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EFFECTS OF LACTOFEN HERBICIDE ON CELLULAR UPTAKE OF GLYPHOSATE
HERBICIDE IN MALVA PARVIFLORA L.

INTRODUCTION

Epicuticular waxes and cuticles are considered to be the primary
barrier to foliar entry of xenobiotic compounds, particularly to polar
compounds like glyphosate (Hess, 1985; Bukovac, 1976).

Several studies

suggest that the plasma membrane is also a significant obstacle for
glyphosate uptake (Richard and Slife, 1979; Haderlie et al., 1977;
Wyrill and Burnside, 1977; Gottrup et al., 1976; Sprankle et al.,
1975).

Wyrill and Burnside (1976) demonstrated that removal of

cuticular waxes with chloroform did not affect glyphosate uptake in
either hemp dogbane (Apocynum cannabinum L.) or common milkweed
(Asclepias syriaca L.).

Although cuticular structures of these two

species are distinctly different, glyphosate diffusion across isolated
cuticles was unaffected by the addition of surfactant (Wyrill and
Burnside, 1977).

These researchers suggested that the primary effect

of the surfactant was on the plasmalemma, not on the cuticle.
Similarly, Sherrick et al. (1986b) found that, although a
polyethoxylated tallow amine adjuvant (MON 0818) increased glyphosate
absorption in field bindweed (Convolvulus arvensis L.), differing
amounts of epicuticular wax deposition on field bindweed grown under
different environmental conditions had no effect on glyphosate uptake
when combined with MON 0818.

This, coupled with the fact that large

amounts of MON 0818 were found to penetrate the cuticle, led these
researchers to conclude that the surfactant was acting on the plasma
membrane rather than on the cuticle.

Studies conducted by Darlington

and Barry (1965) demonstrated that permeability of hydrated apricot
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cuticles was unaffected by surfactants, which also suggests that the
primary effect of surfactants was not on the cuticle.

Numerous studies

have shown that surfactants do indeed affect membrane permeability
(Sherrick et al., 1986a; Norris, 1982; Towne et al., 1978; St. John et
al., 1974; Sutton and Foy, 1971).

Although the total amount of glyphosate taken into a plant is
influenced by species characteristics, environmental conditions,

carrier volumes, and spray additives, the pattern of uptake is
strikingly similar.

Glyphosate uptake has been shown to occur in two

phases--a short period of rapid initial uptake, followed by a period of
slower, linear uptake (Burton and Balke, 1988; Sherrick et al., 1986a;
Nafzinger et al., 1983; Brecke and Duke, 1980; Richard and Slife, 1979;
Fernandez, 1978; Haderlie et al., 1977; Gottrup et al., 1976; Sprankle
et al., 1975).

The lack of continued glyphosate absorption in hemp

dogbane was attributed to poor uptake across the plasma membrane which
would disrupt the concentration gradient required for continual passive
diffusion to occur (Richard and Slife, 1979).

These researchers

proposed that, although glyphosate concentrations in the droplets on
the outer leaf surface increase in concentration as water evaporates,
the glyphosate that diffuses across the cuticle would not be taken up
by the cells.

Glyphosate concentrations outside the cells would also

increase, thereby reducing the concentration gradient necessary for
continued rapid uptake.

In bean (Phaseolus vulgaris L.) leaves, Brecke

and Duke (1980) demonstrated that, although rapid initial cuticular
uptake of 14C-glyphosate occurs, isolated mesophyll cells do not
readily absorb 14C-glyphosate.

Characteristics of the plasma membrane and the glyphosate molecule
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suggest that the plasmalemma should be a major barrier for glyphosate
uptake.

The glyphosate molecule has an octanol/water partition

coefficient of 0.02.

This hydrophilic characteristic would render it

incompatible with lipophilic membranes.

Furthermore, at physiological

pH, the glyphosate molecule exists as an anion (Sprankle et al., 1975).
Richard and Slife (1979) suggest that the negative charges associated
with the cell wall, plasmalemma, and cytoplasm would repel the
negatively charged glyphosate molecule.

Altering membrane permeability could enhance cellular absorption
of glyphosate.

The mechanism of action of diphenyl ether (DPE)

herbicides involves peroxidation and subsequent disruption of cellular
membranes (Boger, 1984; Orr et al., 1983; Orr and Hess, 1982a; 1981;
Kunert and Boger, 1981; Gorske and Hopen, 1978; Prendeville and Warren,
1977; Vanstone and Stobbe, 1977).

Phytotoxic activity of nitro-

substituted DPE herbicides require light activation of carotenoids in
the presence of 02 (Orr and Hess, 1982a; 1982b; Fadayomi and Warren,
1976; Matsunaka, 1969).

After light activation, injury is exhibited as

a general increase in membrane permeability culminating in membrane
destruction (Kunert, 1984; Gorske and Hopen, 1978; Prendeville and
Warren, 1977; Vanstone and Stobbe, 1977).

The first symptom of DPE

toxicity is the disruption of the plasmalemma and loss of cytoplasmic
integrity, followed by membrane disruption of the chloroplast, which is
the last cellular organelle to lose its structure (Kenyon et al.,
1985).

Investigations conducted by Pereira and Crabtree (1986)
demonstrated that adding oxyfluorfen to glyphosate spray solutions
increased glyphosate translocation in yellow nutsedge (Cyperus
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esculentus L.) compared to glyphosate alone.

The combination resulted

in increased chlorosis, and reduced regrowth and new tuber formation.

This synergistic interaction between glyphosate and DPE herbicides also
has been demonstrated by other researchers.

Injury to ornamental

evergreen cultivars induced by glyphosate at 4.5 kg/ha applied in
combination with oxyfluorfen at 1.1 to 2.2 kg/ha was equivalent to
injury induced by glyphosate applied alone at 9.0 kg/ha (Ryan, 1980).

Adding lactofen to glyphosate spray solutions reportedly enhanced
glyphosate effectiveness on certain winter annual weed species in
California orchards (Asghari at al., 1988).

