:1 ratio treatment after 14 hr of illumination was nearly equal to

that of the control. Significantly, toxicity measured by chlorophyll

degradation paralleled those toxicity ratings based on inhibition of

oxygen evolution. In both cases the results substantiate previous data

that the photosynthetic unit consists of approximately 250 chlorophyll

molecules and that diuron acts at this reaction center in initiating

toxicity (7). Diuron effects were overcome at the higher chlorophyll-

to-diuron ratios. This effect is in support of a conclusion by

Brenchley and Appleby (8) that the degree of toxicity from herbicides

which inhibit the Hill reaction is correlated with chlorophyll concen-

trations.

The first evidence that indicated carotenoid involvement in

chlorophyll protection was obatined when destruction of carotenoid
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pigments were destroyed in illuminated chloroplasts treated with

diuron. In the same experiment ascorbate + DPIP in the presence of

diuron preserved both the carotenoid and chlorophyll pigments. The

evidence supports the concept that carotenoids in the presence of a

reductant produced by continued electron flow can protect chlorophyll

from photooxidation as proposed. Kinetic studies substantiated this

proposal when it was found that carotenoid pigments begin to degrade

in diuron-treated chloroplasts within 30 min after illumination. The

degradation rate of the carotenoid pigments increased slightly after

the initial 30 min, and continued to degrade at a constant rate for the

remainder of the experiment. Chlorophyll degradation did not begin

until after 3 hr. Then it degraded at a constant rate, parallel to that

of the carotenoid pigments. Other experiments have shown that the

addition of carotene protected chlorophyll in solution but this was also

accompanied by a destruction of the carotenoid pigments (2).

Experimental evidence indicates that the inhibition of ATP

formation by diuron is not a contributing factor to diuron toxicity since

the addition of as corbate + DPIP overcame the effects of both methyl-

amine HCI and diuron. The effect of methylamine HC1 in lowering the

chlorophyll content to a concentration intermediate between that of the

diuron and control treatment is attributed to an inhibition of Photo-

system II. Both NH4 and amines are potent inhibitors of Photosystem

II when applied to chloroplasts at high concentrations (26). However,
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the low concentrations of methylamine HC1 used in this study could

cause inhibition of Photosystem II (similar to diuron) because of the

longer exposure time involved in conducting this experiment.

These data support the interpretations and hypothesis as

proposed for the mechanism of diuron toxicity. Further investigations

elucidating the exact biochemical reactions which occur during the

initiation of photosensitized oxidation are needed for a true under-

standing of the mechanism for diuron toxicity.
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CHAPTER II

GREENHOUSE EXPERIMENTS

General Methods and Materials

Greenhouse studies were initiated to determine if intact plants

could be protected from diuron toxicity by the addition of an artificial

electron donor.

Red kidney beans (Phaseolus vulgaris, L. ) were grown both in

sand and soil cultures. The plants in the soil culture were grown in

8 by 8 inch plastic pots. The soil was loam greenhouse soil with peat

moss added. The soil was autoclaved for 5 hr to prevent seedling

injury from soil-borne organisms. The plants were watered by sub-

type irrigation. Twice a week after the plants had emerged, fertilizer

(Gro-Rapid) was added to the irrigation water to prevent chlorotic

symptoms which resemble early stages of diuron toxicity.

The sand-cultured plants were grown in pint, wide-mouth glass

jars. The sand was coarse (Number 16) and was washed and screened

to remove the finer grain particles prior to use, The seeds in the

sand culture were allowed to imbibe water overnight in jars containing

double-strength Hoagland's solution. The plants were irrigated with

Hoagland's solution once a day until emergence and twice a day

thereafter. The sand-culture irrigation system was a siphon-gravity-

flow arrangement. One-quarter-inch glass tubes were placed on the
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inside edge of the jars and extended from the bottom to approximately one

inch above the top. The bottoms of the glass tubing were covered with

two thicknesses of cheesecloth to prevent the sand from being removed

with the siphoned water. Rubber tubing was fastened to the top of the

glass tubing to facilitate siphoning.

Five bean seeds were planted in each container. After emer-

gence the plants were thinned to two plants, always selecting the

better seedlings. The temperature of the greenhouse was 21 C at

night and ranged from 21 C to 30 C during the day with a light intensity

of 1500 ft-c for 12-14 hr during cloudy days and up to 8000 ft-c on

clear days. The plants were allowed to grow until the first trifoliate

leaves had developed to approximately one half the size of mature

leaves. At this stage of growth, the various treatments were applied

by four methods of application. One plant in each pot or jar was

treated and the other was left for a comparative check.

The application methods consisted of foliar sprays, "wick and

vial, " addition to the nutrient solution, and a combination of nutrient

solution and "wick and vial. " In the combination treatment, diuron

was applied through the nutrient solution and the electron donor was

applied by the "wick and vial" system. Foliar applications were made

to individual leaves using a small atomizer. The "wick and vial"

method was an improvised system by which a small glass vial was

taped to the stem of each plant just below the first foliage leaves



33

(Plate 1). A full thickness of regular white embroidery floss served

as the wick. A steel darning needle of the fine, slender, long-eyed

type was employed to introduce double strands of floss through the

center of the stem just above the top of the glass vial. Both ends of

the floss were placed in the vial and were long enough to reach the

bottom. Waxed paper (parapaper) was wrapped around the stem,

covering the vial and floss to eliminate volatilization losses. The

vials were filled each day to allow for continual flow into the plant.

Treatment components included diuron and two artificial elec-

tron donors, ascorbate + DPIP, and mercapto ethanol + DPIP. These

components were applied at various rates and combinations with

diuron.

Results were evaluated by determining chlorophyll concentra-

tions. Six mature leaves were selected from each plant. Four 0.5-

inch disks were cut from each leaf with a sharp cork borer. Twelve

of the 24 leaf disks were selected at random and ground to a fine pulp

in a mortar and pestle with 8 ml of 80% acetone. The finely ground

residue was filtered and the chlorophyll concentrations determined

spectrophotometrically as described by Arnon (1).

A completely randomized design was used in each experiment

and each treatment was replicated three times. A number of

preliminary experiments were run to determine if diuron would cause

bleaching of chlorophyll in established plants.
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Plate 1. "Wick and vial" method used to facilitate
uptake of treatment solutions through the
stem.
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Experiment I. Diuron, Ascorbate, and
2,6- Dichlorophenolindolephenol

This study was initiated to determine if ascorbate + DPIP would

prevent diuron toxicity to intact plants as was noted in in vitro studies

with isolated chloroplasts.

Materials and Methods

Plants in this study were grown in soil cultures and illuminated

with four fluorescent and four incandescent lamps. All treatment

components, whether added singly or in combination, were applied

by the "wick and vial" method. Plants in the control treatment

received distilled water by the "wick and vial" method to eliminate

any misinterpretations of results which may occur as a result of the

wick penetrating the stem. The solutions from the various treat-

ments which remained in the vials after each 24-hr period were

removed and the vials refilled with fresh solutions. Prior to initiat-

ing the experiment and each day thereafter, visual observations of

general plant appearances were made and notes were recorded. In

these recorded observations the treated plant was compared with the

untreated plant in each pot.

Treatments included diuron (5 x 10-6 M), diuron + ascorbate +

DPIP, ascorbate + DPIP, and a control. Ascorbate and DPIP con-

centrations were 3,2 x 10-2 M and 8 x 10-3 M, respectively.
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Results and Discussion

Ascorbate + DPIP did not protect intact plants from diuron

toxicity (Plate 2). Instead, the combination of ascorbate + DPIP +

diuron was much more toxic to plant leaf tissue than diuron used

singly. Within two days after the combination treatment was applied,

severe injury resulting in complete leaf desiccation had occurred in

all replications. Within the same time period, the leaves in the

diuron-treated plants began to show slight chlorosis. The plants in

the ascorbate + DPIP treatments appeared normal compared to the

plants in the control treatment.

