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Studies were conducted to determine the nature of the inter-

action between atrazine (2-chloro-4-ethylamino-6-isopropylamino-

s-triazine) and magnesium on tomatoes. This interaction was

studied under two light regimes: continuous light and a 12-hour

photoperiod. Tomato plants were grown in sand cultures at three

levels of magnesium fertilization. Four weeks after planting,

atrazine was added to the pots containing the plants. The rate of

growth of plants grown at the highest magnesium level was much

greater than that of those grown at the lowest magnesium level. The

high magnesium level helped overcome the toxicity of atrazine.

This interaction was more significant under continuous light than

under the 12-hour photoperiod.

Similar experiments using diuron (3-(3, 4- dichlorophenyl) -1, 1-

dimethylurea), linuron (3-(3, 4-dichloropheny1)-1-methoxy-l-methyl-

urea), and bromacil (5-bromo-3-sec-butyl -6-methyluracil) showed



that magnesium significantly reduced the toxicity of these herbicides

when tomato plants were grown under continuous light conditions.

An experiment was conducted to determine the growth re-

sponses of tomato plants grown at two levels of magnesium fertiliza-

tion and two light regimes. Continuous light increased plant dry

weight over the 12-hour photoperiod plants for the first 35 days,

however, after this time the rate of growth of plants grown under

the 12-hour photoperiod was greatest. Continuous light became

lethal to tomato plants after about 35 days. This conclusion was

based on visual observations. Leaves on plants grown under these

conditions began to dry up and fall off. Chlorophyll analysis showed

that the chlorophyll content of tomato plants grown under a 12-hour

photoperiod was approximately twice that of plants grown under

continuous light. The chlorophyll content of tomato plants receiving

magnesium was also nearly twice that of plants receiving no magne-

sium.

Two experiments were conducted using an infra-red gas ana-

lyzer to measure CO2 exchange. Each experiment involved two

levels of magnesium and four levels of atrazine. These experiments

were nearly identical, the only difference being that one was con-

ducted under continuous light and the other was conducted under a

12-hour photoperiod. Atrazine at rates of 1/32 and 1/16 ppm in-

creased respiration when measured at six hours after application but



decreased respiration after this period. CO2 fixation was decreased

at all atrazine rates when measured at six hours after application

and later. The plants that were treated with atrazine at rates of

1/32 and 1/16 ppm began to recover and fix CO2 after about 24 hours

following herbicide application. Plants receiving high magnesium

levels recovered much more rapidly than those receiving no magne-

sium. These differences in recovery rate between magnesium

treatments were observed in both light regimes but were noticeably

greater under continuous light than under the 12-hour photoperiod.
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The Road Not Taken

Two roads diverged in a yellow wood,
And sorry I could not travel both
And be one traveler, long I stood
And looked down one as far as I could
To where it bent in the undergrowth;

Then took the other, as just as fair,
And having perhaps the better claim,
Because it was grassy and wanted wear;
Though as for that the passing there
Had worn them really about the

same,

And both that morning equally lay
In leaves no step had trodden black.
Oh, I kept the first for another day!
Yet knowing how way leads on to way,
I doubted if I should ever come back.

I shall be telling this with a sigh
Somewhere ages and ages hence;
Two roads diverged in a wood, and I--
I took the one less traveled by,
And that has made all the

difference.

Robert Frost
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THE RESPONSE OF TOMATOES TO ATRAZINE AS
AFFECTED BY MAGNESIUM AND PHOTOPERIOD

INTRODUCTION

In recent years, triazine herbicides have been recommended

and extensively used on a wide variety of crops. These diversified

uses have been accompanied by many problems which remain un-

solved.

Research has shown that certain climatic and edaphic factors,

e.g., temperature, moisture, soil composition, pH, organic matter,

and cation exchange capacity have a considerable effect on the per-

formance of herbicides. Several of these factors have been or are

being studied while others have not yet been investigated. While

some of these studies have been directed to the effect of soil nutri-

ents on the performance of certain soil-applied herbicides, the soil

nutrients studied have been primarily N, P, or K, with little em-

phasis placed on the other essential nutrient elements.

Since it is a well-established fact that many of these soil-

applied herbicides have a direct effect on photosynthesis, mineral

nutrients affecting photosynthesis should be correlated in some way

with the final performance of those herbicides. Research by

Brenchley (1967) and Dubey (1964) has indicated that magnesium

was positively correlated with the ED 50
values of two important



Hill-reaction herbicides (atrazine and linuron). If such an inter-

action does occur, these results could be used on a very practical

basis. In magnesium-deficient areas of the world, herbicide rates

of these so-called Hill-reaction herbicides may have to be reduced

slightly to prevent toxicity to desirable plants. If toxicity symptoms

have already appeared from these herbicides, the addition of mag-

nesium to the soil or foliage may be a method of reducing this in-

jury. If these nutrient elements which affect photosynthesis inter-

act with Hill-reaction herbicides, the manipulation of these elements

may help us in obtaining some much needed information on the mode

of action of such herbicides.

The objectives of this investigation were to study the nature of

the interaction between magnesium and atrazine and to extend this

information to include other Hill-reaction herbicides such as mem-

bers of the urea and uracil groups. Attempts were also made to

determine the site, either in the soil or in the plant, where such an

interaction may take place. Studies using an infra-red gas analyzer

were included in order to measure the combined effects of herbicide

levels and magnesium levels on the photosynthetic activity of tomato

plants. Light manipulations were also used in an attempt to vary

levels of chlorophyll in the plant so that the correlation between

chlorophyll concentration and atrazine toxicity could be studied.
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LITERATURE REVIEW

Physical and Chemical Properties of Atrazine

The physical and chemical properties of atrazine are sum-

marized in a technical bulletin from Geigy Chemical Corporation

(1963), The technical form is a white, crystalline substance and is

approximately 98% pure. Solubility in various solvents, expressed

in parts per million at 27oC, is as follows: water (70 ppm), meth-

anol (18, 000 ppm), ethyl ether (12, 000 ppm), and chloroform (52, 000

ppm). The primary formulation is an 80% wettable powder. The

pure chemical has a melting point of 173-175°C. Geigy reports that

atrazine is stable in neutral, slightly basic, or slightly acid media.

When heated in acid or basic media, it hydrolyzes to the non-toxic

form: 2 -hydroxy-4 -ethylamino -6-is opropylamino - s -triazine.

The synthesis of triazines was reported by Gysin and Kntisli

(1956, 1960) and Gysin (1963). Synthesis starts by reacting hydro-

cyanic acid with chlorine to form cyanogen chloride. Three moles of

cyanogen chloride yield one mole of cyanuric chloride. Cyanuric

chloride with its three mobile chlorine atoms is the starting material

for most of the triazine derivatives. These chlorine atoms are sub-

stituted by such chemicals as alcohols, phenols, thiophenols, mer-

captans, and amines. The synthesis of atrazine can be summarized

as follows:



Cl-C: N -

cyanogen cyanuric
chloride chloride

CH3CH2NH2

Cl

4

H

2, 6-dichloro-4-
ethylarnino-s-triazine

CH3\ CI I
(CH3 )

2
CHNH

2
CHN-c, ,,''',.C- N- CH CH

_____.) / I I 2 3
CH3 H NT,'"- H

isopropylamine H

2- chloro- 4- ethylarn ino-6-
isopropylarnino-s-triszine

(atrazine )

The residual activity of atrazine in soils at selective rates has

caused a great deal of concern. A number of researchers (Behrens,

1959; Chubb, 1963; Fink and Fletchall, 1963; Switzer and Rauser,

1960) have studied the persistence or disappearance of atrazine on

agricultural land. Several of these workers found that atrazine at

four pounds per acre was toxic to indicator plants one year after

application. The disappearance of atrazine was highly dependent on

soil texture. The relationship between herbicide performance and

soil type is indicated by herbicide recommendations; e, g. , Geigy

Chemical Corporation (1963) recommends two different rates of

atrazine for selective weed control in corn, Two pounds per acre

are recommended for sandy and low organic soils while four pounds
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per acre are recommended for fine-textured or muck soils.

Herbicidal Uses of Atrazine

Atrazine will kill very small weeds by contact action, hence it

can be used postemergence as well as pre-emergence if application

is made while the weeds are very young (Gysin, 1963; Klingman,

1961). Test results show that atrazine is less selective to crops but

is more toxic to a broader spectrum of weeds than most of the other

triazine compounds. Atrazine has been injurious to the following

crops: vegetables, cereal grains, asparagus, soybeans, peanuts,

and potatoes. The compound has shown promise for selective use in

chemical summer fallow, grapes, ornamentals, sorghum, sugar-

cane, peas, woody berry crops, and perennial grasses (Geigy Chemi-

cal Corporation, 1963). It has given excellent control of quackgrass

(Agropyron repens) and yellow nutsedge (Cyperus esculentus) at rates

of four pounds per acre active ingredient during the fall or early

spring. Atrazine is a very popular herbicide for weed control in

corn at rates of two-four pounds per acre (pre-emergence or early

post emergence). It has been used for weed control as a supplement

to spring tillage in a stubble mulch fallow program at rates of one-

half to one pound per acre depending on the soil type (Appleby and

Furtick, 1964).
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Mode of Action of Triazine Herbicides

The chemistry and biological properties of various substituted

s-triazines have been reviewed by Gysin and Knlisli (1960), Hilton

and Jansen (1963), and Moreland (1967). Since many of these herbi-

cides have a very low water solubility, they are effective primarily

when absorbed by roots. Davis et al. (1959) and Sheets (1961) have

shown that simazine- 14C is readily absorbed from nutrient solutions

by roots, moves with the transpiration stream to the leaves, where

it accumulates first at the leaf tips of oats or leaf margins of cucum-

ber. Crafts (1961) has shown that simazine apparently penetrates the

cuticle readily but subsequently moves only in an acropetal direction

by diffusion along cell walls and does not readily enter the living

symplast. Movement in the phloem, if it occurs at all, seems negli-

gible.

Most of the early literature (Roth, 1958; Gast, 1958; and Exer,

1958) indicated that photosynthesis was probably the physiological

system most sensitive to s-triazine herbicides. Gast (1958) showed

that 2 -chloro-4, 6-bis -(alkylamino)-s -triazines inhibited photo-

synthesis and the accumulation of starch in Coleus blumei. The iso-

lated chloroplasts of starch free Coleus leaves kept in the dark in a

sugar solution were able to form starch in the presence of the herbi-

cide, which led him to conclude that triazines inhibit sugar formation.
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Roth (1958) concluded that simazine reduced photosynthesis since

02 evolution by Elodea plants was inhibited.