The enhancement of

glyphosate on winter annuals by the addition of DPE herbicides to the
spray solution is particularly evident on little mallow and filaree sp.
(Erodium sp.), both of which require high doses of glyphosate alone for
effective control (Siekert, 1988).

In these studies, sublethal lactofen doses were used to study the
effects of lactofen on membrane permeability and subsequent cellular
uptake of glyphosate in little mallow.

Strong correlations exist

between severity of membrane injury and concentrations of ethylene and
ethane, and leakage of electrolytes (Harber and Fuchigami, 1986; Field,
1981b).

Lactofen injury to cell membranes was therefore determined by

monitoring ethylene and ethane evolution and measuring electrolyte
leakage over time.

The mechanism of action of glyphosate involves the inhibition of
5-enolpyruvylshikimate-3-phosphate (EPSP) synthase, an enzyme in the
shikimic acid pathway (Amrhein at al., 1982).

Dramatic increases in

shikimic acid accumulation result directly from EPSP synthase
inhibition by glyphosate (Hollander-Czytko and Amrhein, 1983; Amrhein,
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Schab, and Steinrucken, 1980).

Levels of shikimate accumulation are

correlated with glyphosate dose (Tokhver and Pal'm, 1987; Rubin et al.,
1984; Steinrucken and Amrhein, 1980).

Significant evidence exists

suggesting that the entire shikimate pathway functions primarily in the
plastid (Hollander-Czytko and Amrhein, 1987; Mousdale and Coggins,
1985; Buchholz and Schultz, 1980; Weeden and Gottlieb, 1980; Bickel and
Schultz, 1979; Bickel et al., 1978; Feierabend and Brassel, 1977).
Mousdale and Coggins (1985) noted that the plastidic localization of
the shikimate pathway would require glyphosate to not only penetrate
the plasma membrane but subcellular membranes as well.

Because

shikimic acid accumulation resulting from EPSP synthase inhibition
requires intact functional cells, shikimic acid concentrations were
used to detect cellular uptake of glyphosate.
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LITERATURE REVIEW

Foliar Absorption

Foliar Absorption Pathway

The phytotoxic efficacy of foliar-applied herbicides is determined
by the efficiency with which the active ingredient is taken up by the
plant and translocated to the active site.

Foliar absorption is

influenced by environmental conditions (before, during, and after
application), characteristics of the herbicide itself (formulation and
active ingredient), method of application (carrier volume and
additives), and plant characteristics.

Three steps are involved in the

penetration process before an herbicide is released into the cytoplasm;
a) cuticular penetration, b) epidermal cell wall penetration, and c)
plasma membrane penetration.

Cuticular and cell wall penetration occur

by simple diffusion and are thereby driven by concentration gradients.
Absorption across the plasma membrane is much more complex, and may
involve both passive and active transport.
The cuticular membrane.
herbicides is the cuticle.

The first barrier to foliar absorption of
The cuticular membrane is a heterogeneous,

porous layer, which covers the surface of epidermal cells.

It consists

of three distinct components, waxes (epicuticular surface waxes and
embedded cuticular waxes), cutin, and pectin.

The outermost cuticular

layer is primarily composed of hydrophobic, nonpolar surface waxes
aggregated into complex, crystal-like structures.

Epicuticular waxes

vary in amount, size, structure, configuration, and surface
distribution between species (Martin and Juniper, 1970), and according
to environmental conditions under which the plant develops (Baker,
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1974; Tribe et al., 1968; Skoss, 1955).

The chemical composition of

waxes determines their ultrastructure as well (Jeffree et al., 1975;
Hallam, 1970).

Temperature has been shown to influence the quantity

and quality of waxes to a greater extent than cutin (Hull et al.,
1975).

Low relative humidity as well as high light intensities

resulted in increased waxy deposits on leaf surfaces (Tribe et al.,
1968).

In contrast, shaded growing conditions reduced wax deposits

(Whitecross and Armstrong, 1972).

Epicuticular waxes consist of complex mixtures of long-chain (C20
to C37) alkanes, alcohols, ketones, aldehydes, esters, and fatty acids
which vary in level of saturation, placement of functional groups, and
degree of chain branching (Hull et al., 1982; Bayer and Lumb, 1973).
In comparison, cuticular waxes contain fewer hydrocarbons, esters, and
alcohols, while containing greater amounts of polar constituents (Baker
and Bukovac, 1971).

The structure of cutin, the primary component of the inner
cuticular layer, is less complex than that of the wax components.

It

is composed of hydroxylated fatty acids and fatty acids bound together
by ester linkages (Hull et al., 1982; Kollatukudy, 1981).

Polar groups

associated with cutin account for the increased hydrophilic nature of
cutin compared with waxes.

Cutin therefore has the ability to become

hydrated under moist conditions.

At the cuticle-cell wall interface,

cutin is interspersed with pectin strands.

Pectin, the final structural component of the cuticle, is also one
of the primary constituents of the cell wall.
hydrophylic component of the cuticle.

Pectin is the most

It occurs as strands consisting

primarily of polysaccharide polymers rich in uronic acid.

Rather than
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occurring as distinct cuticular layers, cuticular waxes and cutin are
inter-related and interspersed with pectin strands.

Pathways of

differential polarity by which xenobiotic molecules can penetrate the
cuticle thereby occur.
The cell wall.

The second barrier to foliar uptake of xenobiotic

compounds is the cell wall.

No clear boundary exists between the

cuticle and the outer cell wall of epidermal cells.

The cell wall is

composed primarily of water, polysaccharides, and proteins (Salisbury
and Ross, 1985; Milburn, 1979).

Preston (1979) categorizes cell wall

polysaccharides into two classes, matrix and skeletal.

Hemicellulose

and pectic materials occur in the matrix, whereas, skeletal
polysaccharides consist primarily of cellulose (Milburn, 1979).
Pectin predominates at the cell wall-cuticle interface, while
cellulose is in contact with the plasma membrane.