By the end of the fourth day, the leaves of the diuron-treated

plants became necrotic with the first signs of necrosis appearing at

that end of the leaf blade nearest the petiole. The first symptoms of

ascorbate + DPIP injury occurred on the sixth day. A chlorotic

mottling started in an area parallel to the main vein. This injury

increased and the leaves began to desiccate on the eighth day after

the first applications were applied (Plate 3).

Initially ascorbate + DPIP stimulated plant metabolism. This

effect was noted both by more rapid uptake of solution from vials

containing ascorbate + DPIP and by increased plant size and number

of leaves. This effect on uptake rate is a possible explanation for the

increased diuron toxicity in the combination treatment. It also may
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Plate 2. A comparison of plants taken from each
treatment (control, diuron, ascorbate +
DPIP and diuron + ascorbate + DPIP).
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Plate 3. A comparison of plants in the control
and ascorbate + DPIP eight days after
treatments were started.
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have been a synergistic effect since both the diuron and ascorbate +

DPIP were toxic to leaf tissue.

Ascorbate is a natural constituent of plant cells and therefore

would not be thought of as being toxic to plant tissue. However,

Singer' has demonstrated that H202 is a breakdown product of

ascorbate by an enzyme attached to cell walls. He also has shown

that a secondary by-product is produced which can inhibit the peroxi-

dase enzyme. Since the toxicity symptoms from ascorbate are

identical to those caused by 1, l'-dimethy1-4, 4'-bipyridinium ion

(paraquat), H202 as a by-product could cause ascorbate toxicity.

Also since the enzyme is at the cell wall the ascorbate + DPIP

probably was broken down before reaching the chloroplast system.

After treatment applications were discontinued, ascorbate + DPIP

toxicity on leaf tissue was overcome and the plant developed new

leaves, but those plants treated with diuron continued to die.

The chlorophyll concentrations were not determined to compare

the effects of the various treatments because of the rapid occurrence

of necrosis in the diuron + ascorbate + DPIP treatment.

Experiment IL Rate Studies with Mercapto Ethanol

Mercapto ethanol is a natural biological reductant, The

'Singer, Thomas P., Biological Oxidation, Interscience Publishers,
1968, p. 428-429.
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objective of this study was to determine the maximum mercapto

ethanol that is non-toxic to plant tissue.

Materials and Methods

Red kidney beans were grown in soil cultures. Mercapto ethanol

was applied by the "wick and vial" method at rates of 0.04, 0.08, and

0.16 molar concentration. Dichlorophenolindolephenol was applied

with mercapto ethanol; the same as in the ascorbate treatments at a

concentration of 8 x 10-3 M. The pH of the various solutions ranged

from 5. 1 to 5. 3.

The vials were refilled each morning and results based on visual

observations recorded. The experiment was terminated after ten days.

Results and Discussion

The results are reported from daily observations beginning 24

hr after the first treatments were applied. The control plants were

not affected when distilled water was applied through the "wick and

vial" method. Refer to Plate 4 for a pictorial view of plants in each

treatment when the experiment was terminated.

First Observation (24 hr). Mercapto ethanol at the highest rate

(0.16 M) caused the leaves to droop downward and twist slightly in a

counterclockwise direction. The plants in the other treatments

appeared normal.



41

Plate 4. Plants treated with mercapto ethanol
by the "wick and vial" method. The
original mercapto ethanol concentrations
(1. 0, 0. 5 and 0.25 M) were decreased to
0. 16, 0.08 and 0.04 M concentrations
respectively by diluting 4 ml of the original
concentration to a final volume of 25 ml.



42

Second Observation (48 hr), Plants treated at the high rate

(0. 16 M) showed severe injury. The stems were distorted (twisted

and curled) and the leaves were desiccated. The stems turned a light

brown color, became dry, and the plants began to lodge (falling over).

Mercapto ethanol's initial toxicity seemed to be directed to the

vascular systems, preventing trans location of water, thus resulting

in leaf injury.

Plants at the lower treatment rates showed a slight browning

of the stem tissue just above the vial. Leaf tissue still appeared

normal in these treatments.

Third Observation (72 hr). At the higher rate (0. 16 M) of

application the plants were lodged and the leaves were completely

desiccated. At the 0.08 M rate the plants were slightly lodged from

stem injury, and some leaves were slightly chlorotic. At the low

rate of application, the plants showed some browning of the stem, but

the leaves appeared normal.

Fourth Observation (96 hr). The high rate treatments were

discontinued. The stems of the plants treated at the 0.08 M rate

were twisted and curled, showing symptoms similar in appearance to

2, 4 -D injury. The leaf symptoms had not changed since the 72-hr

reading. At the 0.04 M rate, the plants appeared the same as

observed after 72 hr.
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The experiment was terminated at 240 hr. No visual differences

in plant injury occurred after 96 hr. The plant foliage of the plants

treated with the 0.04 and 0.08 M rates appeared normal. The leaves

which appeared slightly chlorotic at 72 hr had recovered. Stems

appeared brown, withered, and dried on the surface at both rates.

Injury was greater in plants treated at 0.08 M than at 0.04 M. Even

with the stem injury, the plants continued to take up solution from the

vials.

Based on the results of this experiment, the maximum non-

toxic concentration of mercapto ethanol that could be used in the

subsequent experiments in combination with diuron was 0.04 molar.

This was slightly higher than the concentration of ascorbate used in

the previous experiment.

Experiment III. Mercapto Ethanol, Dichloro-
phenolindolephenol, and Diuron

The purpose of this study was to determine if a non-phytotoxic

artificial electron donor (mercapto ethanol) plus DPIP would function

to protect intact plant tissue from diuron toxicity.

Materials and Methods

Sand cultures were used to grow test plants. Number 16 size

sand was washed over a fine screen to remove the smaller sized sand
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particles to obtain a more uniform size. The pre-soaked (24 hr) bean

seed was planted to a depth of one inch and watered with Hoagland's

solution at regular intervals as described in general methods and

materials.

Mercapto ethanol was applied through the stem by the "wick

and vial" method and as a spray to both the upper and lower surfaces

of leaves at a molar concentration of 0.04. The solutions in vials

were changes and refilled at 24-hr intervals. A surfactant (X-77)

at a concentration . 3% by volume was added to the mercapto ethanol

solution applied to the foliage.

Diuron at concentrations of 1 and 5 ppm was mixed with the

Hoagland's solution and absorbed by the plants through the roots. The

diuron-Hoagland solutions were added twice each day by filling each

pint jar and then removing the solution by siphoning. For the first

72 hr after diuron was applied, the plants were kept in the dark.

After the plants had been in the dark for 48 hr, the first mercapto

ethanol treatment was applied. This was done to try to get both

materials into the leaf tissue before diuron toxicity was initiated by

light.

The experiment consisted of a total of 12 treatments with each

treatment replicated three times. Leaf disks were taken from leaves

of plants in each replication and chlorophyll concentrations determined

to compare the effects of the various treatments.
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A completely randomized design was used and the data were

statistically analyzed.

Results and Discussion

The results of the experiment are summarized in Table 1. A

pictorial view of typical leaves taken from the foliage treatments is

presented in Plate 5.

Mercapto ethanol was not effective in preventing diuron toxicity

to intact plant tissue. There was no significant difference in chloro-

phyll content between the diuron treatments whether added singly or

in combination with mercapto ethanol. The chlorophyll concentration

in the control treatments was significantly higher than the other

treatments.

