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ABSTRACT

Viability of enzymatically isolated and purified

oat (Avena sativa L. ‘Markton’) mesophyllic protoplasts was

established by their ability to photosynthetically fix CO2

and to accumulate neutral red. When protoplasts were

treated with alachior, barban, dalapon, dicamba, glyphosate,

oryzalin, paraquat, picloram, and trifluralin, only alachior

and barban caused significant leakage of ‘4C-labeled mate

rial as compared to controls. An abrupt increase in leakage

Q occurred when protoplasts were treated with Tween 20 concentrations above 0.01%. Leakage from protoplasts following

treatments with dalapon or paraquat and Tween 20 combina

tions was higher than when the corresponding herbicide or

Tween 20 was applied alone. The presence of Ca~ in the

protoplast medium reduced glyphosate, paraquat, and Tween

20—induced leakage.

The enzymatic activity of an ATPase isolated from

oat root plasma membranes was inhibited by glyphosate, di—

camba, picloram, and barban. Glyphosate, dicamba, and pic

loram decreased ATPase activity by directly affecting the

enzyme whereas barban interfered with the enzyme substrate

complex.

a
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Alachior, barban, and Tween 20 altered components of

plasma membrane which maintains the selective permeability

of the cell whereas glyphosate, dicainba, picloram, and bar-

ban affected the membrane AT?ase which has been postulated

to function in ion transport.

0
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CHAPTER 1

INTRODUCTION

With the growing use of herbicides and surfactants

in agriculture, much effort has been made to elucidate their

mode of action. Various mechanisms of action were proposed

by a number of researchers, and have been reviewed by Ashton

and crafts (2) Only recently have the modification of mem

brane structure and alteration of permeability been consid

ered as a possible mode of action of several chemically

unrelated herbicides and surfactants. Surfactant phytotox—

icity has been correlated with alterations of plant cell

permeability by interactions with the plasma membrane (34,

61, 62, 76, 86, 88, 89) Many herbicides have been found to

disrupt membrane integrity and to alter cell permeability

(3, 9, 11, 38, 39, 60, 74, 77, 81)

Several methods have been used to study the action

of herbicid s and surfactants on plasma membranes and cellu

lar permeability, such as excised root and leaf discs (3,

34, 39, 60, 61, 74, 77, 88), single algal cells (81), iso

lated plant cells (12, 22, 86, 89) , isolated protoplasts

(11, 76) , and artificial lipid micelles (62) . However, each

of these methods has its limitations. Exposure of all

0
1



Q 2

excised root and leaf disc cells to the bathing solution is

not uniform, being limited to those areas near the surface.

Isolated plant cells and algal cells have rigid cell walls

which may adsorb, accumulate, or complex the herbicides or

surfactants (12, 36, 91), thus preventing direct exposure of

the membranes to the chemicals. Artificial lipid micelles

lack protein which are considered to be important structural

components of membranes.

This study examined the effects of Tween 20 and se

lected herbicides on the permeability of oat (Avena sativa

L. ‘Markton’) mesophyll protoplasts and the ATPase activity

O of plasma membranes from oat roots. These systems allowed
for a homogeneous application of the chemicals to a proto—

plast population and membrane preparation and eliminated

problems involved in diffusion and plant absorption. The

surfactant and herbicides were selected because of their

possible effects on permeability and their phytotoxic ef

fects on oat plants.

The first objective of this research was to study

the leakage of labeled 14C—intracellular materials from iso

lated oat protoplasts treated with ~e1ected herbicides, a

surfactant, and various herbicide—surfactant combinations.

The second objective was to determine the efi.ec s of calciun

and magnesium on permeability of protoplasts which have been

treated with herbicides and a surfactant. The third
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objective of these studies was to determine the effects of

selected herbicides on the ATPase activity associated with

purified oat root plasma membranes.

0
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CHAPTER 2

REVIEW OF THE LITERATURE

Herbicides and Surfactant

This section is a brief introduction to the

compounds studied and a selected but representative review

of research pertaining to their effects on permeability and

metabolic processes.

Alachlor

Alachlor [2—chloro-2’ , 6’ -diethyl-N-- (methoxymethyl)

acetanilide], a chloroacetamide herbicide, is a soil incor

porated preemergence herbicide used to control several

grasses and broadleaf weeds. The mode of action appears to

be a general inhibition of growth. Growth of Avena seed

lings was inhibited by alachlor from l0~ M to 106 M con

centrations (19) . Chang et al. (19) found that pretreatment

of Avena seedlings with gibberellic acid prior to alachlor

treatment alleviated the alachior inhibition. Bardzik (7)

reported that alachlor reduced protein synthesis of Avena

seedlings by 10% and inhibited chloride uptake. He sug

gested that inhibition of growth by alachlor may be linked

to a membrane phenomenon.

0
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Barban

Barban (4-chloro—2—butynyl-rn—chlorocarbanilate), a

carbamate herbicide, is used to control wild oat (Avena

fatua L.) in small grain crops. It is applied postemergence

to the crop when the wild oat is in the one to two leaf

stage.

Barban causes swelling and distortion of the men—

stems, inhibition of leaf sheath extension, and formation of

dark bluish-green pigmentation in stunted leaves (80). The

factors for selective injury by barban were reported to have

a biochemical rather than a morphological basis, and ap

peared to be located primarily in the leaves (44, 80)

Foliar application of barban suppress growth but

does not cause death of the wild oat or crop plants. Bur—

strom (16) indicated that barban is a mitotic inhibitor

since inhibition of cell division and elongation at the mer

istemic sites occurs at low concentrations. Kobayaski and

Ishizuka (50) found that barban did not significantly affect

respiration or photosynthesis of oat. They concluded that

the selective action of barban on oat seedlings is partly

due to inhibition of RNA and protein synthesis.

Dalapon

Dalapon (2,2-dichloropropionic acid), a chlorinated

aliphatic acid, is a selective herbicide used to control

0



0 6

perennial grasses. Symptoms of dalapon in3ury include in

hibition of growth through interference with nieristematic

activity, and leaf chlorosis and necrosis, the latter imply

ing membrane disruption (29).

Many enzyme reactions and metabolic processes are

influenced by dalapon but none in a specific manner that

would explain its mode of action (2). It has been postu

lated that these biochemical responses to dalapon are pri

marily associated with modifications of protein structure

through conformational changes, modifying enzyme activity,

and resulting in alterations of metabolic pathways (2, 49)

Dicamba

Dicamba (3,6—dichloro—o—anisic acid), a substituted

benzoic acid, is a systemic herbicide used to control many

broadleaf weeds. It is readily absorbed by leaves and roots

and accumulates in areas of high metabolic activity. In

addition to basipetal translocation, dicamba is exuded from

the roots into the surrounding medium (55) . Visual symptoms

of dicamba injury include bending of stems, epinasty of

leaves, and inhibition of nyctinasty, followed by necrosis

of leaves, defoliation, and death of the meristematic re

gions (77, 78)

Several studies reveal that disruption of membrane

permeability may be related to its mode of action.
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Magalhäes and Ashton (60) found a decrease in cell membrane

permeability and a pronounced decrease in respiratory rate

in leaf tissue of purple nutsedge (Cyperus rotundus L.) 5

days following treatment. However, other studies indicated

an increase in the permeability of cell membranes in purs—

lane (Portulaca oleracea L.) stem segments and leaves (77)

Differences in observed permeability changes may be a result

of the time these effects were determined as well as inher

ent differences of the plant species.

The auxin—like property of dicamba has been asso

ciated with its mechanism of action. Dicamba increased the

RNA and protein content in wild buckwheat (Polygonum con

volvulus L.) Cl) and enhanced ethylene production in purs—

lane (77)

G lyphosate

Glyphosate [N—(phosphonomethyl)glycinel is a foliar—

applied translocated herbicide controlling several perennial

weeds. Symptoms of glyphosate treatment include rapid inhi

bition of growth followed by chlorosis, necrosis, wilting,

and death. Jaworski (46) reported that glyphosate inhibited

aromatic amino acid biosynthesis in duckweed (Lemna gibba

L.), which is contrary to the findings of Haderlie et al:

(35) who found a rise in total amino acids following gly

phosate treatment. Studies by Sprankle et al. (85), Hanson
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and Rieck (37)1 and Brecke (13) showed that glyphosate did

not affect respiration, photosynthesis, or protein synthesis

of several plant species until several days after treatment,

implying that these eventual inhibitions were secondary re

sponses.