Pectin is a

hydrophylic polymer rich in o< -1,4- linked D-galacturonic acid residues.

The high cation exchange capacity associated with the cell wall is
primarily attributed to the unesterified carboxyl groups of the
pectinaceaous compounds (Price, 1979; Hall and Baker, 1977).

Cellulose

is a highly hydrophylic k1,4-glucan polymer present in cells in the
form of ordered strands called microfibrils, which provide strength and
elasticity to the cell wall.

Proteins, including enzymes and

structural proteins, also occur in cell walls (Lamport, 1977; 1965).
Thin areas called primary pit fields are associated with the
primary walls.

Plasmodesmata, thin cytoplasmic strands that extend

through walls of adjacent cells, often in the primary pit fields,
connect the protoplasts of adjacent cells (Salisbury and Ross, 1985).
The plasmodesmata are believed to enable rapid transport of materials

9

between cells.

Secondary cell walls are usually lignified (Esau, 1977).

Lignin,

an important structural component, is a complex polymer that forms a
network permeating the secondary cell wall matrix (Salisbury and Ross,
1985).

The hydroxyl groups associated with cutin, and the carboxyl groups
associated with pectin, account for the highly hydrophilic
characteristic of the cell wall which enables it to imbibe water
readily.

The penetration of water-soluble substances through the cell

wall is thereby facilitated.
The plasma membrane.

The third and final barrier to foliar

penetration is the plasmalemma.

This semi-permeable cellular membrane,

which surrounds and encloses the cytoplasm, regulates the solute
content of the cell.
and proteins.

The plasma membrane is .composed mainly of lipids

The lipids act to maintain the structure of the membrane

while proteins, although they contribute to membrane structure, act as
enzymes or carriers and are primarily responsible for membrane
function.

The major lipid constituents of plant cells include phospholipids,
glycolipids, and sterols.

These lipids all share common features

important to membrane structure.

They consist of a polar glycerol head

group esterified to two hydrophobic long-chain (C16 or C18) fatty acids
which are stretched alongside each other and are associated with one
another by van der Waals attractive forces (Salisbury and Ross, 1985;
Hall et al., 1982; Kates, 1970).

These fatty acids are either

saturated (palmitic or steric acid) or unsaturated (oleic, linoleic and
linolenic acids).

The lipid molecules are therefore amphipathic (polar
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on one end and nonpolar on the other end) enabling them to interact
with lipids as well as water.

The basic structure of the plasma membrane is that of a lipid
bilayer.

The most widely accepted structural model of the plasma

membrane is the fluid mosaic model proposed by Singer and Nicolson
(1972).

In this model, amphipathic lipids occur as a biphasic micellar

structure with the hydrophobic fatty acid tails aggregating in the
bilayer interior and the hydrophylic polar head groups facing the outer
aqueous phases.

Like phospholipids, membrane proteins are amphipathic,

consisting of polar and non-polar groups which determine their
placement within a membrane.
fluid, not static.

The lipid phase of the plasma membrane is

Both the lipids and proteins, which are under

constant motion, move freely within the plane of the lipid bilayer
(Frye and Edidin, 1970).

The fluidity of the bilayer is dependent on

the extent of saturation of the lipid tails and on temperature
(Capaldi, 1974).

Globular proteins associated with this lipid bilayer are generally
categorized into two broad classes, extrinsic (peripheral) proteins
which are loosely associated with the membrane surface and intrinsic
(integral) proteins which are embedded within the membrane and in some
cases expand the entire bilayer (Capaldi, 1974; Singer, 1974).
Hydrophilic portions of proteins are exposed to aqueous surroundings
and interact with the polar head groups of the phospholipids while
hydrophobic groups interact within the lipid bilayer (Salisbury and
Ross, 1985; Hall et al., 1982).

Proteins with a predominance of

nonpolar amino acid (valine, and leucine) portions, penetrate deep into
the lipid rich interior interacting with the lipid tails of the bilayer
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while proteins with polar amino acid (glutamic acid, histidine,
arginine, aspartic acid, serene, threonine, and lycine) side chains
tend to occur as surface proteins (Capaldi, 1974).

Carbohydrates,

which are known to extend from the outer surface of membrane proteins,
are believed to be specific recognition sites (Hall et al., 1982).
The net charge of the membrane surface is negative at
physiological pH although the charge does vary with pH changes (Hall et
al., 1982).

The Herbicide Absorption Process

The cuticular membrane.

of herbicides is the cuticle.

The primary barrier to foliar absorption
The surface coating of epicuticular

waxes determines the wettability of the leaf surface (Hull et al.,
1975).

Norris (1970) noted that embedded waxes are not a continuous

layer, rather, have some areas preferentially permeable to polar
compounds and some areas preferentially permeable to non polar
compounds.

The open sponge-like framework of the cuticular membrane is

made up of embedded waxes interspersed within a cutin matrix into which
pectin strands extend (Hess, 1985).

Cutin is hydrophilic and the wax

is hydrophobic, providing two distinct pathways by which herbicides are
able to penetrate the cytoplasm of living cells; a lipoidal and an
aqueous route (Crafts, 1961; Crafts, 1956).

Under conditions of high

relative humidity, pectin strands become hydrated, providing a
continual hydrophilic pathway from the plant surface into the cell
wall.

The polarity of exogenous molecules determines the absorption
pathway by which they penetrate.

Lipophilic molecules generally
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penetrate in an undissociated, nonpolar form.

Highly polar molecules

could partition into cuticular waxes and never penetrate the cuticle.
Hydrophilic polar molecules slowly penetrate the cuticle via the
aqueous route, and are thereby greatly influenced by the degree of
atmosphere saturation (Clor et al., 1964; Smith et al., 1959).
In addition to polarity, molecular charge also influences
absorption across the cuticle.

Cuticular membranes have a net negative

charge which exhibits ion-exchange properties.

Since cations are

attracted, they tend to be adsorbed by this membrane to a greater
extent than anions.