Exer (1958) showed that simazine and similar 2-chloro-4, 6-

bis-(alkylamino)-s- triazines inhibit the Hill reaction. He found that

isolated chloroplasts from corn and spinach were equally sensitive to

inhibition of simazine when analyzed in the Hill reaction; consequent-

ly, the mechanism controlling selectivity seems to be located outside

the chloroplasts. He also showed that it inhibited the photochemical

reduction of diphosphopyridine nucleotide (DPN) in isolated chloro-

plasts. Moreland (1959, 1962) reported that simazine at concentra-

tion of 10-7 M inhibited the Hill reaction of isolated chloroplasts

from barley and turnip greens. Hill reaction activity in Moreland's

experiments was measured potentiometrically with ferricyanide as

the electron acceptor. Good (1961), Crafts (1961), and Bishop

(1962) concluded that inhibition of photosynthesis and the Hill reac-

tion resulted from interference with the mechanism responsible for

0
2

production. All phytotoxic triazines seem to inhibit the Hill

reaction, but the degree of inhibition does not always parallel herbi-

cidal effectiveness (Gysin and Knusli, 1960).

The inhibition of photosynthesis by triazine herbicides has also

been examined by their effect on photosynthetic CO2 fixation. Couch

and Davis (1966) found that the 1 ppm rate of atrazine reduced

14
C 02 fixation to less than 5% of the control in soybeans; however, it
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took a rate of 10 ppm atrazine to overload the protective mechanisms

of corn and cotton and show a decrease in CO2 uptake. Ashton

(1960) studies the effect of certain triazines on C1402 fixation in red

kidney beans. Results showed that a simazine concentration of 0.25

ppm decreased C1402 fixation by 30% and at 1.0 ppm fixation was

almost completely blocked. There appeared to be an initial increase
14in the C 02 fixation at the one hour exposure time; however,

marked reduction in CO2 fixation was noted at the three hour expo-

sure time. Experiments by van Oorschot (1965) showed that sima-

zine inhibited CO2 fixation in maize for a short period of time but

after a few hours fixation was back to normal. Thus, recovery of

CO2 uptake of a plant species after a temporary exposure to sima-

zine demonstrates that some physiological inactivation of the herbi-

cide has taken place. Processes involved in dark CO2 fixation were

apparently unaffected according to Ashton (1960, 1962), Couch and

Davis (1966), and van Oorschot (1965).

The effect of light on the toxicity of s-triazine herbicides is

very interesting. Crafts (1961) while tracing the movement of

radio-labelled triazines through the plant found that the herbicide

caused a drastic change in the metabolism of living cells in the pres-

ence of light. Allen and Palmer (1963) found that the toxic effects of

simazine to barley plants, which were fed sucrose, glucose, aspar-

tate, and maltose solutions, occurred primarily when exposed to
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light. Plants grown in the dark showed very little decrease in weight

of shoots and soluble carbohydrate content as the level of simazine

was increased, while the shoot weight and carbohydrate content of

plants grown in the light decreased sharply. Simazine had little ef-

fect on root growth of plants grown in the light or dark. Ashton et al.

(1963) studied the structural changes which occur in bean plants

caused by atrazine and light interactions. They found that the chloro-

plasts of leaves ultimately disintegrated in plants treated with atra-

zine and kept in light but remained unchanged in plants kept in the

dark with or without atrazine.

Ashton (1965) studied the quantitative and qualitative effects of

light on the toxicity of atrazine. The quantitative experiment, with

light intensity varying from 30 to 4, 000 foot candles, showed that

atrazine injury in oats increased with increasing amounts of light.

The light quality study showed that atrazine caused more injury at

428 mp. and 658 mµ while minimum injury occurred at 500, 528, and

607 mil. These data caused Ashton to conclude that the toxicity of

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

secondary substance or substances formed by some mechanism in-

volving the interaction between atrazine and light in the presence of

chlorophyll. He suggested that it may be a "free radical", although

attempts to isolate such a substance from atrazine treated plants

have been unsuccessful. Sweetser and Tood (1961) suggested that it
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was the accumulation of a toxic photosynthetic intermediate.

The effect of triazine herbicides on respiration at first appear-

ance seems to be somewhat contradictory. For example, Roth

(1958) reported that simazine inhibited photosynthesis in Elodea but

had a stimulating effect on respiration. Ashton (1962) reported that

atrazine did not affect the rate of respiration of excised embryos of

red bean plants. Funderburk and Davis (1963) reported that atra-

zine caused a reduction in respiration in oats, soybeans, cotton,

peanuts, Johnson grass, and corn. Closer examination of these

experiments reveals that both Roth and Ashton measured respiration

on short term experiments (1-2 hours after treatment) where the

Funderburk and Davis experiment extended for 7 and 11 days after

treatment with atrazine.

Smith and Buchholtz (1962), working independently, both found

that atrazine reduced the rate of transpiration in both tolerant and

susceptible plants. This occurred within 1-3 hours of application

and usually reduced transpiration by 50% or more in six hours.

Wills et al. (1963) found that when atrazine was applied in the nutri-

ent solution of corn, cotton, and soybeans it reduced transpiration

in both intact plants and excised shoots. This effect occurred only

in the light. Photomicrographs revealed that atrazine caused

closure of the stomates. Van Oorschot (1965) found that the uptake

of simazine was correlated to the rate of transpiration. He feels



11

that the effect of simazine on the rate of transpiration was a second-

ary effect. The conclusion was based on the assumption that the

herbicide was taken up by the roots of plants and translocated to the

leaves, where it primarily inhibits photosynthesis. This assump-

tion is probably justified since the effect of this herbicide on CO2

uptake was much more pronounced than on transpiration. The inhi-

bition of CO2 uptake by the herbicide resulted in a partial closure of

the stomates which thus reduced transpiration.

The blockage of photosynthesis by triazine compounds is a

well established fact as can be seen from the previous review. It

has been demonstrated by several workers using various techniques.

It occurs in isolated chloroplast unicellular algae, and intact higher

plants. However, the blockage of photosynthesis and subsequent

starvation cannot explain all of the observed phenomena associated

with the treatment of plants with these herbicides. If inhibition of

photosynthesis is their only physiological action, growth of non-

photosynthetic tissue, grown in the dark with an adequate nutrient

and energy source should not be adversely affected. Jordan et al.

(1966) studied the effect of four herbicides, including a triazine, on

the growth of callus tissue derived from the stem pith of tobacco.

Uniform callus pieces were placed on high salt agar medium con-

taining 2 mg/1 of IAA, 0.05 mg/1 of kinetin and 0.2 mg/1 sucrose.

High herbicide concentrations of 10-4 , 10-5 , 10-6 , and 10-7 molar
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were used. Cultures were grown in the dark for 21 days at 26°C.

Callus growth was inhibited by molar concentrations greater than

10-7 molar for simazine. They concluded that at these concentra-

tions interference with a mechanism other than photosynthesis was

responsible for inhibition,

Another group of active researchers postulate that triazine

herbicides exhibit their toxic effect by interfering with nitrogen

metabolism. Chen and Ries (1968) grew oats in a nitrate substrate

in growth chambers at 72 °F and 62 °F for eight hours and found a

rapid decrease in nitrate content and nitrate reductase activity,

whereas plants receiving 3.2 µm simazine did not appreciably re-

duce either nitrate content or nitrate reductase activity within a six

day period. They postulated that the effect of simazine on nitrate

content, nitrate reductase activity, and subsequently higher levels

of toxic ammonia suggested that the toxic action of simazine in vivo

may be linked to nitrogen metabolism. Eastin and Davis (1967)

found that atrazine (1 lb. per acre) increased percent protein and

nitrate nitrogen in most of the species studied. They made a simi-

lar conclusion that atrazine susceptibility was related to its effect

on percent non-protein and ammonia in the species tested. Fink and

Fletchall (1967) likewise found that simazine and atrazine caused

increases in percent nitrate nitrogen and percent nitrogen content

in corn foliage five weeks after treatment. Singh and West (1967)
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found that the quantities of chloroplast proteins and chlorophyll

were lower in oat plants when analyzed six days after treatment with

simazine. Radioactive amino acid incorporation into chloroplasts

indicated that the reduced levels of protein resulted from reduced

synthesis. The effect of simazine on amino acid incorporation into

chloroplast occurred in the darkness. They feel that the herbicides

affect the structural protein of chloroplasts and this accounts for

the reduced photosynthesis.

After reviewing the literature on the mode of action of triazine

herbicides, it appears that the exact site of this action is still un-

known. Researchers have shown that several systems are affected

by triazines, but the primary site which ultimately leads to the death

of the plant has not yet been confirmed.

Role of Magnesium in Plants

Chlorophyll contains up to 2. 7% magnesium; however, this is

only a small part of the total magnesium content of the leaves

(McVickar et al., (1963). As a constituent of the chlorophyll mole-

cule, magnesium is directly involved in photosynthesis. Any

marked deficiency of this element would be reflected in reduced

chlorophyll content and consequently in reduced photosynthesis.

Magnesium is also indirectly involved in photosynthesis as a consti-

tuent of many of the important enzyme systems that function in
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carbohydrate metabolism. The kinases and mutases generally re-

quire chelation with magnesium for the group transfer processes in

which phosphorus participates. The dual role of magnesium in photo-

synthesis is well illustrated in experiments by Fleischer (1935) in

which chlorophyll content of Chlorella was varied by controlled de-

ficiencies of either iron, nitrogen, or magnesium. A linear rela-

tionship was found between rate of photosynthesis and chlorophyll

concentration if the latter was a result of the graded deficiencies of

iron or nitrogen. However, if magnesium was withheld from the

cells until the chlorophyll content and photosynthesis were both very

low, increasing amounts of magnesium caused chlorophyll formation

but photosynthesis remained nearly constant at a low level until the

chlorophyll had almost reached its normal concentration. Evidently

the chlorophyll cannot function in photosynthesis until enough mag-

nesium is present to mediate a dark reaction.

Evidence of the participation of magnesium in the dark reac-

tion was given by Kennedy (1940) working with Chlorella. When

flashing light was used and the length of the dark period varied, the

photosynthesis per flash per gram of chlorophyll was increased

greatly by increasing the length of the dark period in magnesium de-

ficient cells. No corresponding increase was noted in the case of

iron deficient cells. Magnesium deficiency, therefore is associated

with the lowering of the rate of the dark reaction.
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Magnesium plays a predominate role in promoting the forma-

tion of enzyme substrate complexes and the resulting reaction inter-

mediates (McVickar et al., 1963). Pyrophosphates chelate with

magnesium in many co-factors, the metal serves as a bridge be-

tween ATP, DPN, and the protein molecule. Magnesium's role in

the formation of lecithin and nucleo-proteins probably accounts for

its abundance in young meristematic tissue, in the seed, and in the

fruit.

Magnesium apparently influences carbohydrate production and

the movement of carbohydrates from the leaves to the stems of

plants. Garner (1930) analyzed magnesium-deficient tobacco leaves

and found they contained less carbohydrates than the normal leaves.

Whether magnesium is related to carbohydrate production and trans-

port by virtue of its phosphate relationship or by some other mecha-

nism is not fully understood.

Magnesium Deficiency Symptoms

Magnesium deficiency symptoms in tomato plants are frequent-

ly distinctive and easily recognized according to Hambidge (1946).