Mercapto ethanol, whether applied by "wick and vial" or foliage,

had no effect on the results obtained. The chlorophyll concentrations

were the same for the various treatments whether mercapto ethanol

was applied through the stem or on the foliage. As in the previous

experiment, mercapto ethanol applied through the stem caused the

characteristic stem browning but the foliage remained normal.

Leaving the diuron-treated plants in the dark after treatment

delayed necrosis. Bleaching occurred prior to the development of

necrotic spots. Only slight differences existed in chlorophyll con-

centrations between the 1-ppm and 5-ppm diuron treatments.
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Plate 5. Typical leaf injury taken from treatments
receiving mercapto ethanol by foliage applica-
tion and diuron being applied in Hoagland's
solution to plants grown in sand cultures.
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Table 1. Chlorophyll concentrations when mercapto ethanol
was applied either through the stem or to the foliage.

Treatment Chlorophyll conc. (mg/cc)
Stem Foliage

Control (H2O) .217 .217

Mercapto ethanol .215 .216

Diuron (1 ppm) .108 .106

Diuron (5 ppm) .103 .104

Diuron (I ppm) +
mercapto ethanol . 099 . 101

Diuron (5 ppm) +
mercapto ethanol . 097 . 096

LSD. = .082 mg/cc

The reasons for mercapto ethanol toxicity remain unexplained.

Search of the literature did not reveal research conducted on

enzymatic breakdown of mercapto ethanol as with ascorbic acid.

Nearly all compounds at excessive rates can be toxic to plant tissue.

Toxicity undoubtedly can be created by upsetting the metabolic balance

within a plant system which regulates enzymatic systems. The

severe injury to the stem tissue near the site of intake and not to the

upper portions of the stem indicates relatively little translocation.

Thus the reductant was unable to reach the chloroplasts where it could

function as an electron donor system. The foliage applications, even

though applied with wetting agent (X-77) to both sides of the leaf

surface, probably did not pass the cuticle since very slight or no leaf
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injury occurred. Thus it seems logical to assume that the reductant

did not function to protect intact plants from diuron toxicity because

of their inability to reach the chloroplast system.
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SUMMARY

Laboratory and greenhouse experiments were conducted to test

the hypothesis that herbicides which inhibit the Hill reaction induce

phytotoxicity by preventing the synthesis of NADPH, thus catalyzing

photosensitized oxidation reactions which are lethal to the cell.

In laboratory experiments, chloroplasts isolated from spinach

leaves were treated with diuron and the effects of diuron on the

destruction of chlorophyll and carotenoid pigments were studied under

both light and darkness when NADPH and ATP synthesis was

controlled by ascorbate + DPIP and methylamine HC1. Diuron toxicity

at various ratios of chlorophyll molecules to diuron molecules was

also investigated. The toxicity of diuron as affected by the various

treatments was evaluated by determining chlorophyll and carotenoid

concentrations spectrophotometrically.

The results of the various experiments are as follows:

1. Both light and functional chloroplasts were necessary to

initiate diuron toxicity. Diuron had no effect on chloro-

phyll or carotenoid pigment concentration when the

treated chloroplasts were kept in constant darkness or

when the chloroplasts were inactivated by treating with

80% acetone.

2. Ascorbate + DPIP added in combination with diuron to



50

illuminated functional chloroplasts prevented the degrada-

tion of both chlorophyll and carotenoid pigments. This

provided evidence that diuron toxicity is initiated primarily

by inhibition of electron flow which prevents NADPH

synthesis.

3. It was concluded that ascorbate + DPIP acted enzymatically

by donating electrons into the photosynthetic electron path-

way, thus resulting in continued electron flow in the presence

of diuron to protect chlorophyll and carotenoid pigments

from photooxidation. Chlorophyll extracted from chloro-

plasts was rapidly bleached by ascorbate + DPIP.

4. Diuron toxicity ratings based on chlorophyll degradation

rates supported previous data that diuron acts at the photo-

synthetic reaction center which consists of approximately

250 chlorophyll molecules. Diuron's efficiency in initiating

chlorophyll degradation was at a ratio of about 250 chloro-

phyll molecules to one diuron molecule.

5. Kinetic studies on the rate of carotenoid and chlorophyll

degradation demonstrated in illuminated functional chloro-

plasts treated with diuron that the carotenoid pigments begin

to degrade 2-3 hr before chlorophyll. After this time the

rate of degradation of both pigments paralleled each other.

This evidence is interpreted as support for the proposed
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hypothesis that carotenoids function to protect chlorophyll

from photooxidation.

6. Evidence obtained from studies using an inhibitor of both

cyclic and non-cyclic photophosphorylation (methylamine

HC1) strongly suggests that the inhibition of ATP formation

by diuron is not contributing to diuron toxicity.

7. The results obtained from the laboratory experiments with

isolated chloroplasts are in strong support of the proposed

hypothesis. Evidence indicates that diuron induces phyto-

toxicity by inhibiting electron flow. This prevents the

synthesis of NADPH which leads to destruction of chloro-

plast pigments by lethal photosensitized oxidations.

Diuron toxicity to intact growing plants (red kidney beans) could

not be overcome by the addition of artificial electron donors. Both

ascorbate and mercapto ethanol were toxic to plant tissue. Ascorbate

+ DPIP applied through the plant stem at rates equal to those used in

the in vitro study increased diuron toxicity. When rates of mercapto

ethanol were reduced to non-phytotoxic levels, diuron toxicity was not

reduced.



52

BIBLIOGRAPHY

1. Arnon, D. I. 1949. Copper enzymes in isolated chloroplasts.
Polyphenoloxidase in Beta vulgaris. Plant Physiol. 24:1-15.

2. Aronoff, S. and G. Mackinney. 1943. The photooxidation of
chlorophyll. J. Amer. Chem. Soc. 65:956-958.

3. Ashton, F. M. 1965. Relationship between light and toxicity
symptoms caused by atrazine and monuron. Weeds 13:164-169.

4. Ashton, F. M., E. M. Gifford, Jr. and T. Bisalputra. 1963.
Structural changes in Phaseolus vulgaris induced by atrazine I
and II. Bot. Gaz. 124:329-343.

5. Bamji, M. S. and N. I. Krinsky. 1965. Carotenoid de-
epoxidation in algae. J. Biol. Chem. 240:467.

6. Bishop, N. I. 1960. Cited by H. Gaffron, in F. C. Stewart,
Plant Physiol. Vol. 1B, Academic Press, New York and
London, p. 223.

7. Bishop, N. I. 1958. The influence of the herbicide, DCMU, on
the oxygen evolving system of photosynthesis. Biochim. et
Biophys. Acta 27:205.

8. Brenchley, R. G. and A. P. Appleby. 1971. Effect of mag-
nesium and photoperiod on atrazine toxicity to tomatoes. Weed
Sci. 19(5). (In press)

9. Duysens, L. N. M. 1963. Studies on primary reactions and
hydrogen or electron transport in photosynthesis by means of
absorption and fluorescence difference spectrophotometry of
intact cells. In: Photosynthetic mechanisms of green plants.
Nat. Acad. Sci. - Nat. Res. Counc. publ. 1145, p. 3.

10. Gast, A. 1958. Uber Pflanzenwachstrum regularotoren.
Beitrage zur Kenntnis der phylotoxischen Wirkung von Triazi-
nen. Experientia 14:134.

11. Good, N. E. and S. Izawa. 1965. The number of sites sensi-
tive to 3- (3,4-dichloropheny1)-1,1-dimethylurea, 3- (4-
chloropheny1)1,1- dimethylurea and 2- chloro-4- (2- propylamino)-
6- ethylamino-s-triazine in isolated chloroplasts. Biochim.
et Biophys. Acta 102:20-38.