Recent work by Brecke (13) has indicated that the

mechanism of action of glyphosate involved an inhibition of

ion absorption. He found that glyphosate was quickly ab

sorbed by an intact plant but not by isolated cells, sug

gesting that glyphosate exhibits toxicity without being

transported across the plasma membrane of the cell. Ion ab—

O sorption studies showed that both potassium and phosphorusuptake were inhibited before photosynthesis, respiration,

and protein synthesis were affected. This reduction of ion

uptake was not due to a loss of membrane integrity (as de

termined by electrolyte leakage experiments) or to a de

crease in energy supply (as measured by ATP levels)

Reduction in dry matter accumulation, leaf expansion, leaf

angle, and stomatal aperture were suggested to be a result

of this inhibition of ion absorption. Brecke postulated

that glyphosate, a known metal chelator, may complex with a

metal requiring plasma membrane ATPase, believed to be in

volved in solute transport, thereby inhibitin9 its activity.

0



9

Paraquat

Paraguat (1,1’ -dimethyl—4 , 4’ -bipyridinium ion), a

bipyridylium quaternary anunonium salt, is used as a foliar

applied contact herbicide. Morphological effects of para

gnat treatment are wilting and desiccation of leaves followed

by necrosis and death, these responses suggesting disruption

of membrane integrity (2).

Ultrastructural studies on honey mesquite (Prosopis

juliflora var. glandulosa (Torr.) Cockerell) mesophyll cells

and flax (Linum usitatissimum L.) cotyledon tissue showed

that one of the first observable effects of paraquat treat

ment was alteration of tonoplast, chloroplast, and plasma

membrane structures (9, 38). The disruption of cell perme

ability was demonstrated by measuring the efflux of potas

sium ions from excised flax cotyledon tissue (39)

Permeability modification was due to major changes in the

lipid composition of treated leaves, caused by peroxidation

of membrane lipids (38).

Incubation of isolated tomato (Lycopersicum escu—

lentum L.) fruit protoplasts with paraquat resulted in a

segregation of the cytoplasm within the protoplast and ulti

mate lysis of the cells (11) . Using isolated mesophyll

peanut (Arachis hypogaea L.) cells, Davis and Shimabukuro

(22) reported that photosynthesis was inhibited following a

0
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2 hr incubation with paraquat but observed no structural

alteration of membranes or sub-cellular components.

The herbicidal properties of this herbicide appear

to be associated with its negative redox potential. Free

radical formation occurs when electrons are donated by pho—

tosystem I to paraquat. These free radicals are reoxidized

to yield the original ion, with concomitant formation of

peroxy— or hydroxy- free radicals which subsequently dis

rupts the membrane (23, 24).

Picloram

Picloram (4—amino—3,5,6—trichloropicolinic acid)

an auxin—type herbicide, controls many broadleaf plants

while grasses show various degrees of resistance. It is

readily absorbed and translocated after either root or foli—

ar application.

Growth regulating properties of picloram include

both promotion and inhibition of growth, depending on the

plant species, stage of plant growth, and concentration used

(18). At low concentrations, pi 1 ram supports growth of

tissue culture explants and promotes polarized expansion of

shoot tissue (25) . At higher concentrations, it causes

bending of leaves and stems, activation of adventitious root

initials from the cambium, inhibition of meristematic activ

ity and root growth, and loss of chlorophyll (18, 25, 27).
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Several studies indicated that picloraxn affected

cell membrane structure and permeability. Bachelard and

Ayling (3) found that picloram disrupted the integrity of

cell membranes in stem tips and destroyed chloroplastic

structures in leaf palisade cells of Eucalyptus viminalis

Labill. However, Reid and Hurtt (74) indicated that piclor—

am did not markedly affect root cell membranes per se. Con

centrations of M to io6 t’4 had no significant effect on

betacyanin ef flux or electrolyte leakage from red beet (Beta

vulgaris L.) root discs but increased stem exudation and

movement of salts into the xylem of Phaseolus vulgaris L. at

—5 —7concentrations ranging from 10 M to 10 M.

Foliar applications of picloram caused swelling of

mitochondria at 106 M and enhanced mitochondrial ATPase

activity at 10 M, suggesting that it may produce changes

in conformational state of the mitochondrial inner membrane

(17) . Picloram has also been shown to cause changes in nu

cleic acid synthesis and metabolism (2)

Trifluralin and Oryzalin

Trifluralin (ct,a,ct—trifluoro-2,6—dinitro—N,N—

dipropyl—p—toluidine) and oryzalin (3, 5—dinitro-N4 ,N’1—

dipropylsulfanilamide), both dinitroaniline herbicides, are

used for selective weed control as a preplant or

0
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preemergence soil incorporated herbicide prior to weed seed

germination.

The most characteristic growth response following

treatment is inhibition of shoot and lateral root develop

ment, resulting in an increase in radial expansion near the

shoot or root tip. Feeny (26) reported reduction in elonga

tion of both the root and coleoptile of oat seedlings.

Dinitroanilines have been reported to affect several

biochemical and metabolic processes in plants, such as in

hibition of photosynthesis and respiration by oryzalin (64,

89) and inhibition of respiration and mitosis by trifluralin

(54, 67) . However, Feeny (26) reported that trifluralin did

not affect the rate of oxygen consumption by excised oat

roots, a species highly susceptible to this herbicide. In

terference with ATP formation was postulated to be one of

the mechanisms of action of the dinitroanilines (63) . Inhi

bition of mitosis was associated with interference of micro—

tubular assembly or alteration of endoplasmic reticulum

membranes which are involved in microtubular assembly (8) -

Eoulware and Camper (11) reported that trifluralin

did not produce any structural effects in isolated proto—

plasts. Towne (89) indicated that oryzalin increased mem

brane permeability in isolated mesophyll cells of cotton

(Gossypium hirsutum L.) and broad bean (Vicia faba L.) but

Q not in soybean (Glycifle max U.
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Tween 20

The surfactant Tween 20 (polyoxyethylene 20 sorbitan

monolaurate) belongs to a group of chemical compounds known

as surface active agents and is added to herbicidal formula

tions to either modify characteristics of the spray and/or

to improve the efficiency of penetration and effectiveness

of the herbicide. It has the ability to reduce surface ten

sion and contact angle at the leaf surface, improving

spreading and wetting of the herbicide and thus favoring

penetration.

A Tween 20 molecule consists of a hydrophilic (po

lar) group composed of oxyethylene chains and a lipophilic

(nonpolar) group consisting of long hydrocarbon chains of

the fatty acid. It is the presence of these dissimilar and

opposing groups which results in lowered surface tension of

the spray droplet. Classified as a nonionic surfactant,

Tween 20 is considered to possess a low inherent phytotox—

icity relative to ionic surfactants (45)

When concentration of Tween 20 exceeds a critical

level in an aqueous solution, termed the critical micelle

concentration (cmc), the molecules orient themselves into

micelles. As the cmc is approached and exceeded, character

istic properties of the surfactant solution are drastically

changed. Maximum reduction in surface tension for Tween 20

Q occurs between 0.05% to 0.1% and above this concentration,
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the cmc has been attained (10) Since Tween 20 influences

herbicidal activity at concentrations greater than 0.1%, it

is assumed that the corresponding biological effects are

more correlated with physical—chemical properties influenc

ing the penetration and biological activity of the herbicide

rather than with surface tension changes (30, 31, 84).

The most recent studies on the mode of action of

Tween 20 emphasize its effects on higher plant cell mem

branes. The rate of efflux of betacyanin from red beet root

tissue discs was utilized as a technique for evaluating al

teration of membrane permeability by Tween 20 (61, 88)

These findings indicated an increase in membrane permeabil

ity at concentrations between 0.1% and 10%. Tween 20 inhib

ited potassium uptake and accumulation in plant roots (69)

St. John et al. (86) allowed isolated onion (Allium cana—

dense L.) and soybean leaf cells to fix 14C02 and their meas

ured subsequent Tween 20 effects on the ef flux of labeled

intracellular material from the cells. Tween 20 at 0.1% had

little or no effect on the efflux of 14C-labeled material

from these cells, but reduced photosynthesis in the onion

cells at 0.01%.

Plant protoplasts from immature tomato fruit have

been used as a source of exposed plasma membrane to visually

observe gross membrane responses to surfactants (11) . Con

centrations of 0.1% and 0.01% of Tween 20 caused the
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protoplast membrane to roughen, with eventual lysis of the

protoplast. Treatment of oat coleoptile protoplasts with

other surfactants, such as Tween 80 (polyoxyethylene sorbi—

tan monooleate), induced similar lysis (76)

Recent studies were performed by utilizing artifi

cial lipid micelles as a model system for studying the ef

fects of Tween 20 on membrane properties (62). The

interaction of Tween 20 and the lipid micelles was followed

through the fluorescence of a marker dye. Addition of

Tween 20 enhanced the fluorescence of the marker dye bound

to the lipid bilayer, indicating some type of change in the

lipid micelles’ stability. The results provide further evi

dence that Tween 20 can alter the normal lipid structure of

membranes which may account for changes in membrane perme

ability in surfactant treated plants, although there is also

evidence for affects on organelle membranes as well as dis

ruption of metabolic processes (61, 70, 86).