The leaves become very brittle and the margins tend to curve up-

ward. The veins remain dark green, while the interveinal tissue

becomes yellow. In the advanced stages, the yellow areas become

pale yellow and finally necrotic. This loss of color first appears at
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the tips and margins of the leaves. Symptoms are more common in

the older, more mature leaves because of the mobility of the mag-

nesium salts. When an inadequate magnesium supply is present,

younger plant tissue is able to draw on the older plant parts for its

necessary magnesium.

Interaction Between Nutrients and Herbicides

Crafts (1939) was one of the first to publish information per-

taining to the area of soil fertility and its effect on the phytotoxicity

of soil-applied herbicides. He worked with soils of varying mineral

levels and found that although arsenic and borate toxicity was re-

lated primarily to the textural grade of soils, chlorate toxicity was

correlated to fertility. By varying only a single mineral nutrient in

a soil-culture series containing different concentrations of chlorate,

those with added nitrates invariably showed lowered chlorate toxi-

city.

Many studies have been conducted on the relationship of

mineral elements to 2, 4- dichlorophenoxyacetic acid (2, 4 -D) phyto-

toxicity. Ishaque (1949) found a correlation between applications of

some nutrients (N, P, K) and increased injury to the shoots of rice

seedlings from 2, 4 -D. Root injury on the other hand was reversed

by the application of nutrients; i. e, , less injury to roots from 2, 4 -D

was obtained as nutrient levels were increased. Wolf (1950) found
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that the 2, 4-D injury to soybeans was rather small at low nitrogen

levels but became more serious as the amount of N in substrate was

raised. Similar experiments were conducted by Rhodes et al. (1950)

and Freiberg et al. (1952) with exactly the same results (high nitro-

gen treatment giving the most 2, 4-D injury). Work by Pennington

and Erickson (1965) on Canada thistle (Cirsium arvense) control,

revealed that 2, 4-D caused the greatest root damage in the high

nitrogen treatments. 2, 4-D was least damaging to roots in the high

phosphorus treatments.

Johnson and Colmer (1957, 1957, 1958) found that 2, 4-D at a

concentration of 9.2 x 10-3M inhibited the respiration of Azotobacter

vinelandii. Protection from this inhibition was afforded by molar

ratios of 1:1 and 2: 1 magnesium to herbicide. They proposed that

magnesium and 2, 4-D formed a non-toxic complex which thus re-

duced the toxic effect of 2, 4-D. This proposal was more or less

disproved by Tullin (1962). He combined 2, 4-D with magnesium

and injected it into the transport system of the plant. The results

of this combination gave the same growth response as with 2, 4-D

alone, but the plants were quite green, showing that magnesium had

been transported in spite of the presence of 2, 4-D.

Miller et al. (1962) and Huffaker et al. (1964) found that iron

minimized 2, 4-D injury to bean plants at high concentrations and

stimulated growth at low concentrations of the herbicide. Huffaker
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et al. (1962) found that a metal, a chelated metal, or a chelating

agent in the spray used on beans increased the range of concentra-

tions of 2, 4 -D by 200 fold, resulting in increased growth. The

interaction of 2,4-D with the additive FeEDDHA on the growth of

beans was greatly dependent on the concentration of each compound.

As the concentration of 2, 4 -D was increased to lethal ranges, the

effect of FeEDDHA was progressively changed from that of protec-

tion, to no effect, to increasing the lethality of 2, 4-D.

Bingham and Upchurch (1959) studied the interaction between

nitrogen, phosphorus, potassium, and calcium on the phytotoxicity

of 3-(3,4-dichloropheny1)-1,1-dimethylurea (diuron). Their re-

sults showed that phosphorus significantly increased the toxicity of

diuron. Later, Upchurch et al. (1963) were unable to duplicate this

former interaction with phosphorus but found that the herbicide

3- amino -1, 2, 4- triazole (amitrole) interacted with phosphorus.

Their results showed that amitrole was much more toxic in the

presence of high phosphorus concentrations than at low phosphorus

rates. They concluded that phosphorus enhances the uptake and/or

translocation of amitrole by the formation of an amitrole-phosphorus

complex. The amitrole-phosphorus interaction was the only inter-

action which was significant of the twelve herbicides tested.

Dubey and Freeman (1964) found that the ED 50
values for

3-(3,4-dichloropheny1)-1-methoxy-l-methylurea (linuron) on
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Lolium multiflorum were positively correlated with organic matter

content, cation-exchange capacity, and exchangeable K and Mg. The

ED50 values for N,N-dimethy1-2,2-diphenylacetamide (diphenamid)

were positively correlated with organic matter content, cation ex-

change capacity, and exchangeable Mg, but not with exchangeable K.

However, if the effect of organic matter was held constant, other

soil properties, such as cation exchange capacity or exchangeable

Mg or K did not seem to have any effect on the toxicity of linuron

or diphenamid.

De Vries (1963) studied the effects of lime and 2-chloro-4, 6-

bis (ethylamino)-s-triazine (simazine) combinations on young pine

seedlings. Simazine applied at 12 lb/A with lime at 1.8 T/A de-

pressed growth considerably and with lime at 3.0 T/A killed all pine

seedlings. All 12 lb/A treatments of simazine reduced plant growth:

however the treatments with aluminum sulfate and potassium hydro-

xide caused growth to remain about equal to cultures which received

only simazine. Only those pine seedlings which were grown in soil

treated with lime and simazine died, therefore he concluded that

death was caused specifically by the interaction between Ca and sima-

zine rather than by pH or the presence of other ions.

Adams (1965) found that high levels of phosphorus tended to

suppress growth of soybeans, oats, and foxtail in the presence of

simazine as compared to controls containing no simazine. However,
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this relationship was not significant, varying with the soil used in

the experiment.

The Effect of Light on the Growth of Tomato Plants

Guthrie (1929) was the first to report on the deleterious effect

of continuous light on tomatoes. He reported that tomatoes which

were transferred from the greenhouse to continuous artificial radia-

tion developed an interveinal chlorosis after a period of several

days. Increasing the duration of illumination resulted in a decrease

in total chlorophyll and total carotinoids, especially on a dry weight

basis. The ratio of chlorophyll a to chlorophyll b was significantly

lowered as compared to plants transferred to an 18-hour photo-

period. With the decrease in chlorophylls, there was an increase

in brown pigments, which he postulated as an indication that the

chlorophyll decrease was due to decomposition rather than decreased

synthesis. A year later, Arthur et al. (1930) found that tomato

plants subjected to 24-hours of light per day soon developed leaf-

injury symptoms and eventually died. It was found that the first

signs of injury appeared in five to seven days under continuous il-

lumination. The leaves usually became faintly mottled with necrotic

areas developing along the veins. The leaves turned downward and

backward toward the stem and slowly died back until after two or

three weeks of exposure only a few small terminal leaves remained.
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They reported that carbohydrates increased with day lengths up to a

17 hour day, showed no further increase on a 19-hour day, and

decreased on the 24-hour day. Total nitrogen decreased steadily

with increasing day length up to a 17 hour day where it reached a

minimum of about one percent of the dry weight of the plant. The

carbohydrate-nitrogen ratio increased with day length up to 17 or

19 hour. The plants set fruit on all day lengths from seven to 19

hours but did not fruit on either five or 24 hour days. This would

indicate that the flowering behavior of tomato followed a day-neutral

pattern. They postulated that the long-day injury to tomato plants

is produced by a malfunctioning of the photosynthesis process rather

than by an accumulation of products of the process, since injury

could be produced with a low light intensity which results in no

accumulation of carbohydrates in the leaves.

Roodendurg (1940) was the first to observe that low tempera-

tures prevented or moderated the injury due to continuous light.

Withrow and Withrow (1949) later designed a more detailed investi-

gation to further ascertain aspects of the photoperiodic chlorosis in

tomato and the interrelationship of photoperiod and temperature on

the chlorophyll content. Their results showed that plants were

tallest under an 18-hour photoperiod and markedly decreased in

height as the photoperiod was further increased. Light intensities as

low as 4 foot candles could cause injury when used to increase
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normal day-length from 15 to 24 hours. When the plants were

grown at temperatures of 12°C, the length of the photoperiod had

relatively little effect on the chlorophyll concentration of the leaves

and the typical severe chlorotic pattern developed at higher tempera-

tures under 24-hour photoperiods was absent. Hillman (1956) showed

that although continuous light at constant temperatures of 30o , 20o ,

or 17oC was injurious, combinations of these temperatures delayed

or prevented injury.

Highkin and Hanson (1954) showed that similar injury was

caused by alternating light-dark cycles such as 6 hr. light - 6 hr.

dark or 24 hr. light - 24 hr. dark, but not by 12 hr. light - 12 hr.

dark. They concluded that if tomato plants were grown under condi-

tions which deviated too greatly from a 24 hour cycle injury would

occur. They explain this phenomenon on the basis of Biinning's

(1950) hypothesis which states that certain photoperiodic responses

in plants are controlled by endogenous daily rhythms. Biinning pro-

posed that during one phase (the photophile) of the endogenous daily

rhythm, light promotes the assimilatory activities of the plant,

such as those that affect flowering. At the other extreme of the

endogenous daily rhythm, there exists a phase (the scotophile) in

which light has no promoting effect or is even inhibitory. If

Biinning's hypothesis is applicable to the growth of some plants as

well as to such a phenomenon as flowering, a light interruption
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during the normal dark period (the scotophile) should be inhibitory.

Plants grown in the 6-6 and the 24-24 hour regimes would receive

light during all or some portion of the scotophile phase. It should

be noted that the temperature effects also would fit into this concept,

and the generalization might be made that normal leaf development

in tomato requires some environmental fluctuation with a period

close to 24 hours supplied either by light-dark reactions or suf-

ficiently wide temperature changes. While hypotheses concerning

endogenous rhythms are attractive for classifying many phenomena

and valuable in emphasizing their complex, integrated nature, they

provide no information concerning the biochemical mechanisms

which must be fundamental to them.

Dunn and Went (1959) conducted research to evaluate the

growth response of tomatoes under various light sources. Their

results showed that when "cool white" fluorescent plus incandescent

lamps were used, tomato plants were light saturated at 1210 foot

candles.

Light quality studies on tomato plants by Vince (1956) showed

that increases in wave-length resulted in increases of total stem

length, internode length, and leaf length, but the differences be-

tween blue and green were small compared to those between green

and red light. Epinasty and leaf rolling occurred at wave-lengths

greater than 500 mil, but were most marked at wave-lengths greater

than 600 mp..
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MATERIALS, METHODS, AND RESULTS

General Procedures

All research was performed in the greenhouse or laboratory.