Once cations are adsorbed to cuticular membranes,

they move via cation exchange, following a gradient from high to low
concentrations.

Although stomata are involved in the absorption process to some
extent, direct penetration of the leaf surface is of greatest
importance to foliar absorption of xenobiotic compounds.

In fact, the

cuticle is still a barrier once the stomatal pore is penetrated.
Stomatal uptake has been shown to occur primarily through the guard
cells which surround the stomatal pores rather than through the
stomatal cavity itself (Bukovac, 1976).

Neuman and Jacob (1968) showed

that cuticle membranes of guard cells tended to be thinner and were
more permeable than cuticles of stomatal pores.
The cell wall.

The cell wall is porous enough to allow free

passage of water and dissolved materials.
3.5 to 5.2 nm (Carpita, 1982).

Pore diameters range from

In comparison, water molecules are 0.3

nm in diameter and sugar molecules are 1 nm in diameter (Salisbury and
Ross, 1985).

The cell wall is therefore not generally considered to be

a major barrier to herbicide absorption.
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The plasma membrane.

The solute content of a cell is primarily

regulated by the plasmalemma, a differentially permeable membrane.
Molecular absorption across cellular membranes involves both passive
and active transport mechanisms.

Although the plasmalemma does not

pose a major barrier to absorption of lipophilic molecules, water, or
dissolved gasses (N, 0, and C) which penetrate the plasma membrane with
ease, it is a barrier to the diffusion of ions and other hydrophilic
molecules.

Movement of charged molecules across the membranes may be

aided by specific carrier molecules (Hall et al., 1982) or by the
presence of aqueous pores (Rawn, 1983; Hall et al., 1982).

Membrane

transport proteins include a) carriers that mediate active transport,
which requires metabolic energy to move molecules up a biochemical
gradient, and b) carrier channels that mediate passive transport or
molecular movement down an electrochemical gradient without utilizing
metabolic energy.

Ionic channels; as described by Satter and Moran

(1988), are transmembrane proteins in continual thermal motion,
undergoing random transitions between many different conformational
states.

Under certain conformational changes, the protein core forms a
The

channel, which in its open state constitutes a diffusion pathway.

occurrence of ion channels in plasma membranes of isolated cells and of
isolated protoplasts from numerous plant species have been reported
(Schauf and Wilson, 1987a; 1987b; Schroeder et al., 1987; 1984; Moran
et al., 1986; 1984).

Early electrophysiological evidence of gated

ionic channels was reviewed by Hille (1984).

Herbicide movement across the plasma membrane is primarily passive
(Hess, 1985).

Such passive downhill transport occurs independent of

metabolic energy and is driven by concentration gradients.

An
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exception to passive diffusion across membranes is the phenoxy
herbicides which have been shown to involve active uptake mechanisms
(Donaldson et al., 1973).

The most rapidly penetrating molecules are nonpolar molecules.
Adding polar groups or shortening the acyl chain will decrease their
permeability.

The cellular penetration rate of hydrophilic compounds

is inversely proportional to their molecular size, whereas, the

penetration rate of hydrophobic compounds is independent of molecular
size and is correlated with the lipophilicity of the molecule (Hess,
1985) as well as the partition coefficient (Hall et al., 1982).

Permeability of Cellular Membranes

The fluidity of the lipid bilayer of cellular membranes is
dependent on the extent of saturation of the lipid tails and on
temperature (Capaldi, 1974).

Fatty acid residues have a bearing on the

temperature range in which a membrane can function.

Relatively fluid

to flexible liquid-crystalline states are compatible with membrane
function.

Solid gel-like states, occurring when temperatures drop

below the phase transition range, are not conducive to membrane
function.

In the solid state, phospholipids may occur in one of

several crystalline forms which transform to a crystalline-liquid, then
to a liquid state as the membrane is warmed.

This transition involves

the melting of phospholipid hydrocarbon chains (Simon, 1974) and would
disrupt membrane function as well.

Numerous environmental and chemical

factors affect membrane architecture and thereby alter the permeability
characteristics of cellular membranes.
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Changes in Membrane Permeability

Permeability is closely related to conductance, a quantitative
indicator of the ease with which ions cross cellular membranes (Simon,
1974).

Polar

Solute leakage from cells is a passive process.

molecules (sugars and amino acids), normally taken up by active
mechanisms, would not leak out of cells unless membranes become more
permeable.

Since both phospholipids and proteins contribute to

membrane structure and control passage of solutes, modification of
either proteins or phospholipids could enhance membrane permeability,
thereby providing an alternative route to entry through the
phospholipid bilayer.

Environmentally induced membrane changes.

Chilling-induced

membrane-phase transition from a liquid-crystalline state to a solidgel phase affects membrane architecture.

Chilling-induced leakage

occurs because of phase changes in membrane phospholipids.

Once in the

gel state, physical stress cannot be tolerated, and lattice defects or
macroscopic cracks form and leakage occurs.
protein structure as well.

Chilling perhaps modifies

In low moisture conditions, molecular

architecture of lipids will be relatively porous thus increasing
membrane permeability.
Physiologically induced membrane changes.

Collapse of pH

gradients across membranes has been shown to alter transport of charged
molecules across membranes (Sze, 1985), indicating an increase in
membrane permeability.

Calcium has been shown to be important for

maintaining membrane integrity (Harrington et al., 1981).
calcium levels would therefore result in leaky cells.

Inadequate

Membrane

permeability also can be affected by the influx of membrane permeable
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cations (Mn2+ and Zn2+), causing a depolarization of membrane
electrical potential and directly affecting the electrogenic proton
gradient across cell membranes (Marre et al., 1982).
Chemically induced membrane changes.

Peroxidation of membrane

lipids induces increases in membrane permeability.

Enhanced

permeability by lipid peroxidation is attributed directly to altered
nature of phospholipids themselves which affects their packing in the
bilayer (Leibowitz and Johnson, 1971; Roubal and Tappel,
acids are susceptible to peroxidation.

1966).