Tween 20 can either enhance, have no effect, or sup

press the action of foliar—applied herbicides. Sutton and

Foy (88) reported that lO~ M diquat (6,7-dihydroxydipyrido

[l,2—a:2’,l’—c]—pyrazinediium ion) in combination with

either 0.l~ or 1% Tween 20 was fully additive, if not syner

gistic, in increasing membrane permeability. Enhancement of

paraquat activity by addition of 1% Tween 20 was effective

Q on corn (Zea mays L.) (30, 84) but less effective on bean
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(84). Surfactants do not increase herbicide transport 22~

se within the plant but their main site of action is pri

marily in enhancing absorption at the point of application

in the immediate underlying tissue (83)

Membrane Structure

A knowledge of membrane structure and function is

important to the understanding of the effect of chemicals

on plants. The most commonly accepted membrane structure

is the fluid mosaic model with an arrangement of alternat

ing globular protein and a phospholipid bilayer (82). Most

of the phospholipids are organized as a discontinuous bilay—

Q er which forms the matrix of the mosaic structure. The

globular proteins are critical to the structural integrity

of the membrane since they are thought to be inserted with

in the membrane in either an ordered or disordered arrange

ment. Both globular protein molecules and phospholipids are

postulated to be amphipathic, with their polar groups ori

ented into the aqueous phase and the nonpolar groups in

contact with the non—aqueous phase.

Plasma Membrane ATPase

One of the more important functions of plasma mem

branes of roots is uptake of essential inorganic ions for

the plant. Absorption of inorganic ions is an energy re—

Q quiring process dependent on aerobic respiration. ATP
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appears to be the primary energy source for ion transport

and the plasma membrane ATPase has been postulated to be the

agent for this energy coupling process (40, 51).

A plasma membrane fraction isolated from oat roots

was shown to possess an ion stimulated ATPase (51). This

fraction contained about 75% plasma membrane vesiclesas ver

ified through its ability to stain with phosphotungstic

chromic acid, specific for plasma membranes (75), and by

its associated glucan synthetase activity and high sterol:

phospholipid ratio (42). Plasma membrane ATPase from oat

roots required Mg~ and was stimulated by monovalent ca—

• . +tions, with K being the most effective (51) . The true sub

strate for ATPase was found to be a Mg—ATP complex (4).

ATPase activity has a pH optimum of 6.5 in the presence of

++ + .Mg and K (51). The kinetics of cation stimulation of

plasma membrane ATPase was similar to the kinetics of ion

absorption by excised roots, which further supported its

role in ion transport (51).

Plasma membrane ATPase was not inhibited by oligo—

mycin (51), but half-maximum inhibition occurred with 70 pM

DES (diethylstilbestrol) (5). DCCD (N,N’-dicyclohexyl

carbodiimide) was a potent inhibitor of the K+_stimulated

plasma membrane ATPase activity as well as mitochondrial

ATPase activity (51).

0
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Cations and Cell Permeability

++ • ++The divalent cations Ca and t4g maintain the

structural integrity of membranes (90). Ca~ is also im

portant in the regulation of selective ion transport (53).

Ultrastructural studies have indicated that isolated

and intact membranes treated with Cad2 were 15 to 20%

thicker than controls (65). Rehfeld and Jensen (72) re

ported that the presence of Ca~ decreased movement of photo

synthetic products out of isolated cotton cells. Ruesink

(76) found that Ca++ strongly inhibited RNAase and

surfactant-induced lysis of isolated oat coleoptile proto
++plasts. St. John et al. (86) presented evidence that Ca

and Mg~ protected against surf actant-enhanced leakage of

intracellular material from isolated cells. A decrease in

leakage of betacyanin from beet root discs in the presence

• .of CaC12 was interpreted as indicating that Ca may de

crease membrane permeability through changes between mem

brane macromolecules and the surrounding water lattice (71).

++ •Mg was not as effective as Ca in reducing leakage from

beet root tissue or in protecting EDTA-induced leakage (90)

It was suggested that Ca++ plays an important role in bond

ing negative charges of the plasma membrane and cell wall,

with Mg+~ predominately associated with the cellular proto

plasmic portion (90).
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CHAPTER 3

MATERIALS AND METHODS

Protoplasts

The following section contains a description of the

plant material, media, and methods used in the isolation,

and purification of protoplasts and in the permeability and

viability studies.

Plant Material

Seven—day old leaves of oats, approximately 10 cm

high, were used for the preparation of protoplasts. Seed

lings were germinated and grown in vermiculite in a Percival

compact growth chamber at a constant temperature of 23 C

and illuminated with 16 Klux of light (16 hr photoperiod)

The seedlings were watered every 2 days with distilled

water.

Media Permeability and
Viability Studies

Macerating Medium. Protoplasts were isolated in

a macerating medium containing 0.3 M mannitol, 0.28 M sor—

bitol, and 1% Cellulysin, B grade (Calbiochem) (14) . One

pg/ml 6—benzyladenine was included unless otherwise stated.

19
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Salt solution I was included in all media except when salt

effects were evaluated. It consisted of 2 mM KNO3, 0.2 mM

KH2PO4, 3 mM Ca(NO3)2~4H2O, 2 mM MgCl2•6U20, and 1 mM

MnSO4~H2O. Ca(N03)2 was omitted in salt solution II. The

medium was adjusted to pH 5.8 with KOH.

Wash Medium. The wash medium contained 0.3 M man

nitol, 0.28 F! sorbitol, and 1 pg/mi 6—benzyladenine, unless

stated otherwise in the photosynthetic fixation experiments.

The pH was adjusted to 6.5 with KOR.

Assay Medium. The assay medium was composed of 0.3

M mannitol, 0.28 M sorbitol, and 50 mM HEPES (N—2—

hydroxyethylpiperazine-N’-2-ethanesulfonic acid). Salt so

lution I and 1 pg/ml 6-benzyladenine were included in all

assay media unless otherwise designated. The pH was ad

justed to 7.2 with KOH.

Purification Medium. Isolated protoplast prepara

tions generally cont4ned a considerable amount of broken

protoplasts and sub—cellular debris, especially chloro—

plasts. Protoplasts were purified in an aqueous two—phase

system containing 2.2 ml of 30% (w/w) polyethylene glycol

6000 (J. T. Baker Chemical Co.), 6 ml 20% (w/w) dextran T4°

(Pharmacia), 0.6 ml 0.2 M potassium phosphates buffer, pH

7.5, and 2 ml 2.4 M sorbitol (48).

.
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Preparation of Protoplasts

Three g of fully expanded leaves were harvested and

sliced with a razor blade into pieces approximately 4 mm2.

The leaf pieces were vacuum infiltrated with macerating

medium for 5 mm and transfered to a plexiglass isolation

chamber as described by Rehfeld and Jensen (72)

After 1 hr incubation at room temperature, the

macerating medium containing broken protoplasts and cellu

lar debris was replaced with fresh medium. Protoplasts re

leased from the leaf tissue after 1 hr were harvested by

filtration through a 90 p mesh nylon net and the filtrate

centrifuged in a table top centrifuge at 80 g for 4 mm

at room temperature. The supernatant was removed by vacuum

suction and the pellet washed with a 40 ml aliquot of wash

medium. After the supernatant was discarded, the proto—

plasts were resuspended in 1.2 ml of wash medium.

The crude protoplast suspension was purified by an

aqueous two—phase system as previously described by Kanai

and Edwards (48). The two-phase solution was thoroughly

mixed in 15 ml Corex test tubes by inversion prior to lay

ering 1.2 ml of the crude protoplast suspension into each

tube. After addition of the protoplast suspension, the

solution was again thoroughly mixed by inversion and then

centrifuged for 5 mm at 300 j, 5 C, in a Sorvall RC2B,

HB—4 rotor.
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Intact protoplasts partitioning at the interphase of

the two liquid phases were collected with a Pasteur pipette,

gently resuspended in 30 ml wash medium and centrifuged at

80 ~ for 3 mm. The protoplasts were washed two more times.

The purified protoplast pellet was resuspended in assay me

dium so that 100 Ml of protoplast suspension contained ap

proximately 15 to 35 pg of chlorophyll. Chlorophyll con

tent was determined by the method of Bruinsma (15) using

100 Ml of protoplast suspension in 3 ml of 80% acetone and

reading the optical density at 652 nm.

Viability Studies

Viability of the protoplasts was established by

determining their photosynthetic activity (based on proce

dure of Towne (89), and their ability to accumulate neutral

red (21).

Photosynthetic C02 Fixation. Purified protoplasts

were resuspended in 2 ml assay medium which contained 25 p1

0.3 M NaHCO3, 5 p1 Na14CO3 (New England Nuclear, specific

activity 50 mCi/mM) and 200 p1 of protoplast suspension.