The bioassay plants used in the experiments were tomatoes

(Lycopersicon esculentum). Since the use of soil would present

many complex factors not related to the problem studied, plants

were grown in sand cultures. Seeds were planted in 4-1/4 x 4-1/4

x 4-inch plastic pots. Three 20-mesh plastic screens were placed

in the bottom of each pot to prevent the sand from running out of the

holes located in the bottom of the pots. Eight hundred-fifty grams

of dry sand (El Monte EI-20) were placed in each pot, ten seeds

were placed on the surface, and 150 grams of dry sand were used to

cover the seeds. Each pot was then thoroughly flushed with tap

water in order to leach out the water-soluble nutrients as well as

very fine sand particles. Each pot then received 200 ml of distilled

water. The pots were then arranged in a completely randomized de-

sign on the rack shown in Plate I. In all greenhouse and growth-

chamber experiments, pots were positioned so that the top of the

plastic pot was 18 inches from the light source. The pots were

systematically rearranged every four days for the duration of the

experiments. This was done in order to reduce variability. The

number of plants per pot was reduced to four uniform plants three
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Plate I. Greenhouse experimental area showing the
arrangement of pots placed in slots between
2" x 4" boards.
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weeks after the date of planting.

Prior to treatment with the herbicides each pot was watered by

surface application with enough nutrient solution to saturate the sand.

The exact amount each pot received was not recorded. Nutrient

solution was added to the surface of the sand until a small amount

came through the drain holes in the bottom of the pots, Up to the

time of herbicide treatment the sand containing the plants was

washed with distilled water once a week to prevent nutrient salts

from accumulating in the sand. The formula for the nutrient solu-

tion used (Table 1) was taken from Machlis and Torrey (1956).

This same procedure of watering was continued until the plants

were treated with herbicide. After the herbicide treatment, no

nutrient solution was allowed to drain out of the pots. The amount

of nutrient solution added to each pot was adjusted according to the

herbicide treatment. For example in one experiment, plants in the

high atrazine treatment pots required very little nutrient solution

compared with the zero and low atrazine treatments. Tomato plants

treated with one-fourth ppm atrazine used 1620 ml of nutrient solu-

tion in fifteen days while those plants not treated with atrazine used

nearly 3, 000 ml. The amount of nutrient solution used by the vari-

ous treatments is given in Table 1 of the Appendix.

Four weeks after seeding, the plants were treated with the

herbicide. The herbicide rate in parts per million was based on the
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Table 1. Composition of the nutrient solution showing various
amounts of magnesium used.

Stock solution

Milliliters of stock solution per liter of
nutrient solution

High-Mg Medium-Mg Zero-Mg

1M Ca(NO
3

)
2

4H
2
0 5 5 5

1M KNO
3

5 5 5

1M MgSO4 2 1 0

1M KH2PO4 1 1 1

1M Na
2
SO4 0 1 2

Fe chelatel 1 1 1

Micronutrients2
1 1 1

1 The iron chelate used in the solution was Geigy's Sequestrene
330 Fe iron chelate (Sodium ferric diethylenetriamine pentaacetate).
Forty-two and one half grams of chelate were used per liter of stock
solution.

The micro-nutrient stock solution contained 2.86 g of H3B04,
1.81 g of MnClz 4HZO, 0.11 g of ZnClz, 0.07 g of CuSO4. 5HZO,
0.025 g of Na2Mo04.2H20 per liter.
Note: Na 2SO4 was used to supply sulfur to the nutrient solution
where MgO4 could not be used.
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weight of dry sand used per pot. One milliliter of a 1 part per

thousand stock solution was added to 1000 grams of dry sand to give a

1 ppm herbicide rate. The correct amount of herbicide was added

to 100 ml of distilled water and applied to the surface of the sand.

It was assumed that the correct amount of herbicide would remain

in the root zone since no nutrient solution was allowed to drain from

the sand from herbicide treatment time to harvest time.

Plant samples were harvested five weeks after planting by

cutting them off at the surface of the sand. Plant material was then

placed in an oven to dry for 24 hours at 100°C. Weights of the dry

plant samples were determined on a microbalance. The results

were statistically analyzed. The interaction between magnesium and

atrazine was determined by using a factorial analysis as outlined in

LeClerg, et al. (1962).

Greenhouse Conditions

The light source for each greenhouse experiment was provided

by six Ken-Rad 72T12/cool white/extra high output fluorescent tubes

plus six 60-watt incandescent bulbs. The intensity of this artificial

light measured at a distance of fourteen inches from the light source

was 800 foot candles. The instrument used to measure the light

intensity was a Weston Illumination Meter Model 756. This intensity

was measured at night when no outside radiation would interfere with
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the light reading. Light intensity in the greenhouse reached as high

as 6, 000 foot candles in full sunlight.

Temperature conditions in the greenhouse were variable,

ranging from 30°C (85°F) in the day to 16°C (60°F) at night. Humid-

ity fluctuated between 50-70 percent.

Growth-Chamber Conditions

The light source for the growth chamber was supplied by

forty-eight Ken-Rad F48T12/cool white/extra high output fluores-

cent tubes plus twenty-four 75-watt incandescent bulbs. The inten-

sity of this artificial light source measured at fourteen inches from

the source was 1,800-1,850 foot candles using the Weston meter.

Temperature fluctuated between 77-80°F. Humidity was

measured at 43-47 percent.

Chemical and Physical Properties of the Sand Medium

Sand Analysis

An attempt was made to wash the sand with 1.0 N HCL to

remove the soluble nutrients contained in the sand but this procedure

was abandoned because of the difficulty in leaching out all of the acid

and again raising the pH of the sand back up to a level suitable for

plant growth. Therefore, sand samples were sent to the soil testing
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laboratory at Oregon State University to determine the amount of

exchangeable nutrients present.

Materials and Methods. One thousand grams of dry sand

were placed in 4-1/4 x 4-1/4 x 4 inch pots. Three liters of dis-

tilled water were leached through each pot. The sand was allowed

to dry. The sand samples were then taken to the soil testing labora-

tory for analysis.

Results and Discussions. The results from the laboratory

(Table 2) indicated that the sand contained no nutrient elements at a

high enough concentration to satisfy the requirements for normal

plant growth. In all cases the nutrient levels were lower than the

level of sensitivity of the flame photometer. These results showed

that acid washing was unnecessary when working with macronutri-

ents such as nitrogen, phosphorus, potassium, calcium, and mag-

nesium in this particular sand. The pH of the sand was 6.4.

Table 2. Analysis of exchangeable nutrients in El Monte quartz
sand.

Treatment
N P K Ca Mg Na

PH ppm ppm ppm ppm ppm ppm

Sand 6.4 0.0 1.0 0.0 0.6 0.2 0.0
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Leachate Analysis

To further study the activity of the sand used, the following

experiment was initiated to determine how much of the nutrient

solution was adsorbed on the surface of the sand and to determine

whether any nutrients were contributed to the plants by the sand.

Materials and Methods. One thousand grams of sand were

placed in a 4-1/4 x 4-1/4 x 4 inch plastic pot. The sand was

washed with three liters of distilled water and allowed to dry.

After the sand had dried, two liters of nutrient solution were

leached through the sand. Samples of the nutrient solution before

its addition to the sand and the leachate coming through the sand

were collected. The sand was then allowed to dry. One week after

the addition of the nutrient solution, another two liters of solution

were added and the leachate was again collected. All three samples

were then sent to the soils testing laboratory for analysis. The re-

sults of the analysis are recorded in Table 3.

Results and Discussions. The results of this experiment in-

dicated that the cation exchange capacity of the sand was essentially

zero. The leachate collected after it had passed through the washed

sand was the same as that added to the surface. This means that

there were no charged surfaces in the sand which would attract

charged cations from the nutrient solution. There was an increase
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in nutrients in the leachate collected one week later. This would be

expected since the water in the nutrient solution would evaporate

leaving the mineral salts behind in the sand. Because of this salt

accumulation, the sand of later experiments was washed with dis-

tilled water up to the time of herbicide treatment. This study and

the sand analysis clearly showed that the sand had essentially no

chemical or physical activity and that nutrients taken up by the plants

were provided by the nutrient solution.

Table 3. Analysis of the nutrient solution before and after its addition to quartz sand.

Treatment
N P K Ca Mg B Na Fe Cu

ppm ppm ppm ppm ppm ppm ppm ppm ppm

Normal nutrient
solution 228 142 284 108 21.7 0.7 10 4.0 0.06

Leachate 228 136 281 108 25.0 1.0 11 4.0 0.06
Leachate collected

one week later 234 156 302 116 27.0 1.0 13 4.0 0.06

Growth Curves for Tomato Plants

The growth response of tomato plants to various photoperiods

has been reported in the literature. The objective of this experiment

was to compare the effect of continuous light and a 12-hour photo-

period when coupled with zero-magnesium or high-magnesium treat-

ments.

Materials and Methods. Two identical experiments were ini-

tiated, one using tomatoes treated with zero and high magnesium

under continuous light conditions and the other differing only in that
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it received 12 hours of darkness and 12 hours of light. Plants were

seeded as outlined in the general procedures section. Each pot con-

taining tomato plants was watered to saturation with nutrient solution

daily for the forty day duration of the experiment. Every two days,

starting at the time of emergence, one pot containing four tomato

plants of each treatment was harvested and dry weights were record-

ed.

Results and Discussions. Dry weights of the various treat-

ments are recorded in Figure 1 and in Table 2 of the Appendix.

Tomato plants emerged nine days after planting. Differences due to

the treatments were noted 19 days after planting. The continuous

light and high magnesium plants grew much better than the 12-hour

photoperiod and zero magnesium plants. This trend continued for

about 34 days, at which time the dry weight of plants grown in the

12-hour photoperiod equalled the dry weight of plants grown under

continuous light. It was found that the first signs of injury from con-

tinuous light appeared about 21 days after planting. The leaves be-

came faintly mottled with necrotic areas developing along the veins.

These first symptoms appeared to be very similar to those of man-

ganese deficiency (Plates II, III, IV, and V, also see Hambidge,

1946). In fact, Withrow sprayed his tomato plants with foliar sprays

containing various micro-nutrient elements because of the similarity

to certain mineral deficiency symptoms. Incident ly, none of these
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Figure 1. Growth curves for tomato plants grown under various light
and magnesium treatments.
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foliar sprays caused any observable effect on the chlorosis. Later

the leaves turned downward and backward toward the stem and slow-

ly died back until only a few terminal leaves remained. These

symptoms were similar to those observed by Arthur et al. (1930)

and Withrow and Withrow (1949) although not quite as severe. This

lack of severity could be attributed to the fact that the temperature

conditions in the greenhouse were extremely variable and according

to Withrow and Withrow (1949) and Hillman (1956) temperature fluc-

tuation will substitute for dark periods and thus satisfy this dark

requirement in tomatoes. The continuous light plants appeared to be

reaching a plateau in growth after about 32 days. Plants given a 12-

hour photoperiod with high-magnesium were still growing rapidly

when the experiment was terminated at 41 days.

Chlorophyll Content of Leaves taken from Tomato Plants
Grown under Various Light and Magnesium Treatments

It was observed in the previous experiment that tomato plants

grown under continuous light conditions were much more chlorotic

than those given a 12-hour photoperiod. This effect has also been

reported in the literature by Withrow and Withrow (1949) and

Guthrie (1929). This experiment was designed to determine the dif-

ference in chlorophyll content of leaves grown under these two light

regimes. The effect of magnesium treatments on chlorophyll content



Plate II. Leaf taken from a tomato plant grown under a
12-hour photoperiod with high magnesium levels.