53
12. Good, N. E. 1961. Inhibitors of the Hill reaction. Plant

Physiol. 36:788-803.

13. Good, N. E. 1962. Uncoupling of the Hill reaction from photo-
phosphorylation by anions, Arch. Biochem. Biophys. 96:653-
6 6 1 .

14. Griffiths, M., W. R. Sistron, G. Cohen-Bazire and R. Y,
Stanier. 1955. Function of carotenoids in photosynthesis.
Nature 176:1211-1215.

15. Hilton, J. L., L. L. Jensen and H. M. Hull. 1963. Mech-
anisms of herbicide action. Ann. Rev. Plant Physiol. 14:353-
384.

16. Krinsky, N. I. 1966. The role of carotenoid pigments as
protective agents against photosensitized oxidation in chloro-
plasts. Biochemistry of Chloroplasts 1:423-430.

17. Krinsky, N. I. and A. Gordon. 1965. The epoxidation of
zeaxanthin to antheraxanthin. Federation Proc. 24:232.

18. Laber, L. J. and C. C. Black. 1969. Site-specific uncoupling
of photosynthesis phosphorylation in spinach chloroplasts. J.
Biol. Chem. 244:3463-3467.

19. Levine, R. P. 1969. The mechanism of photosynthesis. Sci.
Amer. 221:58-70.

20. Moreland, D. E., K. L. Hill and J. L. Hilton. 1958. Inter-
ference with photochemical activity of isolated chloroplasts by
herbicidal materials. Weed Soc. Amer. Abstracts, p. 40-41.

21. Rabinowitch, E. and Govindjee. 1969. Photosynthesis. John
Wiley and Sons, Inc., p. 69.

22. Schenck, G. 0. 1948. Zur theorie der photosensibitisierten
reaktion mit molekularem sauerstaff. Naturwissenschoften
35:28-29.

23. Schwartz, M. 1966. N-tetramethyl-p-phenylenediamine as a
catalyst of photophosphorylation. Biochim. Biophys. Acta 112:
204-212.

24. Sweetser, P. B. and C. W. Todd. 1961. The effect of monuron
on oxygen liberation in photosynthesis. Biochim. Biophys.
Acta 51:504-508.



54

25. Tea le, F. W. J. and G. Weber. 1957. Role of carotenoids in
energy migration and photooxidation in chlorophyll systems.
Biochem. J. 66: 8 p.

26. Vernon, L. P. and W. S. Zaugg. 1960. Photoreduction by
fresh and aged chloroplasts: requirement for ascorbate and 2,
6- dichlorophenylendophenol with aged chloroplasts. J. Biol.
Chem. 235:2728-2733.

27. Wessels, J. S. C. and R. Van Der Veen. 1956. The action of
some derivatives of phenylurethan and of 3- phenyl- 1,1-
dimethylurea on the Hill reaction. Biochim. et Biophys. Acta
19:548-549.



55

OTHER LITERATURE REVIEWED

Aitzetmuller, W. A. Svec, J. J. Katz and H. H. Strain. 1968.
Structure and chemical identity of diadinoxanthin and the
principal xanthophyll of Euglena. Chem. Commun. 32-33.
Antheroxanthin is reduced to diadinoxanthin instead of zeaxan-
thin as was described in Krinsky's scheme.

Davies, B. H. 1965. Analysis of carotenoid pigments. Chem. and
Biochem. of Plant Pigments, Edited by T. W. Goodwin. Acad.
Press. London-New York. Thin-layer chromatography tech-
niques presently being used to isolate carotenoid pigments.
Information given on specific solvents and Rf values for differ-
ent xanthophylls and carotenes.

Izawa, S. and N. E. Good. 1965. The number of sites sensitive to
3- (3, 4- dichlor opheny1)1-1 dimethylurea, 3- (4- chloropheny1)- 1,1 -
dimethylurea and 2- chlor o- 4 - (2- pr opylamino)- 6- ethylamino- s -
triazine in isolated chloroplasts 102:20-38. The absorption of
diuron, CMU, and atrazine by isolated spinach chloroplasts
involves at least three simultaneous processes. (a) An
irreversible binding or destruction accounting for about one
molecule of inhibitor for every 1000 chlorophyll molecules.
This process is not associated with inhibition. (b) A partition-
ing between the biological and aqueous solvent phases which is
independent of inhibitor concentration over the inhibitory range.
(c) An absorption which corresponds closely to the degree of
inhibition.

Kessler, E. 1970. Photosynthesis, photooxidation of chlorophyll and
fluorescence of normal and manganese-deficient chlorella with
and without hydrogenase. Mol. Biophys. 44:222-233. Photooxi-
dation of chlorophyll under pure 02 in very strong light is always
accelerated by Mn deficiency. Manganese is shown to be neces-
sary for Photosystem II to function properly.

Krinsky, N. I. 1964. Carotenoid de-epoxidations in algae. Biochim.
Biophys. Acta 88:487-491. Photochemical transformation of
antheraxanthin to zeaxanthin. Cells harvested from cultures in
the stationary phase displayed a photochemical conversion of
epoxide carotenoids to non-epoxide pigments under anaerobic
conditions. This reaction was reversed in the dark and could
be inhibited by aerobiosis.



56

Laber, L. J. and C. C. Black. 1969. Site-specific uncoupling of
photosynthetic phosphorylation in spinach chloroplasts. J.
Biol. Chem. 244:3463-3467. These data are interpreted to
indicate that there are two sites of photophosphorylation in
spinach chloroplasts. Both sites are utilized in cyclic photo-
phosphorylation, whereas one of the sites is common to both
cyclic and noncyclic photophosphorylation. Heptane limits
functioning in cyclic electron flow.

Ogren, W. L. and D. W. Krogmann. 1965. Studies on pyridine
nucleotides in photosynthetic tissue. J. Biol. Chem. 240:4603-
4608. In this report it is shown that isolation of chloroplasts in
non-aqueous solvents yields preparations containing a signifi-
cant amount of pyridine nucleotide associated with the photo-
synthetic structures.

Plaut, Z. and M. Gibbs. 1970. Glycoate formation in intact spinach
chloroplasts. Plant Physiol. 45:470-474. Photosynthetic CO2
fixation and the accumulation of photosynthetic products and the
response of each process to both diuron and ascorbate was
investigated. Ascorbate increased the rate of CO2 uptake with
an increase in all photosynthetic products. CO2 fixation inhib-
ited by diuron was partially restored on addition of ascorbate.

Stokes, D. M., J. S. Turner and K. Markus. 1970. The effects of
the dipyridyl diquat on the metabolism of Chlorella vulgaris.
Aust. J. Biol. Sci. 23:265-274. Diquat causes bleaching of
chlorophyll when the cells are illuminated in water or phosphate
or bicarbonate of soda. Bleaching was a photochemical process:
the fall in chlorophyll content due to diquat treatment was
arrested by darkness and resumed when light was admitted.

Walker, D. A. 1970. Three phases of chloroplast research. Nature
226:1204-1208. Excellent review on processes occurring
during photosynthesis. Covers photophosphorylation, energe-
tics, chemiosmosis, carbon assimilation, and chloroplast
variation between plants.



APPENDIX



Table A. The effect of diuron on the oxidation of chlorophyll in chloroplasts placed in light.