Each treatment was replicated three times. The tubes were

placed in a water bath of 25 C and exposed to 95 Klux of

incandescent light. At 1, 3, and 5 hr intervals, three

100 p1 resuspended samples were removed and placed in

a
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separate scintillation vials containing 100 p1 of formic

acid. The acid and samples were mixed and allowed to incu

bate at room temperature overnight to remove extraneous

NafI~4CO3. Fifteen ml of fluor (see Appendix A, p. 67) were

added to each vial, the vials were capped, and counts were

made on a Packard Tri-carb (model 2002) liquid scintilla

tion spectrometer.

The experiment was repeated once.

Neutral Red Stain. A 10 p1 aliquot of the purified

protoplast suspension was transferred to a depression slide

containing 100 p1 of assay medium and 10 p1 of 0.01% neutral

0 red, dissolved in 0.6 M sorbitol, pH 7.5. Protoplasts were
examined under the light microscope. Percent of protoplasts

accumulating neutral red within their vacuoles was used as

a criterion of the prepared protoplasts’ viability.

Permeability Studies

Leakage of Photosynthetic Products. The puri

fied protoplast preparation was resuspended in 10 ml of as—

say medium in a 50 ml flask containing 100 p1 of NaH’4C03

and 250 p1 of 0.3 £4 NaHCO3. The flask was stoppered, placed

in a water bath at 25 C, and exposed to a 95 Klux incandes

cent light source for 1 hr.

a
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The protoplasts were removed from the flask and

centrifuged at 80 £ for 3 mm. The supernatant was dis

carded and the protoplasts washed two times with assay me

dium to remove unincorporated NaH’4C03. The washed

protoplasts were resuspended in assay medium so that 100 p1

of protoplast suspension contained approximately 15 to 35

pg of chlorophyll as determined by the method of Bruinsma

(15)

Control samples contained 100 p1 of protoplast sus

pension, 0.9 ml of assay medium, and 25 p1 of 0.3 M NaHCO3.

Surfactant and herbicide samples contained 100 p1 of proto—

plast suspension, 0.8 ml of assay medium, 25 p1 of 0.3 M

NaHCO3, and 100 p1 of surfactant or herbicide. Samples con

taining both surfactant and herbicide were prepared exactly

as the surfactant and herbicide samples except that 0.7 ml

of assay medium was used. The final concentration of ace

tone in the samples containing acetone—soluble herbicides

was 0.01%. Treatments were replicated three times. The

test tubes containing the samples were placed in a water

bath of 25 C and exposed to 95 Klux of an incandescent

light source for 1 hr.

To determine the total radioactivity of the sample,

two 100 p1 samples of resuspended protoplasts were removed

from each tube and placed in separate scintillation vials.

a
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The radioactivity of compounds leaked from the protoplasts

were determined by centrifuging the samples at 60 j for 3

mm., removing three 100 p1 aliquots from the supernatant

of each tube, and placing them in separate scintillation

vials for counting.

One—hundred p1 of formic acid were added to each

scintillation vial and allowed to incubate at room tempera

ture overnight to remove extraneous Na&4C03. To each vial

was added 15 ml of scintillation fluor and counted as pre

viously described.

All experiments were repeated two or more times.

Plasma Membranes

This section gives the materials and procedure for

the isolation, purification, and identification of oat root

plasma membranes and the assay of ATPase activity, following

modifications of the procedure of Hodges and Leonard (41)

Plant Material

Approximately 20 g of oat seeds were germinated and

grown in the dark for 6 days at 23 C. The seed culture ap

paratus consisted of a 4 1 beaker, an aluminum screen for

supporting seeds, and an aerating device which provided a

saturated vapor for root growth. Oat seeds were placed on

the screen between layers of cheesecloth and 2.5 1 of 1 mM

Q CaSO4 culture solution was added to the beaker.



Q 26

Preparation of Plasma Membrane
Fraction

Cell Disruption and Differential Centrifugation.

Forty to seventy g of roots, 10 to 15 cm long, were excised

and washed three times in cold distilled water over a 15 mm

period. All subsequent manipulations were at 4 C. The

rinsed roots were cut into segments about 1 cm long and

ground in a prechilled motar for approximately 10 mm. The

homogenizing medium contained 0.25 N sucrose, 3 mM Na2EDTA,

2.5 mM dithiothreitol, and 25 mM tris—MES, pH 7.2. Four

ml of medium/g fresh weight of root tissue were used. The

homogenate was filtered through one layer of Miracioth

(Calbiochem) and the residue reground and extracted again.

The combined extracts were centrifuged at 13,000 j (10,500

rpm) for 15 mm in a Sorvail RC2-E centrifuge, SS—34 rotor.

The supernatant was centrifuged at 80,000 ~ (30,000 rpm) for

30 mm in a Beckman Model L, Spinco type 30 rotor. The

resulting pellet (13 to 80 K) contained an unpurified prep

aration of plasma membrane vesicles.

Discontinuous Sucrose Gradient Centrifugation. The

13 to 80 K pellet (10 to 15 mg/mi of protein) was resus

pended in 3 ml of 18% sucrose (w/w), which was dissolved in

a gradient buffer solution of 1 mM MgSO4, 1 mM dithiothrei

toi, and 1 mM tris—MES, pH 7.2, and layered onto a
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discontinuous sucrose gradient consisting of 8 ml 45% (w/w),

10 ml 34%, and 5 ml 20% sucrose, also dissolved in the gra

dient buffer solution. The gradient was centrifuged for 3

hr at 64,000 j (25,000 rpm) in a Beckman SW 25.1 swinging

bucket rotor. Plasma membranes banding at the interface be

tween 34% and 45% sucrose were removed with a bent Pasteur

pipette, diluted with the gradient buffer solution, and then

spun for 30 miii at 97,000 ~ (40,000 rpm) in a Beckman Ti-40

rotor. The purified membrane pellet was either fixed di

rectly for electron microscopic studies or diluted with the

gradient buffer solution for ATPase assay.

Protein determinations were estimated by the proce

dure of Lowry et al. (57), with bovine serum albumin as the

standard.

ATPase Assay

ATPase activity was measured by a modified procedure

of Hodges and Leonard (41). The standard assay medium con

tained 3.33 mM tris—ATP (Sigma Chemical Co.), 3 mM Mg504,

50 mM lCd, and 36 mM t is-MES, pH 6.5. Treatments were

replicated three times in a 1 ml final volume and at 38 C.

One set of experiments consisted of pretreatment of

plasma membrane ATPase with the herbicide and subsequent as

say with the substrate. Control samples contained 0.9 ml

of the gradient buffer solution. Herbicide solutions
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contained 0.8 ml of the gradient buffer solution and 100 p1

of herbicide. The final concentration of acetone in the

samples containing acetone—soluble herbicide was 0.01%. Pre

treatment was initiated by adding a 2000 to 3000 pg aliguot

of purified membrane fraction to each solution, resulting in

200 to 300 Pg final protein concentration. After 5 mm in

cubation at room temperature, 100 p1 from each treatment

was transferred to 0.9 ml standard assay medium. After 10

mm, the reaction was stopped by addition of 2 ml of 1%

(w/w) ammonium molybdate in 2 N H2 SO4

In the second set of experiments, the enzyme was

not pretreated but the herbicide was included only during

ATPase hydrolysis of the substrate. Control samples con

tained 0.9 ml of the standard assay medium, while herbicide

solutions contained 0.8 ml of the standard assay medium and

100 p1 of herbicide. The final concentration of acetone in

the samples containing acetone—soluble herbicide was 0.01%.

Reactions were intitiated by addition of a suitable aliquot

of the purified membrane fraction containing 300 pg of pro

tein to each sample, resulting in 30 Pg final protein con—

dentration. After 10 mm, the reaction was stopped by ad

dition of 2 ml of acidified aminoniuxn molybdate, as above.

Phosphate Assay

Q Inorganic phosphate released by ATPase was determined by the procedure of Fiske and Subbarow (28). The
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assay medium was thoroughly mixed on a Vortex mixer with 0.4

ml of a reducing agent, 1,2,4-aminonaphtholsulfonic acid

(see Appendix A, p. 67), incubated for 30 mm at room tem

perature, and the optical density read at 660 nm. A stand

ard curve was prepared from KH2PO4.

Substrate blanks were used in measuring ATPase ac

tivity to correct for endogenous phosphate and non-enzymic

hydrolysis. Because of the non—enzymic hydrolysis, all

steps were carried out with strict attention to time.

Electron Microscopy Study

Plasma membranes collected at the 34 to 45% sucrose

gradient interface were examined with an electron micro

scope based on the procedures of Roland et al. (75). Quan

titative estimation of plasma membranes was determined by

the method of Loud (56).