Plate III. Leaf taken from a tomato plant grown under
continuous light with high magnesium levels.
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Plate IV. Leaf taken from a magnesium deficient tomato
plant grown under a 12-hour photoperiod.

Plate V. Leaf taken from a magnesium deficient tomato
plant grown under continuous light.
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was also evaluated under these two light extremes.

Materials and Methods. Two identical experiments were

established using the procedures outlined in the general procedures

section. Each experiment included 30 pots containing four plants

each. Fifteen pots received the zero-magnesium solution and 15

received the high-magnesium treatment. One of the experiments

was covered at night with a large, black, plastic tarp so that none of

the plants would be exposed to light for a 12-hour period. This tarp

was removed during the day in order to expose the plants to a 12-

hour day period. This procedure was continued from time of seed-

ling emergence to harvest time. The other experiment was grown

under continuous light. When the plants were 5 weeks old, the

third, fourth, and fifth leaves from the terminal end were removed.

The leaves collected from three pots were combined to form one

replication. A 10 gram sample from each replication was taken.

Each sample was then extracted in a Waring blender for five minutes

in 80% acetone. The acetone extract was filtered through a Bilchner

funnel with two thicknesses of Whatman No. 1 filter paper. The

sample was made up to 100 ml with 80% acetone. The optical den-

sity of the extracts was obtained using a Hitachi Perkin-Elmer,

Model 139, UV-Vis Spectrophotometer. These readings were taken

at wavelength settings of 645 mp, for chlorophyll b and 663 mp, for

chlorophyll a. The total amount of chlorophyll was then determined
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using the following formula:

Concentration of chlorophyll (mg/liter) =

20.2 (0. D. 645 mp.) + 8.02 (0. D. 663 mp.).

Results and Discussions. The results of this experiment

(Table 4) showed that continuous light reduced the chlorophyll con-

tent by approximately 50% while magnesium deficiency decreased it

by about 70%. The chlorophyll a to chlorophyll b ratio for tomato

plants grown under a 12-hour photoperiod was about 2.8:1.0. This

ratio for plants grown under continuous light was 2. 5: 1.0. These

ratios are just slightly higher than those obtained by Guthrie (1929).

It was interesting to note that the shift in a to b ratio was also very

similar to that obtained by Guthrie.

Table 4. Chlorophyll content as affected by light and magnesium. (average of 5 replications)

Treatment
Chlorophyll concentration (mg/liter)

Chlorophyll a Chlorophyll b Ratio a/b Total

12 Hour Photoperiod-Zero Magnesium 26.84 9.86 2. 72:1 36. 70
12 Hour Photoperiod-High Magnesium 77.16 27.28 2. 83:1 104. 44
Continuous Light-Zero Magnesium 12.62 5. 10 2.47:1 17.72
Continuous Light-High Magnesium 35, 73 14.00 2. 55:1 49. 73

Dosage Response Studies

The toxicity of herbicides is highly dependent upon soil tex-

ture. The objective of this experiment was to determine the amount

of atrazine, diuron, and bromacil required to cause an intermediate

reduction in plant growth using sand as a support media.
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Materials and Methods. Three identical experiments were

initiated, one using atrazine at rates of 0, 1/8, 1/16, 1/32, and

1/64 ppm, one using diuron at rates of 0, 1/8, 1/16, 1/32, and

1/64 ppm, and one using bromacil at rates of 0, 1/8, 1/16, and

1/32 ppm. The plants were seeded as outlined in the general pro-

cedures section. All plants received nutrient solution containing

high magnesium. Continuous light was used in all experiments.

The experiments were all conducted as completely randomized de-

signs with four replications. The above-ground portions of the

plants were harvested five weeks after planting (two weeks after

being treated with herbicide).

Results and Discussions. The results (Figure 2) showed that

diuron was the most toxic to tomato plants of the three herbicides

tested. The herbicide and the rate required to cause approximately

50% reduction in growth are as follows: diuron 1/32 ppm, atrazine

1/16 ppm, and bromacil 1/16 ppm. These rates were later select-

ed as the intermediate rates when studying the interaction between

the herbicides and magnesium.

Studies on the Interaction Between Magnesium and Atrazine

Previous studies by Brenchley (1967) had indicated that mag-

nesium deficient plants were significantly more susceptible to

atrazine than plants grown with normal Hoagland solution. The
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Figure 2. Dosage response curves of tomato plants treated with various herbicides.
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following experiments were established to substantiate the atrazine

results and to expand the investigations to include other Hill-reaction

herbicides.

Materials and Methods. Seeds were planted in plastic pots

as outlined in the general procedures section. Atrazine rates of 0,

1/8, 1/16 and 1/32 ppm were added to the sand containing the toma-

to plants. The herbicide treatment was applied when the plants were

three weeks old. Three rates of magnesium were used as outlined

in Table 1. The plants were grown continuously in the nutrient solu-

tion from time of seeding to harvest time. The experiment was con-

ducted in a completely randomized design with four replications and

twelve treatments. Plant tops were harvested five weeks after

planting. Plants were grown under continuous light conditions.

Results and Discussions. Average dry weights and percent of

check values are recorded in Table 5. The analysis of variance is

given in Table 6. The results of this experiment were nearly identi-

cal to those obtained by Brenchley in 1967. The analysis of variance

for the dry weight data showed that plants differed significantly from

magnesium treatments, atrazine treatments, and the interaction be-

tween magnesium and atrazine.
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Table 5. The effect of magnesium and atrazine on the dry weight of tomato plants.

Treatment

Zero-magnesium 0 ppm atrazine
1/32 ppm atrazine
1/16 ppm atrazine
1/8 ppm atrazine

Medium magnesium 0 ppm atrazine
1/32 ppm atrazine
1/16 ppm atrazine
1/8 ppm atrazine

High magnesium 0 ppm atrazine
1/32 ppm atrazine
1/16 ppm atrazine
1/8 ppm atrazine

Average dry weight per
four plants in grams

Percent
of check

4.47 64.0
4.04 57.9
1.31 18.8
0.37 5.2

6.78 97.0
3.55 50.8
1.36 19.5
0.32 4.6

1
6.99 100.0
4.49 64.3
2.66 38.1
0.74 10.6

1Check
treatment

Table 6. Analysis of variance for magnesium-atrazine effects on the dry weight of tomato plants.

Source of variation df Sum of Squares Means Square F value

Between Treatment 11 242.90 22.08 79. 91 **

Magnesium 2 11.16 5.58 20.20**
Atrazine 3 220.21 73.41 265. 67 **

Magnesium X Atrazine 6 11.52 1.92 6. 95 **

Within Treatment 36 9,95 0.276
Total 47 252.85

**Significant at the 1% level
C. V. = 17.0%
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The Effect of a 12-Hour Photoperiod on the Interaction
Between Magnesium and Atrazine

Previous research has indicated that continuous light reduces

plant growth (Figure 1) and decreases the chlorophyll content (Table

4) and since all previous experiments were conducted under continu-

ous light condition, the question arose concerning what the inter-

action between magnesium and atrazine would be under a 12-hour

photoperiod. This experiment was designed to determine whether

magnesium would significantly reduce the toxic effects of atrazine

under a 12-hour dark 12-hour light regime.

Materials and Methods. The plants were seeded in plastic

pots as outlined in the general procedures section. Zero and high

magnesium levels were used as outlined in Table 1. Plants were

grown in nutrient solution from time of planting to harvest. This

experiment was covered with the tarp mentioned in the previous

experiment on chlorophyll determination so that it received 12 hours

of light and 12 hours of dark. Plants were treated with atrazine

four weeks after seeding and harvested one week later. Plants were

grown under the greenhouse conditions listed in the general proce-

dures section. The experimental design used in this experiment was

completely randomized with four replications.

Results and Discussions. The results of this experiment

(Tables 7 and 8) were similar to those of previous experiments
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except the magnesium X atrazine interaction was not significant.

Magnesium still tended to reduce the toxic effects of atrazine; how-

ever, this trend was not significant at the 0. 05% level. The magne-

sium and atrazine effects were significant at the 0. 01% level.

Table 7. The effect of magnesium and atrazine on the dry weight of tomato shoots grown under a
12 hour photoperiod.

Average dry weight per Percent
Treatment four plants in grams of check

Zero-magnesium 0 ppm atrazine 3. 83 73. 9
1/16 ppm atrazine 1. 82 44.0
1/8 ppm atrazine 1. 70 31.3
1/4 ppm atrazine 1. 23 26.8

High-magnesium 0 ppm atrazine 4. 24 100.01
1/16 ppm atrazine 2. 08 52.0
1/8 ppm atrazine 1. 62 40. 5
1/4 ppm atrazine 1. 50 32. 9

1
Check treatment

Table 8. Analysis of variance for magnesium-atrazine effects on the dry weight of tomato shoots
grown under a 12 hour photoperiod.

Source of variation df Sum of Squares Means Square F value

Between Treatment 7 31.65 4. 52 40.72**
Magnesium 1 2. 19 2. 19 19. 73**
Atrazine 3 28.53 9.51 85. 68**
Magnesium X Atrazine 3 0. 93 0.31 2. 79N. S.

Within Treatment 24 2, 67 0. 11
Total 31 34.32

** Significant at the 0. 01% level
N. S. = Non-significant at the 0. 05% level
3. 01 = Significance at the 0.05% level for the magnesium x atrazine term.
C. V. = 14. 7%
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Studies on the Interaction Between Diuron and Magnesium

Materials and Methods. This experiment was conducted in

exactly the same manner as the previous experiment on atrazine, the

only difference being that diuron (3-(3, 4-dichloropheny1)-1, 1-

dimethylurea) at rates of 0, 1/64, 1/32, and 1/16 ppm was used in-

stead of atrazine. The length of the experiment was six weeks

(plants were harvested three weeks after herbicide was applied).

Continuous light was used.

Results and Discussions. Average dry weights and percent of

check values are recorded in Table 6. The analysis of variance is

given for the data in Table 7. The results of this experiment were

again very similar to those obtained in the previous experiment.

The dry weight of plant tops differed significantly from magnesium,

diuron, and the interaction between magnesium X diuron. It appeared

that magnesium reduced the phytotoxicity of this urea herbicide.
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Table 9. The effect of magnesium and diuron on the dry weight of tomato plants.

Treatment

Zero-magnesium 0 ppm diuron
1/64 ppm diuron
1/32 ppm diuron
1/16 ppm diuron

Medium-magnesium 0 ppm diuron
1/64 ppm diuron
1/32 ppm diuron
1/16 ppm diuron

High-magnesium 0 ppm diuron
1/64 ppm diuron
1/32 ppm diuron
1/16 ppm diuron 1.58 11.6

Average dry weight per
four plants in grains

Percent
of check

6.02 44. 1
5. 85 42. 9
4. 14 30. 9
1.81 13. 2

13. 26 97. 2
9.83 72.0
8.05 59.0
2. 14 15.7

13.64 100. 01

10. 90 79. 9
5. 93 43. 4

1Check
treatment

Table 10. Analysis of variance for magnesium-diuron effects on the dry weight of tomato plants.