Treatment
Hrs

under
light

Absorbance
645 nm 663 nm

Rep 1 Rep 2 Avg Repl Rep2 Avg

Control 1.5 1.0 .95 .98 .75 .72 .74
diuron 1.5 9.3 . 95 .94 .67 .70 .69
diuron, ascorbate, & DPIP 1.5 1.0 .98 .99 .77 .73 .75

Control 6 . 96 . 95 . 91 .72 .64 .68
diuron 6 .76 .85 .71 .56 .62 .59
diuron, ascorbate, & DPIP 6 . 95 . 92 .94 .70 .68 .69

Control 9 . 95 .82 .88 .60 .67 .64
diuron 9 .56 .66 .61 .39 .45 .42
diuron, ascorbate, & DPIP 9 . 90 . 90 .90 .67 .67 .67

Control 12 . 98 .85 .92 .66 .60 .63
diuron 12 . 33 .43 .38 .21 .27 .23
diuron, ascorbate, & DPIP 12 .89 .88 .89 .62 .62 .62

Control 14 . 97 .85 .91 .64 .57 .61
diuron 14 .22 .27 .24 .14 .17 .15
diuron, ascorbate, & DPIP 14 .90 .86 .89 .62 .60 .61

Chlorophyll content (mg/cc) calculated from absorbance at 645 and 663 recorded in table above.
Hrs under

lihtg
Control Diuron Diuron, asc,

DPIP
1.5 .257 .245 .260
6 .239 . 190 .246
9 .236 .156 .236

12 .236 .095 .230
14 .233 .060 .231



Table B. The effect of diuron on the oxidation of chlorophyll in chloroplasts placed in dark.
Hrs Absorbance

Treatment in 645 nm 663 nm
darkness Rep 1 Rep 2 Rep 3 Avg Rep 1 Rep 2 Rep 3 Avg

Control 0 1.0 1.0 1.0 1.0 .73 .73 .73 .73
diuron 0 1.1 1.1 1.1 1.1 . 77 . 78 .80 . 78
asc + DPIP 0 1.0 1.0 1.0 1.0 .72 .71 .74 .73
diuron, asc, & DPIP 0 1.0 1.0 1.0 1.0 .72 .72 .73 .72
Control 6 . 99 1.0 . 99 . 99 .76 .76 .73 .75
diuron 6 1.1 1.1 1.1 1.1 . 84 . 80 . 78 . 81
asc + DPIP 6 . 99 . 96 1.0 . 98 . 76 . 72 . 72 . 74
diuron, asc, & DPIP 6 .97 . 99 . 95 . 97 .74 .72 .72 .73
Control 12 1.1 1.0 1.1 1.1 . 69 . 69 . 66 . 68
diuron 12 1.1 1.2 1.1 1.1 . 75 . 75 . 70 . 74
as c + DPIP 12 1.0 1.0 . 98 . 99 . 68 .69 . 62 .67
diuron, asc, & DPIP 12 1.0 1.0 1.0 1.0 . 68 . 68 . 66 . 67

Control 24 1.0 1.1 1.0 1.0 . 68 . 67 . 66 . 67
diuron 24 1.1 1.2 1.1 1.1 .75 .73 .69 .73
asc + DPIP 24 1.0 . 99 . 98 . 99 . 69 . 67 . 62 . 67
diuron, asc, & DPIP 24 . 99 . 97 . 99 . 99 . 68 . 67 . 66 . 67

Chlorophyll content (mg /cc) calculated from absorbance at 645 and 663 recorded in table above.
Hrs in

darkness Control Diuron As c +
DPIP

Diuron, as c,
& DPIP

0 .260 .284 .260 .260
6 . 260 . 283 . 258 . 255

12 .277 .282 .254 .256
24 .256 .281 .254 .255



Table C. Chlorophyll content of chloroplasts treated in light with diuron and diuron + as corbate +
DPIP expressed by absorbance.

Treatment

Control
diuron
ascorbate + DPIP
diuron + ascorbate + DPIP
Control
diuron
ascorbate + DPIP
diuron + ascorbate + DPIP
Control
diuron
ascorbate + DPIP
diuron + ascorbate + DPIP
Control
diuron
ascorbate + DPIP
diuron + ascorbate + DPIP
Control
diuron
ascorbate + DPIP
diuron + as corbate + DPIP
Control
diuron
ascorbate + DPIP
diuron + ascorbate + DPIP

Hrs
under
light

Absorbance
645 nm 663 nm

Repl Rep2 Rep 3 Avg Repl Rep2 Rep3 Avg
0 .84 .84 .83 .84 . 75 . 74 .78 .76

.84 .83 .85 .84 . 74 .73 .74 .74

.87 .84 85 .85 .83 .80 .79 .81

.86 .84 85 .85 .81 .82 .79 .81

1 .85 .84 .83 .80 .73 .73 .70 .73
.80 .81 .80 .85 . 68 . 68 .68 .68
.87 .84 .85 .85 . 76 .73 .75 .75
.86 .84 .85 .85 . 73 .73 .73 .73

2.5 .83 .81 83 .82 .71 . 69 .68 .70
.75 .75 71 .74 .59 .59 .57 .58
.80 .79 78 .79 . 69 . 68 .67 .68
.82 .80 .78 .80 . 69 . 68 . 66 . 68

5 .80 .80 .80 .80 . 66 . 65 .64 .65
. 60 .59 . 60 .60 .45 .46 .46 .45
.78 .78 .78 .78 . 62 . 62 .64 .63
.78 .78 .78 .78 . 61 . 63 . 64 .63

9 .72 .72 .70 .72 .54 .54 .54 .54
.20 .19 .21 .20 .14 . 12 .15 .13
.70 .71 .72 .71 .52 .52 .53 .53
.72 .72 72 .72 .52 .52 .52 .52

12 .42 .39 39 .40 .29 .28 .29 .29
.05 .04 .04 .04 .04 . 04 .03 .03
.68 .72 .68 .70 .54 .56 .54 .55
. 72 . 70 .70 . 71 .57 .55 .55 .56



Table D. Chlorophyll content of chloroplasts treated with diuron and diuron + ascorbate + DPIP
expressed in chlorophyll concentration.

Hrs
under
light

Chlorophyll concentration* (mg/cc)

Control Diuron Asc +
DPIP

Diuron + asc
+ DPIP

0 .231 .229 .231 .231

1 .228 .216 .231 .230

2. 5 .222 .196 .214 .216
5 .214 .157 .208 .208

9 .189 .051 .186 .187

12 .104 .010 .186 .187

calculated from average absorbance of three replications taken from Table C



Table E. The effect of diuron and ascorbate + DPIP on chlorophyll not contained in chloroplasts
expressed by absorbance.

Treatment Time of
illumination

Absorbance
645 nm 663 nm

Ri R2 R3 Avg R1 R2 R3 Avg

Control
diuron
diuron + as corbate + DPIP
ascorbate + DPIP
Control
diuron
diuron + ascorbate + DPIP
ascorbate + DPIP

5 min .72 .71 .73 .72 .52 .50 .54 .52
. 74 .76 .72 .74 .52 .53 .54 .52
. 46 .43 .49 .46 .38 .39 .37 .38
. 46 .47 .45 .46 .38 .38 .37 .38

2 hr . 70 .70 .72 .71 .58 .57 .60 .59
. 70 .70 .70 .70 .58 .57 .57 .57
. 37 .41 .37 .38 .39 .41 .38 .39
. 39 .40 .41 .40 .41 .41 .41 .41

Control 4 hr .74 .72 .73 .73 .54 .53 .54 .54
diuron .75 .75 .73 .74 .55 .54 .53 .54
diuron + ascorbate + DPIP .44 .41 .43 .42 .39 .37 .39 .38
ascorbate + DPIP .40 .42 .44 .42 .37 .38 .40 .38

Control 8 hr .71 .73 .74 .73 .54 .53 .53 .53
diuron .70 .74 .74 .73 .53 .54 .54 .54
diuron + as corbate + DPIP .43 .43 .45 .43 .38 .37 .39 .38
ascorbate + DPIP .46 .42 .47 .44 .40 .36 .40 .38



Table F. The effect of diuron and ascorbate + DPIP on chlorophyll not contained in chloroplasts
expressed in chlorophyll concentrations.