The purified plasma membrane pellet was fixed in 2%

buffered glutaraldehyde (0.1 M sodium phosphates, pH 7.3)

for 18 hr at 4 C and rinsed with five changes of buffer.

Specimens were postfixed for 1 hr at 26 C in 1% O5O4~ buf

fered with 0.1 t.I sodium phosphates, pH 7.3, and rinsed thor

oughly. After dehydration through a graded acetone series,

the material was embedded in Luft’s Epon (58).

Specific staining of the plasma membrane thin sec

tions was obtained by a 5 mm treatment with 1%

0
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phosphotungstic acid in 10% aqueous chromic acid, followed

by five transfers of 10 mm each through distilled water.

After the final water wash, sections were transferred to

copper grids and viewed with a Philips 200 electron micro

scope.

Herbicides and Surfactant

Table 1 lists the common names and sources of the

herbicides and surfactant used in the permeability and

ATPase studies. All herbicides were of technical grade.

0
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Table 1. Common name and source of herbicides and
surfactant used in protoplast permeability
and plasma membrane ATPase activity studies.

Common name Source

Alachlor Monsanto Chem. Co.
St. Louis, Mo.

Barban Gulf Oil Chem. Co.
Kansas City, Mo.

Dalapon, sodium salt Dow Chem. Co.
Midland, Mich.

Dicamba Velsicol Chem. Corp.
Chicago, Ill.

Glyphosate Monsanto Chem. Co.
St. Louis, Mo.

Oryzalin Eli Lilly and Co.
Greenfield, md.

Paraquat, dichloride salt Chevron Chem. Co.
Richmond, Calif.

Picloram Dow Chem. Co.
Midland, Mich.

Trifluralin Eli Lilly and Co.
Greenfield, md.

Tween 20 Atlas Chem. mM., Inc.
Wilmington, Del.

0



CHAPTER 4

RESULTS AND DISCUSSION

Viability Studies

Photosynthetic CO2 Fixation

Before performing leakage studies on plant proto—

plasts, it was necessary to evaluate the stability and vi

ability of the protoplasts following their isolation.

Isolated protoplasts are fragile and present unique handling

problems compared to isolated cells. The integrity of the

plasma membrane can be affected by exposure to cell wall

degrading enzymes, centrifugation forces, and choice of os—

moticuan. Leaf senescence subsequent to excision, particu

larly in cereals, may also affect membrane integrity and

stability (32). However, Sawhney et al. (79) reported that

addition of cytokinin to the protoplast media prevented the

degradation processes following leaf excision, enhanced

metabolic activities, and reduced spontaneous lysis.

The ability of cells (43, 47) and protoplasts (43)

to photosynthetically fix CO2 has been correlated with

their ability to perform other metabolic activities and with

their state of viability, Consequently, photosynthetic f ix

ation studies were conducted to determine the effects of
32



33

benzyladenine and salt solutions I and II on the viability

of the isolated oat protoplasts.

The effects of benzyladenine and salt solutions I

and II on the photosynthetic CO2 fixation rate of the proto—

plasts are shown in Table 2 and Figure 1. within each time

interval, photosynthetic rate was much lower in all assay

media containing benzyladenine as compared with the assay

media without benzyladenine. A possible explanation for the

reduced photosynthetic rate was that benzyladenine decreased

permeability of the protoplasts’ membrane, thereby reducing

uptake and fixation. This explanation agrees with

findings of Glinka (33) who showed a decreased water perme

ability upon addition of kinetin to excised root discs.

In all media, with and without benzyladenine, proto

plasts fixed 14CO2 up to 5 hr. In those samples containing

benzyladenine, there were no significant differences in

photosynthetic fixation rate between 3 and 5 hr. However,

in samples lacking benzyladenine, a slight but significant

decrease in CO2 fixation rate occurred after 3 hr. These

results demonstrate that oat protoplasts in the presence of

benzyladenine were stable up to 5 hr without loss of their

original CO2 fixation capacity and support the role of ben—

zyladenine as a senescence preventing plant hormone. When

benzyladenine was absent in the media, the decrease in CO2

fixation rate after 3 hr suggest that senescent processes



++Table 2. Effect of benzyladenine (BA), salt solution I (with Ca ), salt
solution II (without Ca++), and paraguat on photosynthetic ‘4C02
fixation rate of oat protoplasts at designated time intervals.a

Time interval

lhr 3hr 5hr

Treatment (i.iM 14C/mg chl/hr)b (pM 14C/mg chl/hr)b (pM 14C/mg chl/hr)b

Salt I; with BA 43 b 44 be 41 b

Salt I: without BA 52 defg 62 h 53 efg

Salt II: with BA 45 bed 45 bed 41 b

Salt II: without BA 57 fgh 60 gh 51 edef

SALT I: with BA +

~ N paraquat 11 a 10 a 7 a

aData represent means from one experiment.

bvaiues followed by the same letter are not signficantly different at the 0.05
level as determined by Student—Newman—Keul’s test (SNIC).
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were becoming evident. The duration of photosynthetic

activity in the presence of benzyladenine agrees with the

findings of Fuchs and Gaiston (32) who reported that oat

protoplasts linearly incorporated labeled leucine and un—

dine up to 6 hr when benzyladenine was included in the

media.

Photosynthetic rates of protoplasts treated with

salt solution I (with Ca~) and salt solution II (without

Cafl) were not significantly different. This agrees with

previous studies of Rehfeld and Jensen (72) who found that

the presence of Ca~ in the incubation medium had little

effect on the total amount of CO2 fixed in isolated cotton

cells.

The rate of CO2 fixation was drastically inhibited

in the presence of lO~ N paraquat. Dodge (23) reported

that the primary mode of action of paraquat was inhibition

of photosynthesis. These results suggest that the isolated

protoplasts were capable of responding to known photosyn

thetic inhibitors.

Neutral Red Stain

Approximately 90% of protoplasts were viable as in

dicated by the immediate accumulation of neutral red stain

within their vacuoles. This vital stain test is used to

determine viability of cells based on the loss or retention

0
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of the semi-permeability characteristics of the tonoplast

rather than the plasma membrane. However, other stains

(Evans Blue) have been used in determining protoplast vi

ability (43) and may be more suitable in specifically deter

mining the state of permeability of the plasma membrane.

Permeability Studies

Herbicides

The leakage of labeled material from isolated

protoplasts treated for 1 hr with herbicides is shown on

Table 3. Total in the sample is expressed as counts per

minute in 100 ul of protoplast suspension. Leakage of

is expressed as counts per minute in the solution surround

ing the protoplasts and is represented as a percentage of

the total counts per minute in the sample.

Alachlor and barban at 1O~ ?4 concentration caused

the greatest amount of leakage when compared to the control.

Trifluralin, oryzalin, dalapon, paraquat, and glyphosate

only slightly increased the leakage from protoplasts whereas

picloram at lO~ and io6 M and dicamba at l0~ M concen

tration had no significant effect.

An increase in protoplast permeability in these

short term studies probably represented a direct effect on

membrane structure and integrity rather than secondary re—

Q sponses which would later affect permeability. The
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Table 3. Leakage of intracellular 14C material from oat protoplasts treated 1 hr
with herbicides.

Total ‘4C Leakage of 14C Total leakage of’

Treatment (dpm/l00 p1) (dpm/l00 p1) (%)

Control 39,700 3,200 8

Alachior l0’3M 41,800 33,200 79 *

Control 87,500 7,600 9

Barban M 77,900 68,300 87 *

Control 54,700 4,800 9

Dalapon M 50,900 6,000 12 *

Control 37,300 3,900 10

Dicamba N 48,500 5,300 11

Control 49,000 4,100 8

Glyphosate l0~ M 50,600 5,400 11 *

Control 39,200 3,900 10

Oryzalin l0~ M 41,800 5,600 13 *
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Table 3 (Continued).

Total 14C Leakage of 14C Total leakage of

Treatment (dpm/100 p1) (dpm/l00 p1) (%)

Control 57,700 4,700 8

Paraquat l0~ M 54,500 5,900 11 *

Control 45,400 3,800 9

Picloram l0~ M 46,000 4,500 10

Control 46,700 3,900 9

Picloram 106 M 45,400 4,600 10

Control 69,700 6,400 9

Trifluralin M 61,200 8,300 14 *

avalues followed by * are significantly different from the controls at the 0.05
level as determined by the paired t—test.
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significant although slight increase in permeability result

ing from treatment with trifluralin, oryzalin, dalapon,

paraquat, and glyphosate suggested that the primary mode of

action of these herbicides was not an alteration in membrane

integrity. Previous studies have indicated contradictory

effects of dicamba (60, 77), picloram (3, 74) , and oryzalin

(89) on membrane permeability. Susceptibility differences

as well as effects on membranes other than increased perme

ability may account for these observations.