Source of Variation df Sum of Squares Means Square F value

Between Treatment 11 796.8 72.40 30. 17**

Magnesium 2 147.7 73.85 30.77 **

Diuron 3 561. 56 187.20 77. 80**
Magnesium X Diuron 6 87. 50 14.60 6. 07**

Within Treatment 36 86. 60 2. 40

Total 47 883.4

** Significant at the 0. 01% level
C. V. = 22. 0%

Studies on the Interaction Between Magnesium and Linuron

Materials and Methods. Dubley and Freeman (1964) reported

that the ED
50

values for linuron (3(3, 4-dichlorophenyl)-1- methoxy-

1 - methylurea) were positively correlated with exchangeable K and

Mg. An experiment was established to determine if this interaction
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could be duplicated using the techniques developed in the thesis.

Procedures for this experiment were similar to those used in the

experiments previously described. Linuron at rates of 0, 1/64,

1/32, and 1/16 ppm were used. The tomato plants were treated four

weeks after planting and harvested one week later. Continuous light

was used in this experiment. The medium-magnesium rate was

eliminated and six replications were used for each treatment.

Results and Discussions. The results of this experiment

(Tables 11 and 12) showed a significant interaction between magne-

sium and linuron using the techniques developed in this thesis. High

magnesium levels tended to reduce the phytotoxicity of linuron to the

plants.

Table 11. The effect of magnesium and linuron on the dry weight of tomato plants.

Treatment

Zero-magnesium

High-magnesium

0 ppm linuron
1/64 ppm linuron
1/32 ppm linuron
1/16 ppm linuron

0 ppm linuron
1/64 ppm linuron
1/32 ppm linuron
1/16 ppm linuron

Average dry weight per
four plants in grams

Percent
of check

2. 87 40. 8
2.32 32. 9
2.06 29. 3
1.67 23. 7

7.04 100.0
6.56 93.2
5. 75 81.7
4. 36 61. 9

1Check
treatment
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Table 12. Analysis of variance for magnesium-linuron effects on the dry weight of tomato plants.

Source of variation df Sum of Squares Means Square F value

Between Treatment 7 193. 82 27.68 141. 94**

Magnesium 1 164. 35 164. 35 842. 80**
Linuron 3 24.82 8.27 42.46**
Magnesium X Linuron 3 4. 65 1. 55 7. 96**

Within Treatment 40 7.79 0. 195
Total 47 201.61

** Significant at the 0.01% level
C. V. = 10.8%

Studies on the Interaction Between Magnesium and Bromacil

Materials and Methods. Bromacil (5-bromo-3-sec-buty1-6-

methyluracil) at rates of 0, 1/16, 1/8, and 1/4 ppm was used in this

experiment. Seeds were planted in pots containing sand as in the

previous experiments. Plants were treated with herbicide three

weeks after planting and harvested five weeks after planting. Con-

tinuous light was used in this experiment. The experimental design

used in this experiment was completely randomized with four repli-

cations. Three rates of magnesium were used.

Results and Discussions. The results of this experiment

(Tables 13 and 14) were similar to those found in the previous ex-

periments. Magnesium significantly reduced the toxicity of this

uracil compound.
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T able 13. The effect of magnesium and bromacil on the dry weight of tomato plants.

Treatment

Zero-magnesium 0 ppm bromacil
1/16 ppm bromacil
1/8 ppm bromacil
1/4 ppm bromacil

Medium-magnesium 0 ppm bromacil
1/16 ppm bromacil
1/8 ppm bromacil
1/4 ppm bromacil

High-magnesium 0 ppm bromacil
1/16 ppm bromacil
1/8 ppm bromacil
1/4 ppm bromacil

Average dry weight per
four plants in grams

Percent
of check

3.86 65.4
2.29 38.8
0.68 11.5
0.45 7.6

5.77 97.8
3.16 53.6
0.70 11.9
0.48 8.1

5.90 100.0
2.59 44.9
0.63 10.7
0.49 8.3

1
Check treatment

Table 14. Analysis of variance for magnesium-bromacil effects on the dry weight of tomato plants.

Source of variation df Sum of Squares Means Square F value

Between Treatment 11 184.91 16.81 63.43**
Magnesium 2 4.57 2.29 8.62**
Bromacil 3 172.82 57.60 217.36**
Magnesium X Bromacil 6 7.52 1.25 4.73**

Within Treatment 36 9. 55 0.265
Total 47 194.46

** Significant at the 0.01% level
C. V. = 22.8%,
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Studies on the Effect of External Plant Magnesium
on the Toxicity of Atrazine

Having completed preliminary experiments designed to deter-

mine whether Hill reaction herbicides with diverse chemical struc-

ture (triazines, ureas, and uracils) would interact with magnesium in

a similar manner, the following experiments were performed to

determine the possible site of this interaction. Several possibilities

as to how this interaction may take place were proposed by Brenchley

(1967). One possible mechanism would be the combination of mag-

nesium with atrazine in the sand media to form a non-toxic atrazine-

magnesium complex. The following experiment was designed to

study this possibility.

Materials and Methods. The plants were seeded in plastic

pots as outlined in the general procedures section. Magnesium rates

consisted of zero and high levels as outlined in Table 1. Plants

were grown in this nutrient solution from time of seeding to when the

plants were 25 days old. At this time the sand containing the plants

was washed thoroughly with distilled water for three consecutive

days. Liberal amounts of water were used in order to remove any

mineral salts contained in the sand. When the plants were 28 days

old, the atrazine was applied to the sand containing the plants.

Atrazine was applied in distilled water so as to eliminate the pos-

sibility of complexing with the nutrient elements in the nutrient
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solution. Nutrient solution was then added to the plants when they

were 30 days old. It was assumed that most of the atrazine would

have been taken up in the two days following treatment. Therefore,

nutrient solution could again be added to the plants without forming a

magnesium-atrazine complex in the sand media. Plant shoots were

harvested when the plants were 35 days old. This experiment was

conducted using a continuous light source. Plants were grown under

the greenhouse conditions listed in the general procedures section.

Results and Discussions. Average dry weights and percent of

check values are recorded in Table 15. The analysis of variance is

given in Table 16. The interaction term (Magnesium X Atrazine)

was still highly significant at the .01% level. The addition of mag-

nesium reduced the toxicity of atrazine even more than in previous

experiments. These results indicated that magnesium was not com-

plexing with atrazine and forming a non-toxic complex in the sand

media.

The Inhibition by Atrazine of CO2- Uptake and Dark Respiration
of Tomato Plants Grown Under Various

and Light Regimes
Magnesium Levels

Photosynthesis and respiration are of primary importance in

plant growth, and direct measurements of these processes are use-

ful when studying the influence of herbicides on growth. However,

past experiments on photosynthesis and respiration have been
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Table 15. The effect of magnesium and atrazine on the dry weight of tomato shoots when the
sand was washed clean of nutrients for three days prior to atrazine treatment.

Treatment

Zero-magnesium

High-magnesium

0 ppm atrazine
1/16 ppm atrazine
1/8 ppm atrazine
1/4 ppm atrazine

0 ppm atrazine
1/16 ppm atrazine
1/8 ppm atrazine
1/4 ppm atrazine

Average dry weight per
four plants in grams

Percent
of check

3. 10 48.6
1. 91 29, 9

1. 82 28. 5

1. 57 24. 6

6. 38 100.0
1

3. 99 62. 5

3. 27 51. 3

2. 18 34. 2

1
Check treatment

Table 16. The analysis of variance for magnesium-atrazine effects on the dry weight of tomato
plant shoots.

Source of variation df Sum of Squares Means Square F value

Between Treatment 7 106. 93 15. 28 228, 0**

Magnesium 1 41.40 41. 40 617. 9**

Atrazine 3 54. 08 18. 03 269, 1**

Magnesium X Atrazine 3 11. 45 3. 82 56. 9**

Within Treatment 40 2. 71 0.067
Total 47 109.64

** Significant at the 0, 01% level
C. V. = 8. 6%.
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conducted using single leaves, isolated chloroplasts, or mitochon-

dria which have been removed from the plant. This practice has

often given erroneous results since many sources of error may be

introduced. For example, the rate of photosynthesis is dependent

on the age of the leaf removed, therefore, photosynthetic activity

can be manipulated simply by removing leaves from different areas

of the plant. With the advent of infra-red gas analyzer, it is now

possible to study these processes in intact plants. This allows us to

obtain a much better picture of the overall effect of herbicides on

photosynthesis and respiration.

Materials and Methods. Two experiments were conducted

using the infra-red gas analyzer to measure CO2 exchange. Both

experiments were nearly identical, the only difference being that

one of the experiments received a 12-hour photoperiod while the

other received continuous light. Tomato plants were planted in

plastic pots as outlined in the general procedures section. These

plants were grown under greenhouse conditions until they were 25

days old, at which time they were transferred into a growth-chamber

mentioned in the general procedures section. The plants were

acclimated to these new conditions for three days, at which time

they were treated with atrazine at rates of 0, 1/32, 1/16, and 1/8

ppm. A Beckman infra-red analyzer, Model 215, was used to

measure and record CO 2-uptake and respiration. A Heath recorder
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was used to record the data. Nitrogen gas was used to zero the

instrument and gas containing 375 ppm CO2 was used to calibrate

CO2 levels within the analyzer before each series of measurements.

The gas analyzer was attached to an assimilation chamber made of

clear plexiglass (Plate VI). The inside dimensions of the chamber

were 9-1/2 X 9-1/2 X 13-1/2 inches. A small 6-volt motor which

drove a six-inch propeller was mounted inside the chamber to pro-

vide thorough mixing of the air. Four half-inch plastic tubes were

mounted inside the chamber. Two of the tubes were mounted near

the top of the chamber and two were placed about five inches up

from the base. These tubes were perforated with 1/32" holes placed

at 1/4" intervals to allow air to pass in and out of the tube. The

bottom two tubes were connected to the input of the gas analyzer

while the top tubes were used to force air into the assimilation

chamber. A pump supplying 10 psi, was used to circulate the air

from the assimilation chamber to the gas analyzer. When the plants

were measured for CO -exchange, a pot containing four tomato

plants was placed in the center of a 2 X 2 foot plexiglass base. The

assimilation chamber was then placed over the plants and sealed to

the base with molding clay. This provided an air-tight seal with

the only means of air escape being through the four perforated plas-

tic tubes. CO2 fixation was measured and recorded for five minutes.

Then a piece of black, plastic tarp was placed over the assimilation



Plate VI. Assimilation chamber for infra-red gas
analyzer.

Plate VII. Experimental area where gas analyzer
experiments were conducted.
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chamber and sealed around the edges to prevent light from entering

the chamber. Dark respiration was then also measured for five

minutes. The plants were then removed and another pot with plants

was placed in the chamber for measurement until all treatments

were measured. CO2 exchange rates were measured at 0, 6, 12,

24, 48, 72, and 120 hours after treatment with herbicide.