Fatty

The carbon chains remain intact

but become oxidized either by autooxidation or by lipoxidase catalyzed
oxidation.

The peroxidative action of the lipoxidase enzyme is

specific to peroxidation of 2-cis double bonds interrupted by methyl
groups.

The end result in either case is the formation of

hydroperoxides.

Peroxidized lipids are themselves unstable and may

undergo further autocatalytic cleavage.

Possibly indirect damage to

membrane proteins occurred during the course of the peroxidation
reaction and contributed to altered membrane permeability (Leibowitz
and Johnson, 1971; Roubal and Tappel, 1966).

The loss of phospholipid

molecules induced by chemical modification of hydrocarbon chains would
affect their packing by lowering the extent of hydrophobic bonding,
thereby increasing membrane permeability.

Chemical alterations which

result in the loss of phospholipid molecules would result in increased
membrane permeability.

Chemical modification of hydrocarbon chains

could affect their packing by lowering the extent of hydrophobic
bonding (Simon, 1974).
permeability.

Such modifications also could affect membrane

In order for an herbicide to affect a membrane directly,

it must interact with either the lipid or the protein constituents.
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An herbicide could either bind to membrane constituents or
partition into the membrane.

Balke (1985) speculated that herbicides

could bind to proteins, lipids, or carbohydrates of the membrane.

Such

binding could take place at the surface or within the lipid bilayer and
cause disfunction (Balke, 1985).

Nonpolar portions of herbicide

molecules could partition into the fatty acid tails or partition
between the lipids and the proteins.

Herbicide partitioning could

solubilize lipids or proteins from the bilayer, thereby acting as
detergents or surfactants.

This inevitably would alter the

permeability of cellular membranes.

Balke (1985) also suggests that

herbicide partitioning into the membrane could produce membrane
channels that would increase membrane conductance.

Ziegler (1982)

speculated that the increase in conductance induced by metribuzin
resulted from the production of ion channels in the membrane.

The

disruption of membrane lipid/lipid or lipid/protein interactions, the
production of membrane channels, or the solubilization membrane
components, induced by the partitioning of herbicide molecules into
cellular membranes would all induce increases in membrane permeability.
Binding and partitioning of herbicide molecules into membrane lipids,
also could alter membrane fluidity, which in turn would increase
membrane permeability (Balke, 1985).

Surfactants

Surfactants are added to spray solutions to improve pesticide
performance.

They increase leaf surface wetting by reducing surface

tension as well as modifying surface waxes.

As a result, the herbicide

is brought into more intimate contact with leaf surfaces and absorption
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is thereby enhanced.

Surfactants not only result in a more uniform

spreading of aqueous solutions, they also enhance adherence of the
spray solution to the leaf surface, thus enhancing surface penetration.
In addition to surface modifying characteristics, more subtle and less
understood responses to surfactants include changes in membrane
permeability or enzyme activity.

Chemical Properties of Surfactants

Surfactants all consist of a highly polar, hydrophilic head group
attached to a nonpolar, hydrophobic, long chain (C12 to C18)
hydrocarbon.

Based on ionization in water, surfactants are generally

classified into four basic categories, anionic, cationic, nonionic, and
amphoteric (anionic or cationic depending on the pH of the solution).
Nonionic surfactants are identified by the relationship between the
lengths of their lipophilic chains, or the hydrophilic-lipophilic
balance (HLB).

Surfactants with the lowest HLB number are the least

hydrophilic.

Surfactant Effects on Herbicide Absorption

The lipophilic/hydrophilic characteristic of surfactants enable
them to penetrate a cuticle through either the lipoidal or the aqueous
routes.

Considerable evidence exists, though, which suggests that

enhancement of cuticular uptake by surfactants is not the primary
effect of surfactant on absorption of xenobiotic compounds.

Wyrill and

Burnside (1977) showed glyphosate uptake across cuticles of hemp
dogbane Apocynum cannabinum L. and common milkweed, Asclepias syriaca
L., two distinctly different cuticles, was unaffected by the addition
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of surfactant, suggesting that the primary effect of surfactants was on
the plasma membrane rather than the cuticles.

Sherrick et al., 1986b,

found that different amounts of wax deposits on field bindweed,
Convolvulus arvensis L., had no effect on glyphosate uptake when the
tallow amine surfactant contained in the commercial glyphosate
formulation was added.

These researchers suggested that the surfactant

was acting at the plasma membrane rather than the cuticle.

Darlington

and Barry (1965) showed that the permeability of hydrated apricot
cuticles was unaffected by surfactants.

Herbicidal activity is

maximized at surfactant rates higher than the rates required to
minimize surface tensions (McWhorter, 1963; Jansen et al., 1961),
suggesting that the action of surfactants involves more than the simple
modification of surface characteristics of spray solutions.
Small amounts of surfactant are actually taken up by the plant.
Large portions of the surfactant taken up by the plant remain in the
treated area (Norris and Freed, 1962; Smith and Foy, 1966).

Although

limited information on surfactant movement in plants is available,
surfactants apparently move very little within plants (Sherrick et al.
1986b; Hull et al., 1982; Smith and Foy, 1966).

Movement out of the

treated area would be limited should the surfactant partition into
cellular membranes.

Such partitioning would be particularly influenced

by the HLB of the surfactant.

When surfactants are added to herbicide

solutions, herbicide translocation has been shown to decline (Bland and
Brian, 1975; Brian, 1972).

Surfactant partitioning into cell membranes

could certainly be involved (Bland and Brian, 1972; Bland and Brian,
1975; Brian, 1972).
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Surfactant effects on membranes

Disruption of normal permeability of plant cells by surfactants is
well known (Sherrick et al., 1986a; Norris, 1982; Miller and St. John,
1974; Neuman and Prinz, 1974; St. John et al., 1974; Sutton and Foy,
1971; Haapala, 1970).

From studies on surfactant effects on beet

cells, Haapala (1970) concluded that changes in membrane permeability
might be due to solubilization of membrane lipids by the surfactant.
Miller and St. John (1974), using sonicated lipid micelles,
demonstrated that surfactants produce distinct changes in artificial
phospholipid membranes.