Time Chlorophyll concentration* (mg/cc)
under Diuron +, asc As c +Control Diuronillumination + DPIP DPIP

5 min .187 .191 .123 .123

2 hr .191 .187 .108 .114

4 hr .191 .192 .115 .115

8 hr .190 .191 .117 .117

calculated from average absorbance of three replications taken from Table D



63

Table G. The effect of diuron and ascorbate + DPIP on chlorophyll concentrations at different
chlorophyll:diuron ratios.

Treatments
Hrs under

illumination

Absorbance
645 nm 663 nm

R1 R2 Avg R1 R2 Avg

Control 0 .66 . 66 .66 .47 . 47 .47
5:1 .66 .66 .66 . 47 .47 .47

50:1 .66 .65 .65 . 47 .47 .47
100:1 .66 .67 .66 .47 .47 .47
200:1 .67 . 67 .67 . 47 .47 .47
300:1 .68 .67 .67 .46 .47 .46
400:1 . 67 . 68 .67 . 47 . 46 . 46

800:1 .68 .67 .67 .47 .48 .47

Control 1 .66 .66 .66 . 47 .47 . 47
5:1 . 66 .66 .66 . 47 . 47 .47

50:1 .64 .64 .64 .47 .47 .47
100:1 .65 .65 .65 .47 .47 .47
200:1 . 67 . 66 .66 .47 . 47 .47
300:1 .64 .65 .64 .47 .47 .47
400:1 .65 .65 .65 . 47 . 47 .47
800:1 .67 .68 .67 .47 .48 .47

Control 3 . 65 .68 .66 . 43 . 45 .44
5 :1 .67 .67 .67 .44 .45 . 44

50:1 .64 .64 .64 .42 .42 .42
100:1 .66 .64 . 65 .43 .42 .42
200:1 .66 .68 .67 .43 .45 . 44
300:1 .69 .68 .68 .44 .44 .44
400:1 .68 .68 .68 .44 .45 .44
800:1 .69 .68 .68 .44 .45 .44

Control 3 .65 .68 . 66 . 43 . 45 . 44
5 :1 .67 .67 .67 .43 .45 . 44

50:1 .63 .66 .64 .44 .45 .44
100:1 .64 .64 .64 .41 .44 .42
200:1 .66 .64 .65 .42 .42 .42
300:1 .66 .68 .67 .43 .42 .42
400:1 .69 .67 .68 .43 .45 . 44
800:1 .69 .66 .68 .44 .45 .44

Control 5 . 69 .68 .68 .43 . 44 .43
5 :1 .60 .58 .59 .36 .37 .36

50:1 .60 .60 .60 .36 .39 .37
100:1 .61 .61 .61 .36 .40 .38
300:1 .65 .64 .65 .40 .42 .41
400:1 .68 .68 .68 .42 .45 .43
800:1 .68 .66 .67 .42 .44 .43

(Continued on next page)
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Table G. (Continued)

Treatments
Hrs under

illumination

Absorbance
645 nm 663 ngi

R1 R2 Avg
1

R2 Avg

Control 7 .66 .68 .67 .42 .40 .41
5:1 .51 .52 .51 .32 .30 .31

50:1 .52 .54 .53 .33 .30 .32
100:1 .52 .54 .53 .32 .30 .31
200:1 .55 .54 .54 .33 .30 .31
300:1 .65 .64 .64 .39 .36 .37
400:1 .66 .66 .66 .41 .37 .39
800:1 .67 .67 .67 .41 .38 .39

Control 9 .67 .68 .67 .38 .38 .38
5:1 .43 .44 .43 .23 .22 .22

50:1 .44 .45 .44 .24 .24 .24
100:1 .44 .45 .44 .24 .25 .24
200:1 . 46 .46 .46 .25 . 25 .25
300:1 .63 .65 .64 .33 .35 .34
400:1 .68 .66 .67 .36 .36 .36
800:1 .68 .67 .67 .36 .37 .36

Control 11 .64 .64 .64 .37 .35 .36
5:1 .24 .23 .23 .13 .11 .12

50:1 .27 .28 .27 .15 .14 .14
100:1 .25 .26 .25 .13 .14 .13
200:1 .27 .30 .28 .14 .15 .14
300:1 .55 .56 .55 .27 .29 .28
400:1 .64 .63 .64 .35 .33 .34
800:1 .64 .66 .65 .35 .36 .36

Control 13 .58 .58 .58 .31 .33 .32
5:1 .09 .09 .09 .05 .05 .05

50:1 .12 .13 .12 .06 .07 .06
100:1 .10 .10 .10 .05 .05 .05
200:1 .08 .14 .11 .05 .08 .06
300:1 .48 . 48 .48 .20 .20 .20
400:1 .56 .56 .56 .29 .29 .29
800:1 .58 .59 .58 .32 .32 .32
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Table H. The effect of ATP inhibition on chlorophyll oxidation.

Treatment
Hrs under Absorbance

illumination 645 nm 663 nm
Chlorophyll conc.

(mg/cc)

Control
diuron
diuron + ascorbate + DPI?
methylamine HQ
methylamine + ascorbate + DPIP
methylamine + diuron + ascorbate + DPI?

Control
diuron
diuron + ascorbate + DPI?
methylamine HO
methylamine + ascorbate + DPI?
methylamine + diuron + ascorbate + DPI?

Control
diuron
diuron + ascorbate + DPI?
methylamine HC1
methylamine + ascorbate + DPI?
methylamine + diuron + ascorbate + DPI?

Control
diuron
diuron + ascorbate + DPIP
methylamine HC1
methylamine + ascorbate + DPIP
methylamine + diuron + ascorbate + DPIP

Control
diuron
diuron + ascorbate + DPIP
methylamine HC1
methylamine + ascorbate + DPI?
methylamine + diuron + ascorbate + DPI?

Control
diuron
diuron + ascorbate + DPIP
methylamine HC1
methylamine + ascorbate + DPI?
methylamine + diuron + ascorbate + DPIP

0 .78* .55 .121
.79 .53 .121
.78 .53 .120
.77 .52 .118
.77 .52 .118
.77 .52 .118

3 .74 .43 .111
.70 .40 .104
.76 .43 .113
.70 .40 .104
.72 .41 .107
.71 .40 .105

6 .76 .49 .115
.70 .43 .105
.76 .48 .115
.74 .45 .112
.76 .47 .115
.76 .46 .115

9 .76 . 45 .114
. 62 . 35 .091
.74 . 44 .111
.69 . 39 .103
. 74 . 44 .111
.73 . 44 .110

12 .74 . 46 .112
.48 . 29 .072
.72 . 46 .110
.59 . 36 . 089
. 73 . 46 .110
.74 . 46 .112

15 . 76 . 47 .114
.33 .19 .049
.72 . 45 .109
. 47 . 27 .070
.73 . 45 .110
.74 . 45 .111

*
Absorbance of one sample combined from three replications.
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Table I
1

. Specific activity of Photosystem II measured by ferricyanide
reduction from chloroplasts kept under continuous light.