Results and Discussions. Results from these two experiments

(Figures 3 through 14) were similar in several respects. In both

experiments, respiration was increased for the first 12 hours fol-

lowing application of atrazine rates of 1/32 and 1/16 ppm (Figures

5, 6, 11, and 12). After 12 hours there was a rapid decrease in

respiration at both of these herbicide rates. These results would

tend to clarify the contradiction in results by Roth (1958), Ashton

(1962), and Funderburk and Davis (1963). Roth (1958) and Ashton

(1962) reported an increase in respiration which would be true if

respiration was measured on a short term experiment (1-6 hours).

However, if respiration was measured over a longer period of time

such as that reported by Funderburk and Davis (1963), it would show

a definite decrease. All herbicide treatments reduced net CO2 fixa-

tion. This reduction was apparent at the first measurement 6 hours

after treatment with herbicide. Net CO2 fixation reached a mini-

mum at 12-24 hours after treatment. The plants that were treated

with atrazine at rates of 1/32 and 1/16 ppm began to recover and
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fix CO2 after about 24 hours (Figures 3, 4, 9, and 10). Those

plants receiving atrazine at rates of 1/8 ppm never did recover.

Evidently their system was completely overloaded with the herbi-

cide so that it was impossible for them to recover. Plants receiving

high magnesium levels recovered much more rapidly than those re-

ceiving no magnesium. These differences in recovery rate between

magnesium treatments were observed in both light regimes but were

noticeably greater under continuous light than under the 12-hour

photoperiod. This difference in degree of recovery is much more

apparent when comparing the total photosynthetic activity curves

shown in Figures 7, 8, 13, and 14.

Atrazine tended to reduce transpiration in all experiments.

This decrease started at the time of application of the herbicide and

continued throughout the duration of the experiments. These results

are recorded in the Appendix, Tables 9 and 10. It was noted that

plants grown under the 1/32 and 1/16 ppm atrazine rates tended to

partially recover and transpire at a more rapid rate after about

three days following herbicide application. This recovery in trans-

piration tended to lag the recovery in CO2 fixation by about 36-48

hours.
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Figure 14. The effect of magnesium and atrazine levels on total photosynthetic activity of tomato
plants grown under a 12 hour photoperiod.
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CONCLUSIONS

The addition of magnesium to magnesium-deficient tomato

plants significantly decreased the toxicity of atrazine, diuron,

linuron, and bromacil. Growth of tomato plants grown in sand cul-

tures was significantly reduced by withholding magnesium from the

nutrient solution. By adding various amounts of atrazine, diuron,

linuron, and bromacil to these magnesium-deficient plants, it was

noted that magnesium significantly reduced the toxic effect of these

herbicides.

Before discussing various possibilities as to how magnesium

may decrease toxicity of Hill-reaction herbicides, past research

should be reviewed so that an overall picture of the mode of action

of these herbicides may be obtained. Exer (1958), Crafts (1961),

and Moreland (1958) showed that atrazine inhibits the Hill reaction

in a manner similar to that of diuron. This means that the electron

from water is prevented from being received by plastoquinone,

thereby blocking the photosynthetic mechanism. The system which

appears to be affected by many of these herbicides is the oxygen

evolution system associated with light reaction II. Components of

this system are essentially unknown, and the exact placement of the

site of action of these herbicides must await further elucidation of

the pathway. That light plays an important role in the phytotoxicity
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of these herbicides has been referred to by several investigators.

Gast (1958) showed that Coleus leaves kept in the dark were able to

form starch in the presence of the herbicide when fed a saccharose

solution. This reaction would not take place in the presence of

light, which indicates that light is causing the inhibition. Ashton

et al. (1960) also showed that atrazine was more toxic at 428 mp.

and 658 mp. light peaks, which are the absorption peaks of chloro-

phyll. This would indicate that the chlorophyll pigment is absorbing

the light energy which may be used to photo-oxidize the plant cell.

Crafts (1961), Allen and Palmer (1963) have all reported that these

herbicides caused a drastic change in the metabolism of living

cells in the presence of light. Ashton et al. (1963) found that the

chloroplasts of leaves treated with atrazine ultimately disintegrated

when kept in the light but remained unchanged in plants kept in the

dark, with or without atrazine. In summary, it appears that when

these Hill-reaction herbicides prevent the splitting of water, the

energy absorbed by chlorophyll is then used in photo-oxidation pro-

cesses. This energy could easily be used to produce a "free radical"

as suggested by Ashton (1965) which would cause such drastic

changes in the plant in the presence of light.

In order for magnesium to decrease the toxicity of atrazine,

it must alter the form of atrazine or limit the amount present at its

site of action. There are several possibilities as to how this may
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happen.

(1) Magnesium may combine with atrazine in the sand media

to form a non-toxic atrazine-magnesium complex. An experiment

was conducted and results showed that no such complex was being

formed (Tables 15 and 16). The interaction between magnesium

and atrazine was still highly significant when the magnesium was

removed from the sand media at the time of herbicide treatment.

(2) Magnesium may compete with atrazine for absorption sites

on the root surface. This hypothesis was also disapproved by the

same experiment since the ED50 value of this experiment was high-

er than those obtained when magnesium was supplied throughout

the entire duration of the experiment. This conclusion seems to be

supported by the observation that the F values for the magnesium

x atrazine interaction in experiments where magnesium was re-

moved from the sand media seemed to be somewhat higher than the

corresponding F value of experiments where magnesium was sup-

plied for the duration of the experiment (Table 16 vs Table 6).

(3) Magnesium may complex with atrazine in the plant to

form a non-toxic atrazine-magnesium complex. While this may be

a possibility, it would be extremely difficult to prove or disprove.

Several people (Johnson and Colmer, 1958; Upchurch et al. , 1963)

have suggested that the formation of a mineral-herbicide complex

may exist but no one has isolated such a complex. It is extremely
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difficult to devise an extraction method where it is possible to ex-

tract the herbicide taken up by the plant and to be assured that it is

the same form that it existed in the plant. Extraction techniques

most often alter this form quite drastically.

(4) The addition of magnesium may greatly enhance the syn-

thesis of chlorophyll and thus provide many more sites which a

given amount of atrazine must overcome. The research in this

thesis would strongly suggest that this may be the case since the

ED
50 values are positively correlated with chlorophyll concentration.

Moreland and Hill (1962) obtained similar results in their research.

They concluded that the molar quantities of herbicide required to

inhibit by 50% the activity of turnip-green chloroplast was related to

the c'oncentration of chlorophyll in the reaction mixture. This

hypothesis also explains why the interaction term (magnesium X

atrazine) in the experiment conducted under a 12-hour photoperiod

was not significant. Chlorophyll analysis (Table 4) showed that

plants grown under a 12-hour photoperiod contained nearly twice

as much chlorophyll as plants grown under continuous light. Con-

tinuous light and the lack of magnesium reduced the chlorophyll

level to the extent that any addition of magnesium had a great effect

on chlorophyll concentration and thus the magnesium X atrazine

interaction became significant. The magnesium X atrazine inter-

action appeared to be significant only when the chlorophyll content
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in the plants was at a very low level.

This relationship between atrazine toxicity and chlorophyll

concentration could well be an indirect effect. Plants with high

chlorophyll content would be more metabolically active, producing

more lipids, starches, carbohydrates, and lipid-soluble compounds

which may complex with atrazine and thus limit the amount of atra-

zine available at its given site of action. Researchers in the past,

after having extracted atrazine, have found that there has always

been a certain amount of the herbicide which could not be accounted

for. They have attributed this loss to lipid-soluble complexes

which bind the herbicide so tightly that they were unable to extract

it. This process called conjugation has frequently been referred to

in the literature. The increase in metabolism from higher chloro-

phyll content may also increase enzyme reactions in the plant which

may be responsible for the inactivation of atrazine. The results

obtained from the gas analyzer experiments indicate that the high

chlorophyll plants have the ability to metabolize atrazine since

these plants recovered from the effects of the herbicide. The

recovery in respiration and CO2 uptake by tomato plants demon-

strates that some physiological inactivation of the herbicide has

taken place. However, indications as to the nature of such an in-

activation cannot be obtained from this type of experiment.

It has been suggested in the introduction that this research
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may be used from a practical stand point in adjusting herbicide

rates in magnesium deficient areas or adding magnesium to over-

come toxicity symptoms. In the final analysis, it doesn't appear

that this proposal will ever be of any significance since the inter-

action between magnesium and atrazine occur only when the chloro-

phyll content is very low. In nature, plants seem to contain much

more chlorophyll than is necessary for maximum photosynthesis,

therefore this interaction between magnesium and Hill reaction

herbicides would probably be non-significant and thus go unnoticed

under field conditions.
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SUMMARY

Experiments were conducted in the greenhouse and laboratory

to study the nature of the interaction between magnesium and atra-

zine. The effect of magnesium on the toxicity of other Hill-reaction

herbicides (diuron, linuron, and bromacil) was studied. The influ-

ence of magnesium and photoperiod on tomato plants was investigated

and experiments were conducted to determine the effect of these

variables on chlorophyll content. The infra-red gas analyzer was

used to study the effect of magnesium, photoperiod, and atrazine on

the rate of respiration and photosynthesis. The following results

were obtained:

1. Magnesium significantly reduced the toxicity of atrazine

to tomato plants when grown under continuous light; how-

ever, this interaction was not significant when tomato

plants received a 12-hour photoperiod.

2. The interaction between magnesium and diuron, linuron,

or bromacil was also significant at the 0. 01% levej. when

tomato plants were grown under continuous light.

3. Continuous light was lethal to tomato plants after about 35

days.

4. The chlorophyll content of tomato plants receiving a 12-

hour photoperiod was nearly twice as high as the
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chlorophyll content of plants grown under continuous light,

5. The chlorophyll content of tomato plants grown under

continuous light or a 12-hour photoperiod was reduced by

50% by withholding magnesium from the nutrient solution.

6. The respiration rate of tomato plants was increased by

atrazine at rates of 1/32 and 1/16 ppm for the first 6-8

hours following herbicide application but decreased to a

minimum 24 hours after application. Plants began to re-

cover the ability to carry on respiration after 36 hours

from time of application.

7. The rate of CO2 fixation was reduced in all plants receiv-

ing atrazine. This decrease was noted at the first

measurement which was 6 hours following herbicide ap-

plication, The plants receiving atrazine at rates of 1/32

and 1/16 ppm began to recover and fix CO2 24 hours after

herbicide application.

8. The transpiration rate of all plants receiving atrazine was

decreased. Only the plants receiving 1/32 ppm atrazine

showing any ability to recover. However, the rate of

transpiration after recovery never did reach the rate of

transpiration obtained before herbicide application.
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Table 1. Milliliters of nutrient solution used by tomato plants per pot after atrazine treatment.