This would suggest that lipid interactions may

account for altered membrane permeability characteristics in
surfactant-treated plants.

Jackson (1962) demonstrated that

surfactants alter membrane structure, increasing membrane permeability
to various molecules.

Sutton and Foy (1971) showed that surfactants

affect membrane permeability in sugarbeet, Beta vulgaris L., tissue.
In isolated cells, adjuvants were shown to alter membrane permeability
(Towne et al., 1978; St. John et al., 1974).

Loss of membrane

integrity also has been noted by the occurrence of localized lesions
resulting from surfactant applications (Sherrick et al., 1986a; Hull et
al., 1982).

Results therefore indicate that surfactant molecules can

appreciably alter the normal structure of the lipid bilayer, thereby
altering membrane permeability.

Although the cuticle surface-active

effects of surfactants are important roles, a very important and often
ignored effect of surfactants is their effect on cellular membranes,
resulting in alterations in membrane permeability.
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Stress Ethylene

Ethylene synthesis is ubiquitous among higher plants.

Although

some bacteria and fungi have been shown to produce ethylene, it is in
general limited among other groups.

Essentially all parts of higher

plants produce ethylene, with the highest amounts being produced in
meristems and nodal tissue.

Numerous stresses, including wounding,

water imbalances, temperature extremes, toxic chemicals, and insect and
disease damage, have been shown to promote ethylene synthesis
(Fuhrer, 1982; Bressan et al., 1979; Gorske and Hopen, 1978; El-Beltagy
and Hall, 1974; Cooper et al., 1969).

In fact, ethylene production

induced by stress has been shown to be universal; hence the coining of
the term, "stress ethylene."

Biosynthesis of Stress Ethylene

Stress ethylene is formed from the same precursor as all other
ethylene formation, including that of fruit ripening and other
physiological effects (Yu and Yang, 1980).

There is significant

evidence to support a biosynthetic system associated with cell
membranes and involving membrane bound enzymes (Lieberman, 1979;
Lieberman and Kunishi, 1971).

Living cellular systems with functional

membranes are required for the production of stress ethylene (Field,
1981a; 1981b; Lieberman, 1979; Elstner and Konze, 1976; Mattoo and
Lieberman, 1977; Saltviet and Dilley, 1978a; 1978b; Abeles and Abeles,
1972).

The amino acid methionine is the precursor of all ethylene in
higher plants including stress ethylene (Hyodo, 1977; Hanson and Kende,
1976; Abeles and Abeles, 1972; Mapson, 1970).

Ethylene is derived from
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the 3-and 4-C of methionine.

Utilizing energy in the form of ATP,

methionine is converted to S-adenosyl methionine (SAM).

SAM is then

converted to an unusual amino acid-like compound, 1-amino cyclopropane1-carboxylic acid (ACC).

The enzyme ACC synthase is involved in this

A still unidentified enzyme known as ethylene-forming

conversion.

enzyme (EFE) is involved in the final conversion from ACC to ethylene.
Oxygen also is necessary for this final step.

ACC synthase has been

shown to be the main site of control for ethylene synthesis.
Stresses, auxin, and ethylene itself all induce the synthesis of
ACC synthase.

Subsequent increases in ACC accumulation result in

increased ethylene production (Wang and Adams, 1982).

The EFE system

is a highly structured protein that is very delicately poised on intact
membranes.

Because of this membrane-bound enzymatic system, live

intact membranes are required for ethylene formation.

Lag periods between 1 to 4 h have been shown to occur before
ethylene production begins (Lieberman, 1979; Saltviet and Dilley,
1978a; Hyodo, 1977; Hanson and Kende, 1976).

Such a lag period would

suggest that the synthesis of ethylene is induced.

This is supported

by studies utilizing protein-synthesis inhibitors (Abeles and Abeles,
1972).

The length of the lag period, as well as its magnitude and

duration, varies between species, the type of tissue exposed to the
stress, and the type of stress imposed.

Stress Ethylene and Membrane Function

Stress ethylene is produced by stressed but living tissues.
biosynthesis of stress ethylene has been shown to require intact
cellular systems and functional cell membranes (Lieberman, 1979).

The
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Numerous researchers have shown that stress ethylene production
increases with increasing stress levels up to a point; once killing
stress levels are reached, ethylene production ceases abruptly,
presumably because production occurs only in living cells with intact
membranes (Harber and Fuchigami, 1986; Saltviet and Dilley, 1978b;
Abeles and Abeles, 1972; Tingley et al., 1976).

Stress ethylene may be

great or small depending on the nature and severity of the stress
imposed (Bressan et al., 1979).

Saltviet and Dilley (1978a)

demonstrated that increasing temperatures induced the formation of
stress ethylene production.

Once killing temperatures were reached,

stress ethylene formation stopped abruptly.

Similarly, stress ethylene

resulting from freezing increased with decreasing temperatures up to a
point, with little ethylene being evolved once membrane-destroying
temperatures were reached (Harber and Fuchigami, 1986).
Detectable changes in electrical conductivity determines gross
increases in membrane permeability, resulting in large changes in
membrane function (Field, 1981b).

Mattoo and Lieberman (1977)

demonstrated that electrolyte leakage is correlated with ethylene
production and the functional state of a cell.

Field (1981b)

demonstrated that membrane integrity is an absolute requirement for the
production of ethylene.

Stress ethylene was induced by exposing plant

tissues to increasing temperatures, but ceased once killing
temperatures were reached.

At the point where ethylene production

ceased, large increases in electrolyte leakage were noted.

Membrane-

related stress induced by Cu2+ toxicity was shown to enhance Cal+
uptake, which paralleled ethylene production (Lau and Yang, 1976).
This also would indicate that stress ethylene production is correlated
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with increases in membrane permeability.