Time
(hr)

AOD420 after 4 min of illumination

Rep 1
Control

Rep 2
Diur on

Rep 1 Rep 2

0 .203 .203 .03 .03
1/2 .14 .16 0 0

1 . 13 . 13 0 0

1-1/2 . 09 . 10 0 0

2 .05 .04 0 0

3 . 04 . 04 0 0

4 . 04 . 04 0 0

5 . 03 . 03 0 0

6 . 01 . 01 0 0

7 0 0 0 0

Table 12. Micromoles of ferricyanide reduced/mg
chlorophyll/hr. (chlorophyll concentration =
0.04 mg /cc)

Time
(hr) Control Diuron

0 258 34
1/2 169 0

1 147 0

1-1/2 112 0

2 56 0

3 45 0

4 45 0

5 34 0

6 11 0

7 0 0



Table J. The effect of methylamine HC1 (ATP) on chlorophyll degradation.

Time
(hr)

Chlorophyll (mg /cc) for various treatments

Control
Diuron +

Diuron as corbate
+ DPIP

Methylamine
HCI

Methylamine HCI
+ as corbate

+ DPIP

Methylamine HCl
+ diuron +
as corbate

+ DPIP

Experiment 1

0 . 121 . 121 . 120 . 118 . 118 . 118
3 . 111 1. 04 . 113 . 109 . 110 . 110
6 . 115 1.05 . 115 . 112 . 115 . 115
9 . 114 . 091 . 111 . 103 . 111 . 110

12 . 112 . 072 . 110 . 089 . 110 . 112
15 . 114 . 049 . 109 . 070 . 110 . 111
17 . 111 . 033 . 104 . 060 . 104 . 104

Experiment 2

0 1.24 1. 24 1.26 1.25 1.24 1.24
6 1. 19 1.08 1. 17 1. 17 1. 14 1. 14

12 1. 14 . 656 1. 08 . 88 1.08 1.08
15 1. 14 . 524 1.01 . 72 1.08 1.08



Table K. Absorbance of chlorophyll extracts taken from leaf disks of red kidney beans treated with
diuron and mercapto ethanol by the "wick and vial" method.

Treatment

Control
mercapto ethanol
diuron

diuron

diuron

(5 ppm)

(1 ppm)

(5 ppm) +
mercapto ethanol

diuron (1 ppm) +
mercapto ethanol

Absorbance 645 Absorbance 663

Rep 1 Rep 2 Rep 3 Avg Rep 1 Rep 2 Rep 3 Avg

1.7 1. 8 1.8 1.76 .87 .87 .87 .870

1.7 1.7 1.7 1.70 .85 .86 .87 .860

.84 .83 .82 .830 .49 .50 .50 .496

.86 .86 .85 .856 .52 .53 .52 .526

.79 .77 .78 .780 .47 .44 .45 .453

.80 .81 .79 .800 .48 .47 .46 .470



Table L. Absorbance of chlorophyll extracts taken from leaf disks of red kidney beans treated with
diuron and mercapto ethanol by foliage application.

Treatment

Control

mercapto ethanol
diuron (5 ppm)

diuron (1 ppm)

diuron (5 ppm) +
mercapto ethanol

diuron (1 ppm) +
mercapto ethanol

Absorbance 645 Absorbance 663

Rep 1 Rep 2 Rep 3 Avg Rep 1 Rep 2 Rep 3 Avg

1.8 1.8 1.8 1.80 .87 .87 .87 .870

1. 7 1. 6 1. 7 1.66 .86 .85 .86 .856

.83 .82 .82 .823 .49 .50 .49 .493

.86 .85 .87 .860 .52 .53 .53 .523

.79 .78 .77 .780 .47 .44 .45 .453

.80 .79 .78 .790 .48 .45 .46 .463



Table M. The effect of diuron on both carotenoid and chlorophyll pigments (Experiment 1).

Wavelength
(nm)

Absorbance for various treatments at different time intervals
0 hr 2 hr 4 hr 8 hr 11 hr

Control Diuron
Diuron
plus Control Diuron

Diuron
plus Control Diuron

Diuron
plus Control Diuron

Diuron
plus Control Diuron

Diuron
plus

400 1.4 1.4 1.4 1 . 4 1.4 1.4 1.5 1.19 1.6 1.4 .96 1.5 1.12 .44 1.7
410 1.7 1.7 1.8 1.8 I . 7 1.8 1.8 1.4 1.7 1.8 1.02 1.8 1.20 .51 2.0
420 1.9 1.9 2.0 2.0 1.9 2.0 2.0 1.7 2.0 1.8 1.09 2.0 1.4 .57 2.0
430 2.0 2.0 2.0 2.0 1.9 2.0 1.9 1.8 2.0 1.6 1.04 2.0 1.19 .59 2.0
440 1.7 1.7 1.6 1.7 1.5 1.6 1 . 5 1.2 1.6 1.2 .82 1.5 .93 .45 1.4
450 1. 4 1. 4 1. 4 1.4 1. 3 1. 4 1. 3 1. 06 1. 4 1.12 . 78 1. 4 . 89 . 43 1. 3
460 1. 3 1. 3 1. 3 1. 3 1. 2 1. 4 1.3 1.0 1.4 1.08 . 67 1.18 . 83 . 39 1.04
470 1.2 1.17 1.10 1.19 1.0 1.12 1.06 .77 1.1 .90 .47 .94 .60 .26 .92
480 . 73 . 70 . 65 . 70 . 62 . 78 . 63 . 45 . 77 .54 . 27 . 70 . 36 .1 7 . 65
490 .38 .36 .33 .36 .32 .45 .31 .24 .45 .28 .16 .42 .18 .09 .40
500 .20 .20 .18 .20 . 1 7 .24 .18 .13 .26 .17 .10 .23 .11 .06 .23
510 . 1 2 .13 . 1 2 .12 .09 .13 . 1 2 .09 .15 . 1 2 .08 .15 .09 .05 .15
520 .11 .12 .12 .11 .08 .11 . 1 2 . 1 0 .13 .12 .09 .13 .09 .05 .14
530 .12 .12 . 1 3 .12 .09 .12 . 1 3 .11 .14 .13 .10 .14 .10 .06 .15
540 . 1 2 .12 .13 .12 .10 .12 .14 .11 .14 .13 .10 .13 .11 .06 .13
550 .13 .13 . 1 4 .12 .11 .13 .15 .12 .14 .14 .11 .14 .11 .06 .14
560 . 1 7 .17 .18 .16 .15 .16 .18 .15 . 1 7 . 1 7 .14 .16 . 1 4 .08 .17
570 .21 .21 .22 .20 .19 .20 .22 .18 .20 .21 .16 .19 .17 .09 . 1 9
580 .23 .23 .23 .22 .21 .21 .23 .20 .22 .23 .17 .21 .18 .10 .21
590 . 24 . 24 . 25 . 24 . 23 . 23 . 25 . 22 . 24 . 24 . 18 . 23 . 20 . 11 . 24
600 .29 .29 .30 .29 .28 .28 .30 .26 .29 .29 .21 .28 .23 .11 .29
610 .33 .32 .33 .33 .32 .30 .32 .28 .31 .33 .23 .30 .25 .12 .29
620 . 32 . 31 . 32 . 31 . 30 . 30 . 32 . 27 . 30 . 35 . 25 . 32 . 28 . 14 . 31

630 .38 .39 .40 .36 .36 .35 .40 .34 .38 .41 .33 .40 .36 .19 .41
640 .68 .70 .74 .63 .63 .62 .69 .61 .65 .70 .55 .69 .63 .28 .72
650 1.13 1. 08 1.10 1.1 1.08 1.04 1.06 . 94 1.03 . 95 . 65 . 90 . 73 . 31 . 90
660 .60 .50 .50 .60 .60 .60 .55 .50 .54 .54 .35 .47 .40 .16 .42
670 .20 .16 .16 .20 .20 .20 .19 . 1 7 .18 .18 .12 .15 . 1 3 .07 .13
680 .05 .05 .05 .06 .06 .06 .06 .05 .06 .05 .04 .05 .05 .02 .04
690 .02 .03 .03 .02 .02 .02 .02 .01 .04 .03 .02 .02 .02 .02 .04
700 .02 .02 .02 .02 .01 .02 .02 .01 .03 .03 .02 .02 .02 .02 .04



Table N. The effect of diuron on both carotenoid and chlorophyll pigments (Experiment 2).