Zero-Mg
Atrazine Rate/ppm

Medium-Mg
Atrazine Rate/ppm

High-Mg
Atrazine Rate/ppm

Date 0 1/16 1/8 1/4 0 1/16 1/8 1/4 0 1/16 1/8 1/4

Apr 9 150 150 150 150 150 150 150 150 150 150 150 150

" 10 150 150 150 150 150 150 150 150 150 150 150 150

" 11 160 150 150 150 160 150 150 150 160 150 150 150

" 12 180 150 150 140 170 150 150 140 170 150 150 140

" 13 180 150 140 140 180 150 140 140 180 150 140 140

" 14 180 140 140 130 190 150 140 130 190 150 140 130

" 15 190 140 130 120 200 150 130 120 190 140 130 120

" 16 190 140 120 110 200 140 120 110 200 140 120 110

" 17 200 140 110 110 200 140 110 110 210 140 110 110

" 18 210 140 110 100 210 140 110 100 210 140 110 100

" 19 210 130 100 85 220 140 100 85 220 140 100 85

" 20 220 130 80 75 220 130 80 75 230 140 80 75

" 21 230 130 60 60 230 130 60 60 240 140 60 60

" 22 240 125 60 60 240 130 60 50 250 130 60 50

" 23 240 125 50 50 240 130 50 50 250 130 50 50

Total 2920 2090 1700 1620 2960 2130 1700 1620 3000 21 40 1700 1620
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Table 2. Growth rates for tomato plants grown under various light and magnesium treatments

(grams dry weight of four plants).

Days from seeding

Continuous Light 12 Hour Photoperiod

0-Magnesium High-Magnesium 0-Magnesium High-Magnesium

11 .0057 .0062 0054 .0061

13 . 0104 .0135 0108 .0111

15 .0300 .0235 0224 .0244

17 . 0613 . 0393 . 0359 .0461

19 .0867 .1008 . 0584 .0783

21 .2030 .2356 . 0748 .0924

23 .3846 .4541 . 2466 . 2526

25 .6930 .7481 .3990 .5590

27 1.0456 1.7117 . 8298 .84'25

29 1.3639 1.9450 1.0873 1. 3380

31 1.5085 2.4800 1.4577 1.7154

33 3.2380 3.4575 1.9495 2.5860

35 3. 0235 4. 5127 3.5386 4. 3070

37 3.6340 6.4920 3. 7160 5.8865

39 3. 6310 6. 0020 5.0025 6.2695

41 3.4561 7. 2143 4. 8520 9. 6465
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Table 3. Chlorophyll concentration as affected by light and magnesium treatments.

Treatment

12 Hr Photoperiod-Zero Mg

12 Hr Photoperiod-High Mg

Continuous Light-Zero Mg

Continuous Light-High Mg

Concentration

0. D. (645 mu) Chlorophyll b

. 495 10. 00

.474 9.58

.494 9.98

. 496 1 O. 01

.482 9.75

1. 386 28. 00
1.350 27.26
1.344 27.16
1. 361 27.50
1.312 26.50

. 248 5.00

.233 4.71

.283 5.71

.255 5.15

. 244 4.93

. 684 1 3. 81

.681 1 3. 75

.673 1 3. 60

.728 1 4. 70

.699 1 4.1 2

mg/liter

0. D. (563 mu) Chlorophyll a

3. 33 26. 73
3.26 26.15
3.50 28.05
3. 37 27. 01
3.28 26.29

9. 36 75. 10
9.50 76.20
9.76 78.30
9. 62 77. 20
9.85 79.00

1.51 12.12
1.41 11.32
1.68 13..50
1.63 1 3. 05

1.63 13.11

4. 51 36. 21
4.44 35.59
4.38 35.12
4.49 36.02
4.45 35.71

Table 4. The effect of magnesium, atrazine, and continuous light on the dry weight of tomato
shoots.

Treatment

0-Magnesium 0 ppm Atrazine
1/8 ppm Atrazine
1/16 ppm Atrazine
1/32 ppm Atrazine

Med. -Magnesium 0 ppm Atrazine
1/8 ppm Atrazine
1/16 ppm Atrazine
1/32 ppm Atrazine

High-Magnesium 0 ppm Atrazine
1/8 ppm Atrazine
1/16 ppm Atrazine
1/32 ppm Atrazine

Dry weights of tomato shoots in grams

Rep I Rep II Rep III Rep IV Ave.

5. 09
0.44
2.03

4. 31
0.31
0.91

4. 81
0.37
1.44

3. 68
0. 36
0.87

4. 47
0. 37
1.31

4.10 4. 25 3.69 4.13 4. 04

7. 29 6.45 6. 27 7. 11 6. 78
0.28 0. 33 0. 31 0. 36 0. 32
0. 70 1.63 1.64 1.48 1 . 36

4.44 3.09 2.56 4.10 3.55

7. 38 7. 35 6. 67 6.55 6. 99
0. 43 0. 64 0. 82 1. 08 0. 74
3.10 2.61 1.61 3. 34 2.66
5.30 4.58 4.54 3.55 4.49
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Table 5. The effect of magnesium, atrazine, and 12 hour photoperiod on the dry weight of tomato
shoots.

Treatment

0-Magnesium 0 ppm Atrazine
1/16 ppm Atrazine
1 /8 ppm Atrazine
1/4 ppm Atrazine

High-Magnesium 0 ppm Atrazine
1 /16 ppm Atrazine
1/8 ppm Atrazine
1/4 ppm Atrazine

Dry weights of tomato shoots in grams
Rep I Rep II Rep III Rep IV Ave.

3.83 2.72 3.47 2.55 3.14
1.82 2.06 1.88 1.73 1.87
1.70 1.58 1.24 0.79 1.33
1.23 1.09 1.00 1.25 1.14

4. 24 4. 45 4. 12 4.19 4. 25
2.08 2. 36 1.59 2.80 2. 21
1.62 1.93 1.65 1.68 1.72
1.50 1.42 1.17 1.51 1.40

Table 6. The effect of magnesium, diuron, and continuous light on the dry weight of tomato
shoots.

Treatment

0-Magnesium 0 ppm Diuron
1/16 ppm Diuron
1/32 ppm Diuron
1/64 ppm Diuron

Med. -Magnesium 0 ppm Diuron
1 /16 ppm Diuron
1/32 ppm Diuron
1/64 ppm Diuron

High-Magnesium 0 ppm Diuron
1/16 ppm Diuron
1/32 ppm Diuron
1/64 ppm Diuron

Dry weights of tomato shoots in grams

Rep I Rep II Rep III Rep IV Ave.

6. 72 5. 78 6. 41 5. 15 6. 01
1.57 2. 33 1.00 2. 32 1.81
4.14 3.52 2. 90 6.02 4. 14
5.36 6. 29 6. 14 5. 63 5.85

13. 06 14.50 12.19 13. 27 13. 26
2.41 2.05 1.92 2.18 2.14
4.98 7. 31 10.53 9.40 8.05

11.59 9.70 7.08 10.94 9. 83

15.87 15.69 8.92 14.09 13.64
1.61 0.97 1.82 1.91 1.58
3. 94 5.12 6. 98 7. 66 5. 93

10.73 11.31 12. 23 9. 34 10.90



89

Table 7. The effect of magnesium, linuron, and continuous light on the dry weight of tomato
shoots.

1177 weights of tomato shoots in grams
Treatment Rep I Rep II Rep III Rep IV Rep V Rep VI Ave:.

0-Mg 0 ppm Linuron
1/64 ppm Linuron
1 / 32 ppm Linuron
1/16 ppm Linuron

High-Mg 0 ppm Linuron
1/64 ppm Linuron
1 / 32 ppm Linuron
1/16 ppm Linuron

3. 42 2. 22 2. 98 2. 87 3. 20 2.54 2. 87
2.71 2.58 1.74 2.22 2. 35 2.30 2. 32
2.30 1.62 1.28 2.58 2.36 2.19 2.06
1.81 1.30 1.84 1.64 1.75 1.68 1.67

7.59 6. 61 6. 32 7. 66 7. 04 7. 04 7. 04
6. 61 6.72 6. 30 6.53 6.42 6.80 6.56
5.84 5.88 6.12 6.02 4.84 5.82 5.75
4.14 4.50 4.10 3.31 5.18 4.91 4. 36

Table 8. The effect of magnesium, bromacil, and continuous light on the dry weight of tomato
shoots.

Treatment

0-Magnesium 0 ppm Bromacil
1 /4 ppm Bromacil
1/8 ppm Bromacil
1/16 ppm Bromacil

Med. -Magnesium 0 ppm Bromacil
1 / 4 ppm Bromacil
1/8 ppm Bromacil
1/16 ppm Bromacil

High-Magnesium 0 ppm Bromacil
1 /4 ppm Bromacil
1/8 ppm Bromacil
1/16 ppm Bromacil

Ds weights of tomato shoots in grams
Rep I Rep II Rep III Rep IV Ave.

4. 33 3.78 4. 47 2. 85 3. 86
0.48 0.43 0.41 0.49 0.45
0.56 0.50 0. 80 0.89 0.68
2. 98 1.68 1.97 2.53 2.29

6.50 4. 60 4. 96 7.04 5.77
0.41 0.45 0.58 0. 49 0.48
0. 65 0. 82 0.57 0. 76 0. 70
3.69 3.00 3.46 2.51 3.16

6.24 5. 84 6. 23 5. 30 5.90
0.48 0. 49 0.54 0. 43 0.49
0.67 0. 62 0. 69 0.54 0.63
2.45 2.98 3.17 1.78 2.59
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Table 9. Grams of water used by tomato plants by evapo-transpiration when grown under various

magnesium levels, atrazine levels and 12 hour photoperiod. (Grams water used/4 plants/
6 days) I. R. experiment 1.

Treatment R-I R-II R-III Ave. Ave. Transpired

Zero-Magnesium Zero-Atrazine 588 559 647 598 423
High-Magnesium Zero-Atrazine 788 696 780 755 580
Zero -Magnesium 1/32 ppm Atrazine 557 502 547 535 360
High-Magnesium 1/32 ppm Atrazine 692 667 660 673 498
Zero-Magnesium 1/16 ppm Atrazine 452 487 496 478 303
High Magnesium 1/16 ppm Atrazine 567 620 509 565 390
Zero-Magnesium 1/8 ppm Atrazine 321 371 378 357 183
High-Magnesium 1/8 ppm Atrazine 528 483 524 512 337

Table 10. Grams of water used by tomato plants by evapo-transpiration when grown under various
magnesium levels, atrazine levels, and continuous light. (Grams water used/4 plants/
6 days. ) I. R. experiment 3.

Treatment R-I R-II R-III Ave. Ave. Transpired

Zero-Magnesium Zero-Atrazine 628 698 708 678 569
High-Magnesium Zero-Atrazine 779 829 849 819 710
Zero-Magnesium 1/32 ppm Atrazine 608 638 638 628 519
High-Magnesium 1/32 ppm Atrazine 713 733 738 728 619
Zero-Magnesium 1/16 ppm Atrazine 450 505 470 475 366
High-Magnesium 1/16 ppm Atrazine 543 589 581 571 462
Zero-Magnesium 1/8 ppm Atrazine 375 401 394 390 281
High-Magnesium. 1/8 ppm Atrazine 501 544 523 523 414