Paraquat had only a slight effect on oat protoplast

membrane permeability (Table 3) which was contrary to stud

ies conducted with other plant species. Ultrastructural and

physiological studies on honey mesquite and flak (9, 38, 39)

indicated that paraquat at io2 and l0~ f4 rapidly disrupted

cell permeability. Boulware and Camper (11) observed lysis

of isolated tomato fruit protoplasts treated with l0~ M

paraquat. However, Davis and Shimabukuro (22) reported no

structural changes in membranes of isolated peanut mesophyll

cells following 2 hr incubation with paraquat. These dif

ferential responses to paraquat may be explained by the fact

that different plant species, or different tissues of the

same species, may show great variations in response to a

herbicide. Membrane disruption following paraquat treatment

may be a secondary response, with photosynthesis initially

Q being affected, and thus resulting in formation of free
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radicals which ultimately are the responsible agents for

membrane disruption. This is supported by data presented in

Table 2 showing a drastic reduction in photosynthesis after

1 hr, whereas permeability studies indicate only a slight

increase in leakage after the same time exposure. These

observations agree with Davis and Shimabukuro (22) who re

ported that paraquat inhibited photosynthesis but did not

cause structural alterations of the cellular membranes.

Microscopic examination of alachlor and barban

treated protoplasts following the final centrifugation step

revealed that many of the protoplasts had lysed, subsequent—

ly releasing chloroplasts and cytoplasmic material into the

medium. The interaction of alachlor and barban with the mem

branes may have resulted in significant changes in the

structure and properties of the membrane, so that it could

no longer function as a structural unit or a selective per

meability barrier. Also, alachlor and barban may have ex

erted their effects by interfering with cellular energy

metabolism required to maintain membrane integrity. However,

considering the short duration of treatment, alachlor and

barban induced leakage was likely a symptom of primary in

teraction with the membrane rather than a secondary expres

sion of cell injury.

Previous studies have indicated that wild oat is

(3 more susceptible to barban than wheat (Triticum aestivum L.)
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(50, 68, 80) or barley (Hordeuni vulgare L.) (44) . Jacobsohn

and Andersen (44) suggested that factors causing wild oat

susceptibility to foliar applications of barban appeared to

be located primarily in the leaves. The response of oat

mesophyll protoplasts to barban further supports the hypo

thesis that the selective action of barban has a biochemical

rather than a morphological basis (50).

The evidence presented in these studies strongly

suggests that alachlor and barban alter cell permeability,

with the plasma membrane the primary site of action. It is

therefore reasonable to assume that metabolic changes in oat

treated with alachlor and barban are partly due to changes

in the structure and function of the cell membrane. Also,

the results imply that factors at the cellular level may be

of great importance in the selective action of herbicides.

Surfactant

The leakage of labeled material from oat proto—

plasts in the presence of various concentrations of Tween 20

is shown in Table 4. Treatment with Tween 20 at 0.001% con

centration produced no significant effect on the permeabil

ity of the protoplasts, whereas treatment with concentrations

of 0.01%, 0.1%, and 1% progressively increased the release

of intracellular material from the protoplasts. These re—

Q sults support previous findings that phytotoxicity of Tween20 is a function of its concentration (30, 45, 84)
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Table 4. Leakage of intracellular 14C material from oat protoplasts treated 1 hr
with 0.001, 0.01, 0.1, and 1.0% Tween 20.

Total 14C Leakage of 14C Total leakage of

Treatment (dpm/lOO p1) (dpm/100 p1) (%)

Control 40,200 4,000 9

0.001% Tween 20 45,800 5,700 12

Control 46,900 5,700 11

0.01% Tween 20 48,000 8,800 18 *

Control 51,600 6,700 12

0.1% Tween 20 54,800 19,100 34 *

Control 63,000 8,900 15

1.0% Tween 20 62,400 38,700 62 *

avalues followed by * are significantly different from the controls at the 0.05
level as determined by the paired t—test.
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A plot of leakage percentages against the corres

ponding Tween 20 concentrations (Figure 2) showed an abrupt

increase in leakage occurring between concentrations of

0.01% and 0.1%. Above 0.01% concentration, Tween 20 mole

cules approach the cmc and orientate into micelles (10).

Thus, this change from a molecular state to a micellar con

figuration above concentrations of 0.01% appears to corres

pond to a drastic increase in protoplast permeability.

The greater expression of leakage at concentrations

where Tween 20 exist as micelles may be due to the biophys—

ical interaction with the membrane structure. Since Tween

20 micelles have a planar lamellar configuration (10), in

sertion of micelles into the membrane by solubilization would

create a large gap in the phospholipid structure of the

plasma membrane (34), resulting in increased permeability.

The Tween 20 micelles may also bind with the ionic groups on

the globular proteins, alter the bonds, and dissociate the

proteins from the membrane, thereby increasing leakage from

the protoplasts.

When Tween 20 exists as individual molecules (below

cmc), lipophilic groups of the surfactant may diffuse into

the membrane and their presence could create small gaps

within the phospholipid portion of the membrane. Miller and

St. John (62) provide evidence that the lipophilic group of

0
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surfactants affect permeability through alteration of the

lipid regions of the membrane.

As with the herbicides alachior and barban, low cen

trifugal forces caused lysis of the protoplasts after treat

ment with 0.1% to 1% Tween 20, thus indicating definite

structural changes in the plasma membranes. Similary, lysis

of isolated protoplasts (11) and loss of K~ uptake capabil

ities by excised roots (69) treated with Tween 20 may have

been caused by changes in membrane structure.

Even though Tween 20 has an inherent low phytotox

icity, the results in these studies demonstrate that the

concentration of Tween 20 appears to determine the extent

of permeability changes. Furthermore, these studies support

the hypothesis that the phytotoxic action of Tween 20 was

executed through a direct interaction with cell membranes,

which renders the membranes incapable of maintaining semi

permeability characteristics.

Surfactant-Herbicide Combinations

Addition of surfactants to herbicidal formulations

often modifies effectiveness of the herbicides. The follow

ing studies were performed to determine the effect of Tween

20—herbicide combinations on the permeability of proto—

plasts.

0
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Tables 5 and 6 indicate that leakage from proto—

plasts following treatments with dalapon or paraquat and

Tween 20 combinations was significantly higher than when the

corresponding herbicide or Tween 20 was applied alone. Fur

thermore, leakage from protoplasts treated with combinations

of dalapon and paraquat with Tween 20 at 0.1% appeared to

be more closely equal to the sum of the individual treat

ments than combinations of either herbicide with Tween 20

at 0.01%.

Since treatment of protoplasts with either herbicide

when combined with 0.1% Tween 20 (above cmc) were more fully

additive in increasing leakage than when combined with 0.01%

Tween 20 (below cmc), these results suggest that the major

influence of Tween 20 upon herbicide activity is found in

ranges above cmc. At cmc, Tween 20 may sufficiently alter

membrane integrity by incorporating the herbicide molecules

into the micellar confirguation or adsorbing the herbicide

to the outer surface of the micelle, thereby allowing in

creased herbicide movement into the cells. These results

agree with studies by Sutton and Foy (88) who found that

combination of 0.1% Tween 20 with a herbicide were additive

in increasing membrane permeability.
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Table 5. Leakage of intracellular 14C material from oat protoplasts treated 1 hr
with 0.01 and 0.1% Tween 20, l03Mdalapon, and combinations of Tween 20
and dalapon.

Total 14C Leakage of ‘4C Total leakage of l4Ca

Treatment (dpm/l00 p1) (dpm/l00 p1) (%)

Control 63,100 10,300 16 a

0.01% Tween 20 60,800 13,500 22 c

l0~ N dalapon 61,000 11,400 19 b

0.01% Tween 20 +

l0~ M dalapon 63,000 20,200 33 d

Control 62,000 8,400 13 a

0.1% Tween 20 60,600 26,400 44 c

io3 M dalapon 59,700 10,100 17 b

0.1% Tween 20 +

icr3 M dalapon 60,000 35,600 60 d

avalues followed by the same letter are not significantly different at the 0.05
level as determined by the SNK test.
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Table 6. Leakage of intracellular ‘4C matçrial from oat protoplasts treated 1 hr
with 0.01 and 0.1% Tween 20, l0~ M paraquat, and combinations of Tween
20 with paraquat.