Wavelength
(nm)

Absorbance for various treatments at different time intervals
0 hr 1/2 hr 1 hr 1 -1/2 hr 2 hr

Control Diuron Control Diuron Control Diuron Control Diuron Control Diuron

400 1.09 .99 1.04 1.01 .89 1.02 .96 1.08 .95
410 1.18 1.06 1.14 1.06 .96 1.1 1.02 1.15 1.01

420 1.18 1. 13 1.18 1.16 1.06 1.19 1.1 1.19 1.09
430 1.13 1.08 1.15 1.09 1.0 1.14 1.04 1.11 1.03

440 .94 .89 .92 .85 . 75 .90 . 78 . 90 .77
450 .85 . 79 .84 .78 . 73 .70 .82 .73 .84 .72
460 .81 . 75 . 81 . 73 . 60 .63 .77 .66 .79 .65

470 .65 .60 .66 .58 . 35 .48 .61 .50 .62 .49
480 . 40 . 36 . 40 . 35 . 29 . 38 . 30 . 37 . 29

500 - .01 .10 .11 .09 .11 .09 .11 .09
520 .07 .06 .07 .07 . 05 .06 .07 .06 .07 .05

540 .09 .06 .07 .07 . 05 .06 .07 .06 .07 .06

560 .12 .10 .13 .10 .08 .09 .09 .09 .10 .09

580 .16 .13 . 1 3 .13 .11 .12 .13 .12 .14 .13

600 . 1 7 .16 . 1 7 .16 .16 .15 .17 .16 . 1 7 .17

620 . 22 . 19 . 20 .20 .19 .18 .20 .20 .21 .20

640 .50 .43 .45 .44 . 40 .42 .44 .45 .47 .45

650 .57 .S4 .59 .55 .54 .50 .58 .55 .60 .57

660 . 35 .32 . 35 . 30 .30 . 24 . 33 .29 . 30 . 30

700 0 0 0 0 0 0 0 0 0 0

( Continued on next page)



Table N. (Continued)

Wavelength
(nm)

Absorbance for various treatments at different time intervals
2-1/2 hr 3 hr 3-1/2 hr 4-1/ 2 hr

Control Diuron Control Diuron Control Diuron Control Diuron

400 1.06 .89 1.06 .87 1.04 .88 1.03 .80
410 1.15 .96 1.15 .95 1.15 .96 1.12 .88
420 1.20 1.06 1.20 1.05 1.20 1.0 1.19 . 92
430 1.17 .98 1.17 1.0 1.12 .91 1.10 .85
440 . 90 . 73 . 91 . 72 . 87 . 66 . 85 . 61
450 .83 .67 .83 .67 .82 .64 .82 .59
460 . 79 . 62 . 78 . 61 .77 . 58 . 76 . 52
470 . 63 .47 . 63 .46 .60 .41 . 60 . 37
480 . 38 . 28 . 39 . 28 . 35 . 24 . 30 . 20
500 .11 .08 .11 .09 .10 .08 .10 .06
520 .07 .06 . 07 . 07 . 07 . 06 .06 . 05
540 . 07 . 07 .07 . 07 .07 .06 . 06 . 06
560 .10 .09 .09 .09 .10 .08 .09 .08
580 .13 .12 .13 .13 .13 .11 .13 .11
600 .17 .16 .17 .16 .17 .15 .17 .14
620 .20 .19 .20 .20 .20 .18 .20 .17
640 .47 .43 .45 .42 .50 .48 .46 . 42
650 .60 .54 .60 .54 .58 .51 .58 .47
660 . 30 . 30 . 34 . 30 . 30 . 26 . 30 . 22
680 .02 .02 .02 .02 .02 .02 .02 .02
700 0 0 0 0 0 0 0 0

(Continued on next page)



Table N. (Continued)

Absorbance for various treatments at different time intervals
Wavelength

(nm)
5-1/2 hr 7-1/2 hr 9-1/2 hr 11-1/2 hr

Control Diuron Control Diuron Control Diuron Control Diuron

400 1.0 .70 1.01 .58 1.02 .46 .84 .32
410 1.10 . 78 1.09 . 63 1.04 . 52 . 97 . 34
420 1.19 .83 1.20 .69 1.06 .54 .98 .35
430 1.11 .80 1.15 .62 1.02 .50 .95 .33
440 .88 .59 .87 .48 .80 .34 .68 .24
450 .82 .54 .83 .46 .76 .34 .64 .27
460 .76 .47 .77 .39 .70 .33 .58 .23
470 . 59 . 33 . 60 . 25 . 54 . 21 . 45 .15
480 . 34 . 21. . 35 .15 . 32 . 11 . 26 . 08

500 .10 .06 .10 .OS .09 .06 .08 .05
520 .06 .OS .06 .05 .08 .07 .08 .05
540 .07 .05 .07 .05 .08 .07 .08 .05
560 .10 .08 .10 .07 .12 .08 .12 .07
580 .13 .10 .13 .08 .14 .09 .14 .08
600 .17 .14 .17 .11 .19 .11 .17 .08
620 .18 .17 .20 .14 .20 .12 .19 .09
640 .46 . 39 . 46 . 34 . 44 . 26 . 44 . 16
650 .57 .42 .58 .33 .54 .26 .46 .16
660 .30 .21 .30 .16 .31 .13 .25 .07
680 . 02 .02 02 . 01 . 02 . 01 .01 0
700 0 0 0 0 0 0 0 0
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Equation used in calculating chlorophyll concentration and gram
weights of various chemical components used in mixing buffers
for chloroplast isolation.

I. Determination of chlorophyll concentration as
described by Arnon.

chlorophyll conc (mg /cc) = [(20.2)(0D645) + (8.02)(0D663)] +
(1000)(y)

x = total volume including 20 ml of 100% acetone, 4.5
ml of distilled water and 0.5 ml of chloroplast extract

y = volume of chloroplast extract which is 0.5 ml

II. Quantity of various chemicals used in preparing 500 ml of
grinding and STN buffers for chloroplast isolation.

Grinding buffer STN buffer

68.5 g sucrose
0.293 g NaCI
0.881 g ascorbate
3.18 g Trizma HCl
0.59 g Trizma base

68.5 g sucrose
0.293 g NaCI
3.18 g Trizma HC1
0.590 g Triza base

Each buffer was adjusted to pH of 7.5 prior to cooling.

III. Calculation of ratios between the number of chlorophyll
molecules in 2 mg/cc sample to the number of diuron
molecules in a concentration of 1 x 10-4 M.

Chlorophyll (MW = 923)
2 mg /ml = 2000 mg /I = 2 g /1

2

923
.00217 M or 2,17 x 10-3 molar concentration of
chlorophyll
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Diuron (MW = 233. 1)
1 x 10-4 M= (.004)(233. 1)

= .09324 g

Using the material in equal quantities results in a ratio of
21.7 molecules of chlorophyll to 1 molecule of diuron.
The desired ratios were obtained by diluting the diuron
solution and keeping the chlorophyll concentration constant.
Other basic concentrations of diuron (6.5 x 10-5) were
used as stock solutions in similar trials.

Equation for calculation of specific activity of Photosystem II.

AOD420
1 min illuminated

1 X
xchlorophyll conc. 60

(mg/cc)

x total volume =

iaM FeCN reduced/mg chlorophyll/hr