Wright (1974) showed that

when bean plants, Phaseolus vulgaris, were exposed to chilling
temperatures for a short time, large amounts of stress ethylene were
produced with slight increases in electrolyte leakage.

When the plants

were returned to warmer temperatures, electrolyte leakage returned to
lower base levels.

When leaves were exposed to chilling temperatures

for extended time periods, ethylene production ceased and electrolyte
leakage increased significantly.

Once the tissue was warmed, stress

ethylene production did not resume and electrolyte leakage did not
return to normal base levels.

Such results suggest that substantial

membrane damage had occurred during the more extended exposure times in
addition to demonstrating that sublethal stress on cellular membrane
can be reversed.

Exposing sensitive plants to chilling temperatures

results in a membrane phase transition that significantly affects the
function and performance of membrane-bound enzymes (Kumamoto et al.,
1971).

The maintenance of the membrane-bound ethylene-synthesizing

enzyme system is therefore dependent on membrane integrity (Field,
1981a).

In contrast to ethylene production, which stops as cell membrane
function is lost, ethane is evolved from plant tissues exposed to
lethal stresses (Abeles and Abeles, 1972; Bressan et al., 1979).
Ethane production by frozen tissue was shown to arise largely from
membrane degradation (Elstner and Konze, 1976).

It is presumed to be a

product of peroxidation of linolenic acid of cell membranes (Dumelin
and Tapple, 1977; John and Curtis, 1977; Elstner and Konze, 1976;
Riely et al., 1974; Lieberman, 1962).
to exist between

Strong correlations were shown

a) ethylene and ethane production, and b) the amount
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of cell membrane injury, as evidenced by electrolyte leakage and loss
of membrane integrity and subsequent waterlogging of tissue, induced by
exposure to toxic levels of SO2 and bisulfite (Bressan et al., 1978;
Peiser and Yang, 1978).

Bressan et al. (1979) suggest that ethylene

and ethane production are well correlated with membrane integrity and
can be used to assay stress injury levels.

Harber and Fuchigami (1986)

showed that in cold-stressed rhododendron leaf tissue, percent
conductivity was significantly correlated with ethylene:ethane ratios.
Killing temperatures resulted in significant increases in electrolyte
leakage.

Ethylene production increased with intensity of stress to a

peak, followed by a rapid decline.

Ethane and electrolyte increases

coincided with this decline in ethylene production.

When temperatures

were reduced again, following a 3-h lag for membrane repair, ethylene
production resumed.

The decline in ethylene production would be due to

the involvement of temperature-induced change in membrane integrity and
consequent reduction in activity of membrane bound enzymes.
Because stress ethylene production, electrolyte leakage, and
ethane evolution are well correlated, monitoring these parameters
provides a good indication of the functional state of cells.

The

effect of sublethal stresses on cellular membranes could be determined
as well.

Bressan et al. (1979) suggests that ethylene and ethane

production are well correlated with membrane integrity and can be used
to assay stress injury levels.

Mattoo and Lieberman, (1977) suggest

that because ethylene production is located at the membrane-cell wall
complex, electrolyte leakage may be a reasonable guide between ethylene
production and functional state of cell membranes.

Odawara et al.

(1977) reported that stress ethylene is produced as conformational
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Mattoo et al. (1977) showed that ethylene

membrane changes occur.

production induced by exposing tomato tissue to sublethal temperatures
resulted in subtle disturbances in membrane-bound enzymes by inducing
physical change of the membrane lipids from a liquid-crystalline state
to a solid gel state.

Subtle membrane disturbances caused by sublethal

chilling temperatures resulted in physical changes in cell membrane
structure without loss of membrane integrity and function (Saltviet and
Dilley, 1978a).

Sublethal chilling stresses induce transitional

changes from liquid-crystalline to a solid gel state in the membrane
lipids.

Such transitional changes would cause subtle disturbances in

membrane-bound enzymes (Simon, 1974).

Mattoo et al. (1983) showed that

copper-induced ethylene production by Spirodella oligorrhiza is caused
by singlet oxygen-mediated damage of cellular membranes.

Monitoring

stress ethylene production can therefore be used to assess stress
induced membrane damage.

Glyphosate

Glyphosate (N-(phosphonomethyl)glycine), generally applied in the
highly water soluble isopropylamine salt form, is a broad-spectrum,
non-selective, postemergent herbicide, that is active on annual and
perennial broadleaf and grass species.

Because this compound is

tightly bound to soil particles and is readily metabolized by soil
microorganisms, soil activity of glyphosate is practically nonexistant
(Rueppel et al., 1977; Sprankle et al., 1975).

Glyphosate could bind

to the soil by mechanisms similar to those of glycine or phosphate, or
could be adsorbed to the soil simply as a zwitterion (Knuuttila and
Knuuttila, 1985).

One of the most outstanding characteristics of

27

glyphosate, is its ability to translocate out of treated tissue to
rhizomes roots, and meristematic tissue.

Unlike numerous other

herbicides that kill only above ground plant parts, the translocative
properties of glyphosate enable it to effectively control below ground
parts as well as above ground parts, thereby minimizing the occurrence
of regrowth.

Previously uncontrolled perennial weeds including

johnsongrass (Sorghum halepense (L.) Pers.), quackgrass (Agropyron
repens (L.) Beauv.), and bermuda grass (Cynodon dactylon (L.) Pers.)
can effectively be controlled by glyphosate.

Another desirable

characteristic, is that glyphosate is practically non-toxic to animals.

Chemical Characteristics of Glyphosate

Glyphosate is a phophonomethyl amino acid analogue.

Glyphosate

(C3H8NP05), is a white crystalline solid, which exists as a zwitterion.

Individual molecules connect to one another by a network of hydrogen
bonds (Knuuttila and Knuuttila, 1979).

The dissociation constants,

pKl, pK2, and pK3, of glyphosate are 2.27, 5.58, and 10.25,
respectively (Madsen et al., 1978).

Conversion to the monoanion, the

dianion, and the trianion, occurs at pH values of 4, 8 and 12,
respectively (Franz, 1985).
exists as an anion.