Total Leakage of 14C Total leakage of

Treatment (dpm/l00 p1) (dpm/l00 p1) (%)

Control 63,100 10,300 16 a

0.01% Tween 20 60,800 13,500 22 c

l0~ M paraquat 62,100 11,400 19 b

0.01% Tween 20 +

io—3 M paraquat 59,500 19,800 33 d

Control 51,600 3,900 7 a

0.1% Tween 20 51,400 15,800 29 c

io3 M paraquat 53,000 5,200 10 b

0.1% Tween 20 ÷

l03 N paraquat 52,100 20,000 37 d

avalues followed by the same letter are not significantly different at the 0.05
level as determined by the SNK test.
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Effects of Cations, Ca and Mg

++The effects of Ca and Mg on herbicide and

surfactant—induced leakage of 14C labeled material from pro

toplasts are shown in Tables 7, 8, and 9. There were no

significant differences in leakage of intracellular material

from the protoplasts in the three salt solutions after 1 hr

(Tables 7, 8, and 9). Rehfeld and Jensen (72) found that
++ ++ 14Ca and Mg decreased leakage of CO2 assimilates from

isolated cotton cells to about 1% of the total carbon fixed

per hour. These differences in results may reflect sensi

tivity differences between plant species to the cations,

differences in experimental time after which the effects

were determined, or differences resulting from the use of

cells and protoplasts.
++

Tables 7, 8, and 9 show that the presence of Ca

in the medium reduced glyphosate, paraquat, and Tween 20—

induced leakage from the protoplasts. Mg~ has no effect on

the reduction of glyphosate, paraquat, and Tween 20-induced

leakage, which suggests that Ca++ may be the predominate ca

tion providing membrane protection from herbicide and sur—
++ ++factant action. However, Ca and Mg were unable to over

come herbicide and surfactant-induced alterations in cell

permeability.

The ability of Ca~ and Mg~ to prevent chemically—

(3 induced permeability changes has been reported in various
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Table 7. Leakage of intracellular 14C material from oat protoplasts treated 1 hr
with and without Ca++ (3 n~z4), Mg~ (2 mM), and glyphosate (l0~ M).

Treatment Total 14C Leakage of 14C Total leakage of l4Ca

(Ca Mg glyphosate) (dpm/l00 p1) (dpm/l00 p1) (%)

+ + — 48,900 4,100 8 a

— + — 58,000 4,600 8 a

— .. — 45,200 3,600 8 a

51,400 5,500 11 b

— 60,500 9,900 16 c

— — ÷ 44,100 7,600 17 c

aValues followed by the same letter are not significant y different at the 0.05
level as determined by the SNK test.
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Table 8. Leakage of intracellular 14C material from oat protoplasts treated 1 hr
with and without Ca~ (3 jpJ~), Mg++ (2 mM), and Paraquat (1cr3 M).

Treatment Total ‘4C Leakage of 14C Total leakage of

(Ca Mg paraquat) (dpm/l00 p1) (dpm/l00 p1) (%)

+ — 49,400 4,300 9 a

— — 52,600 4,500 9 a

— — — 48,100 3,800 8 a

47~000 5,700 12 b

53,400 7,500 14 c

47,100 6,800 15 c

aValues followed by the same letter are not significantly different at the 0.05
level as determined by the SNI< test.



Table 9. Leakage of intracellular 14C material from oat protoplasts treated 1 hr
with and without Ca~ (3 mM), Mg~ (2 mM), and Tween 20 (0.01%).

Treatment Total ‘4C Leakage of 14C Total leakage of l-4ca

(Ca Mg Tween 20) (dpm/l00 p1) (dpm/l00 P1)

+ + — 34,200 2,400 7 a

— + — 73,900 4,800 7 a

— — — 68,600 4,600 7 a

+ 37,700 4,200 11 b

+ 77,400 11,800 16 c

+ 78,700 11,900 15 c

avalues followed by the same letter are not significantly different at the 0.05
level as determined by the SNK test.
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plant species (71, 72, 76, 86, 90). Poovaiah and Leopold

(71) indicated that Ca~ and Mg~ decrease membrane perme

ability by altering protein and other macromolecules com

prising the membrane. Calcium ions may change surface

charges on the membrane and/or change the interaction be

tween the surrounding aqueous solution and the macromolecules

constituting the membrane. Van Steveninck (90) reported

that Mg~ was mainly found within the cellular protoplasm

whereas Ca~”~ was associated at the outer plasma membrane and

within the cell wall. Leonard et al. (53) also indicated

that Ca~~ influenced permeability by acting at sites on the

external surface of cells. Ruesink (76) postulated that

Ca~ prevented chemically—induced lysis of protoplasts by

combining with negative charged sites on the plasma mem

brane, resulting in an inability of the chemical to bind to

charged sites on the membrane.
++

In conclusion, Ca and Mg may reduce leakage from

herbicide and surfactant treated protoplasts by the follow—
++ ++

ing mechanisms; (a) Ca or Mg bind to the negative

charged sites on either the protein or phospholipid struc

ture which renders the membrane more resistant to chemical

attack, or (b) Ca~ prevents the occurrence of localized

chemical interactions between the herbicides, surfactant,

and membrane constituents.

0
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Plasma Membrane ATPase Studies

verification of plasma membranes
and plasma membrane ATPase

Since there are several membrane—bound ATrases in

homogenates of oat roots (52), verification procedures were

undertaken to insure that the purity of the plasma membrane

fraction and characteristics of the plasma membrane ATPase

were comparable to those previously reported.

Ultrastructural study. Figure 3 is a thin section

of a purified plasma membrane fraction from oat roots. Ap

proximately 75% of the membranes were plasma membranes, and

this was identical to the purity found by Leonard and

Hodges (51). Plasma membrane vesicles appeared darkly

stained whereas other cellular membranes stained lightly

Roland et al. (75) demonstrated that phosphotungstic

acid—chromic acid specifically stained plasma membranes in

isolated cell fractions. This staining procedure provided

a reliable means of distinguishing plasma membranes from

other cellular membianes in the membrane fraction.

ATPase Activity. Leonard and Hodges (51) reported

that the ATPase associated with plasma membranes from oat

roots required Mg~ ions andwas specifically stimulated by

ions. Table 10 shows that when plasma membrane ATPase

Q was assayed at pH 6.5, addition of with Mg~ gave a



1~~

S

,4#~ p~•



0 57
Table 10. Effects of the cations, Mg~ and and DES

on plasma membrane ATPase activity from oat
roots.

ATPase activity Change

Treatment (pM Pt/mg protein/hr)a (%)

Mg~~ 13±2 -—

Mg~ + 26 ± 1* 48

Control 32 ± 2 -—

DES 70 pM 17 ±2* 46

avalues followed by * are significantly different from
corresponding treatment at 0.05 level as determined by
SNK.

the

0
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two—fold stimulation in ATPase activity over that in the

++presence of Mg alone. This stimulation in oat root plasma

membrane ATPase activity was identical to the results re

ported by Leonard and Hodges (51).

DES is a known inhibitor of plant plasma membrane

ATPase activity. When plasma membrane ATPase was treated

with 70 pM DES, ATPase activity was inhibited approximately

50% (Table 10), which corresponded to results by Balke and

Hodges (5).

ATPase activities of untreated samples in these ex

periments were about 8% below those reported by Leonard and

Hodges (51). This decrease in activity of ATPase as com

pared to other reports may be caused by (a) free AT? inter

ference with phosphate assay in the Fiske and Subbarow

method of phosphate estimation (87), (N calcium (6) and

free ATP (4) inhibition of ATPase activity, and/or (c)~ in

sufficient substrate for maximum enzyme activity. Residual

amounts of Ca++ not removed during the homogenizing pro

cedure may have been present in the ATPase preparation which

would have interfered with the enzyme—substrate complex.

Also, the substrate tris—AT? is very hygroscopic and is

easily subject to hydrolysis.
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Effects of Herbicides on Plasma
Membrane ATPase Activity

Table 11 shows the results of those experiments in

which the ATPase was exposed to herbicides during assay of

the ATPase activity. ATPase activities were only slightly

reduced following treatment with lO~ Z’4 concentrations of

alachlor, dalapon, dicamba, oryzalin, picloram, and lO~ M

concentrations of alachior and barban. Trifluralin at 10~

M and glyphosate and picloram at l06 M had no significant

affect on ATPase activity. Barban at lO~ M caused 33% in

hibition of enzyme activity while glyphosate increased

ATPase activity by 24%.

Results from experiments involving pretreatment of

ATPase with herbicides and subsequent assay with the sub

strate are shown in Table 12. In the presence of M

glyphosate, picloram, and dicamba, plasma membrane ATPase

activity was inhibited by more than 50%. At l0~ M concen

tration, barban and oryzalin caused a 15% inhibition of en

zyme activity, whereas dalapon, lO~ M, and picloram, 106

M, had no affect.

Barban, lO~ M, had a greater inhibitory effect on

ATPase activity when included during ATPase assay than when

the ATPase was pretreated with barban. This different ré—

sponse of ATPase to barban may indicate that pretreatment

of the ATPase before actual assay of its activity had little



Table 11. ATPase activity of plasma membranes from oat
roots in the presence of herbicides.

A’l’Pase activity

Treatment (uM Pi/mg protein/hr)a (% of control)

Control

Alacblor l0~ K

Control

Alachlor l06 K

Control

Barban l0~ K

Con trot

Barban io6 14

Control

Dalapon l0~ 14

Control

Dicarnba l0~ K

Control

Glyphosate l0~ K

Control

Glyphosate 106 H

Control

Oryzalin l0~ K

Control

Picloram l0~ t4

Control

Picloram K

Control

Trifluralin 10~ 14

30 ± 1

25 ± 1*

30 ± 1
27 ± 1’

31 ± 2

20 ± 1*

37 ± 1
32±1*

34 ± 1

30 ± 1*

30 ± 1

27 ± 1*

31 ± 3

39 ± 2~

35 ± 2

32 ± 1

36 ± 2

32 ± 2*

35 ± 1

32 ± 1*

30 ± 1

28 ± 1

37 ± 7

33 ± 7

avalues followed by * are sianificantly different
controls at 0.05 level as determined by SNK.

85

89

67

88

88

87

124

93

89

91

93

88

from

0

.
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Table 12. ATPase activity of plasma membranes from oat
roots pretreated 5 mm with herbicides.

ATPase activity Inhibition

Treatment (iaM Pi/mg protein/hr)a (%)

Control 39 ± 1 ——

Barban lo~ M 33 ± 1* 15

Control 30 ± 1 ——

Dalapon l0~ M 30 ± 1 0

Control 31 ± 1 ——

Dicamba lo~ 14 13 ± 1* 59

control 30 ± 2 ——

Glyphosate l0~ 14 13 ± 1* 55

control 36 ± 1 ——

oryzalin 1o~ 14 30 ± 1* 16

Control 33 ± 2 ——

Picloram 10~ 14 14 ± 1* 57

Control 38 ± 2 -—

Picloram io6 M 36 ± 1 5

avalues followed by * are significantly different
controls at 0.05 level as determined by SNK.

from

0
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effect on the enzyme itself. However, when barban is added

directly to the assay medium, barban may complex with the

substrate, Mg-ATP, preventing ATP hydrolysis by the enzyme

and producing an apparent decrease in activity.

Glyphosate increased ATPase activities when in

cluded during ATPase assay but decreased enzyme activity

when the ATrase was pretreated. Glyphosate may increase

ATPase activity by acting as a chelator of Ca~. If Ca~

ions were not completely removed from the plasma membrane

fractions during isolation, then glyphosate may chelate

these residual Ca ions, resulting in an increased ATPase

activity. Balke et al. (6) indicated that Ca~~inhibition

of ATPase activity can be readily relieved by EDTA, also a
++

chelator of Ca

Glyphosate, as well as dicamba and piclora, inhib

ited ATPase activity only when the ATPase was pretreated

with these herbicides. This suggests that these herbicides

decrease ATPase activity by acting on the enzyme itself or

on the membrane components associated with the enzyme,

rather than acting on the substrate—enzyme complex formed

in the assay reactions. The herbicides may act on the

ATPase by forming a complex with the enzyme, causing a con—

formational change which inhibits its activity.

The pH of the ATPase assay media did not change

Q when the herbicides were added to the media. Thus, the
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effects of these herbicides on ATPase activity were not

influenced by pH changes in the assay media.

If ion transport across the plasma membrane is me

diated by an ATPase associated with the plasma membrane,

direct inhibition of plasma membrane ATPAse activity by gly—

phosate, dicamba, and picloram may result in reduction of

ion uptake by treated plants. Brecke (13) found that gly—

phosate inhibited absorption of 86~ and by bean meso

phyl]. cells isolated from treated plants. He postulated

that glyphosate may form a complex with the K+_stimulated

plasma membrane ATPase, inhibit its activity and consequent

ly inhibit ion transport in general.

Comparative studies of the effects of glyphosate,

dicainba, and picloram on intact plants have shown similar

responses such as (a) disappearance of leaf nyctinasty and

epinasty (13, 25, 27, 77, 78) , (b) closure of stomata (l3,

18, 73), and (c) symptoms of toxicity without these herbi

cides entering cells (13, 59, 66) . These effects on plants

may be explained by the inhibition of ion absorption through

inhibition of ATPase activity.

The nastic responses are regulated by changes in

turgor pressure in the cells of the pulvini which result

from reversible transport of to and from the cells. In

hibition of uptake would account for the decrease in

a
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turgor pressure in the pulvini cells, resulting in the

observed responses. If the theory that stomatal opening is

controlled by cellular uptake of is true (20), then in

hibition of ion uptake would explain the stomatal closure

observed in response to the herbicide treatments. Since

these herbicides exhibit toxicity without entering the cell,

they appear to have a direct effect on the plasma membrane,

the site at which ion absorption processes are mediated.

The observed effects of glyphosate, dicamha, and

picloram imply an inhibition of ion transport. It thus

seems possible that these herbicides initially reduce plant

ion uptake which eventually affects other physiological pro

cesses dependent on this activity. A more thorough charac

terization of plasma membrane ATPase activity in the

presence of glyphosate, dicamba, and picloram is needed be

fore a definite statement on their mode of action can be

made. Further studies on the effect of these herbicides on

the kinetics of ion absorption and the kinetics of

activation of the plasma membrane ATPase are also needed.

Concluding Discussion

Several herbicides and Tween 20 appeared to directly

affect properties of oat plasma membranes by a possible

alteration of a particular membrane component or set of com

ponents. Leakage studies indicated that alachlor, barban,

0
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and Tween 20 probably acted upon those membrane components

which resulted in increased permeability. These chemicals

may have altered either the membrane phospholipids or the

structural proteins; however, the solubilizing property of

Tween 20 would suggest that the phospholipids were the pri

mary membrane components affected by Tween 20 treatment.

The primary mode of action of alachlor, barban, and Tween

20 may involve changes in membrane components followed by

increased permeability.

Leakage studies also indicated that Ca~ partially

prevented herbicide and Tween 20-induced leakage. Ca~ may

Q have protected the globular proteins associated with theouter surface of the plasma membrane, which suggests that

these proteins associated with Ca are specifically al

tered by herbicides and Tween 20.

Glyphosate, dicamba, and picloram did not increase

permeability but did inhibit plasma membrane ATPase activ

ity. This ATPase which is associated with isolated plasma

membrane vesicles and postulated to function in ion trans

port is probably an integral protein. The results suggest

that these herbicides mainly affect the membrane proteins

rather than membrane phospho lipids involved with mainten

ance of semi—permeability.

Barban not only increased leakage from oat proto—

Q plasts but also affected the ATPase—substrate complex of
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oat root plasma membranes. This suggested that barban

altered several membrane components of oat (a plant highly

susceptible to barban) as indicated by increased permeabil

ity and inhibition of ATPase activity.

Alachlor, barban, dicamba, glyphosate, and piclorain

are representatives from different herbicide classes which

vary in chemical structure as well as effects on plants.

Success in relating herbicide and surfactant chemical struc

ture to physiological effects has been attempted but gener

ally has been unavailing. Likewise, it is evident that

success in relating herbicide and surfactant effects with

membrane structure and function cannot be ascertained until

more is known about the structure and functions of the

plasma membrane.



APPENDIX A

SOLUTIONS

Reducing Reagent for Phosphate Assay

The reducing reagent, 0.25% ANSA (1,2,4—aminonaph--

tholsulfonic acid), was prepared by addition of 190 ml

freshly prepared 15% Na2S2O5 to 0.5 gm ANSA powder. With

vigorous stirring, 2 ml aliquots of 20% Na2SO3 were gradual—

ly added until the solution became clear. The solution was

made up to 200 ml with 15% Na2S2O5 and stored in a brown

bottle at 4 C. Unless crystal formations at the bottom of

the bottle occurred within 12 hr, - precipitate formation

during phosphate assay interfered with spectromettic read

ings.

Liquid Scintillation Fluor

The scintillation fluor used for leakage studies

and CO2 fixation studies contained 16.5 g PPO (2,5—di—

phenyloxazole, New England Nuclear) , 0.3 g POPOP (p—

bis( 2—(5—phenyloxazole) ]—benzene} (New England Nuclear),

1000 ml Triton X—lOO (New England Nuclear) , and 2000 ml

toluene.

0



APPENDIX B

CALCULATIONS

Chlorophyll Concentration

mg chlorophyll/i = 652 x 100036

Micromoles of ‘4C/mg of Chlorophyll

standard dpm’ x x sample cpmpM ‘4C/mg Chl = standard cpm
specific
activity x 2.2 x io6 x mg Chl
pCi/pM

Statistical Formulas

n ii 2apaired t-test=t=— d. =x . -x
d.

-~ 1

°fl = n = sample size

/n d. - a 2
5 =/Ecl n)d i=l n—i

5-

5— =d n

1. Disintegrations per minute.

2. Dilution Factor = nil assay/mi isotope/mi sample
removed for counting.

0
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