At physiological pH, glyphosate therefore

The negative charge associated with the glyphosate

molecule at physiological pH results from ionization of carboxyl and
phosphono groups on the molecule (Franz, 1985, Madsen et al., 1978).
In the xylem (pH 5-6), glyphosate exists primarily in the monoanion
form; in the phloem (pH 8-8.5), glyphosate exists primarily in the
dianion form.

Within the relatively high pHs associated with plant

fluids, glyphosate is converted into water-soluble salts which are
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translocated within the phloem (Franz, 1985).

The small molecular

size, high water solubility, and polarity of glyphosate molecule
contribute to its translocation in the symplast (Honegger et al.,
1986).

Little to no metabolism of glyphosate has been shown to occur

in plants (Burton, 1986; Coupland, 1985).

Foliar Absorption of Glyphosate

Glyphosate is taken into plants primarily through the foliage.

It

therefore faces the three barriers to foliar absorption of herbicides,
a) the cuticle, b) the cell wall, and c) the plasma membrane.
Glyphosate uptake varies between species, and is influenced by
environment (before, during, and after, application), spray additives
and carrier volumes.

Since cuticular penetration of glyphosate is driven by
concentration gradients, absorption of glyphosate across cuticles is
assumed to occur by simple diffusion (Erickson and Duke, 1981).

The

thickness, chemical composition, as well as the presence and type of
epicuticular waxes influence glyphosate diffusion across the cuticle.
Glyphosate concentration in the spray solution influences the rate of
absorption with increasing concentrations resulting in enhanced
absorption (Erickson and Duke, 1981).

The isopropyl amine salt of

glyphosate is highly water soluble and likely penetrates the cuticle
via the hydrophilic pathway.

Physical changes and increased hydration

of the cuticle resulting from increases in ambient temperatures and
relative humidity result in increased glyphosate uptake.

Although

epicuticular waxes and the cuticle are considered to be the primary
barrier for foliar entry of glyphosate, numerous studies suggest the
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plasma membrane is also an important barrier for glyphosate entry into
the plant (Brecke and Duke, 1980; Gottrup et al., 1976; Haderlie et
al., 1977; Richard and Slife, 1979; Sprankle et al., 1975; Wyrill and
Burnside, 1977).

While the total amount of glyphosate taken into a plant is
influenced by species characteristics, environmental conditions,

carrier volumes, and spray additives, the pattern of uptake is
strikingly similar (Sprankle et al, 1975; Gottrup et al., 1976;
Haderlie et al., 1977; Richard and Slife, 1979).

Uptake occurs in two

phases--a short period of rapid initial uptake, followed by a period of
slower, linear uptake.

In sugar beet (Beta vulgaris L.) leaf discs,

glyphosate absorption occurred as a function of increasing external
concentrations and was unaffected by pH changes in the uptake medium
(Gougler and Geiger, 1981).

This led these researchers to concluded

that a passive, nonfacilitated diffusion mechanism is responsible for
glyphosate uptake.

Although passive diffusion is the generally

accepted mechanism for glyphosate entry into plant cells, a few reports
exist which suggest the possible involvement of active transport
mechanisms (Burton, 1986; Nafzinger et al., 1983; and Leonard and
Shaner, 1979).

Brecke and Duke (1980), demonstrated that initial cuticular uptake
of 14C-glyphosate is rapid and linear for 4 hours after treatment.
Isolated mesophyl cells, however, did not readily absorb 14Cglyphosate.

Cuticle removal did not affect glyphosate uptake in either

hemp dogbane or common milkweed (Wyrill and Burnside, 1976).

Although

cuticular structures of these two species are distinctly different,
glyphosate diffusion across isolated cuticles was unaffected by
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addition of surfactant (Wyrill and Burnside, 1977).

These researches

concluded that the surfactant enhanced effectiveness of glyphosate
resulted from the surfactant acting primarily on the plasma membrane,
not the cuticle.

Richard and Slife (1979) proposed that even though

the droplets on the outer surface are increasing in concentration as
water evaporates, the glyphosate that diffuses across the cuticle is
The concentration outside the cells

not being taken up by the cells.

also increases, thereby reducing the concentration gradient necessary
for continued rapid uptake.

Characteristics of the plasma membrane and the glyphosate
molecule, also suggest that the plasmalemma should be a major barrier
for glyphosate uptake.

The glyphosate molecule has an octanol/water

partition coefficient or 0.02.

This hydrophilic characteristic would

render it incompatible with lipophilic membranes.

Furthermore, at

physiological pH, the glyphosate molecule exists as an anion and the
electrical potential of the cytoplasm becomes more negative as
glyphosate is absorbed (Sprankle et al., 1975).

Richard and Slife

(1979) suggested that the negative charges associated with the cell
wall, plasmalemma, and cytoplasm would repel the glyphosate molecule.

Mechanism of Action of Glyphosate

It is well established that glyphosate is a potent inhibitor of
the shikimic acid pathway, a mechanism unique to glyphosate.
Glyphosate has been shown to inhibit the formation of aromatic amino
acids as well as numerous secondary metabolites of the shikimate
pathway (Gresshof, 1979; Duke and Hoagland, 1978; Haderlie et al.,
1977; Jaworski, 1972).

Because the mechanism of action of glyphosate
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involves the inhibition of a pathway which occurs only in plants, not
in animals, it is practically non-toxic to animals.
The shikimic acid pathway.

The shikimate pathway is initiated by

the condensation of phosphoenolpyruvate (PEP) with erythrose-4phosphate.

In higher plants, the shikimate pathway is an important key

to linking primary and secondary metabolism.

The primary end products

of this pathway include aromatic amino acids (tyrosine, tryptophan, and
phenylalanine) as well as numerous secondary aromatic metabolites
including flavonoids, tannins and lignin precursors (Weiss and Edwards,
1980; Haslam, 1974).
chorismate.

Phenolic compounds also arise directly from

Phenylalanine feeds into secondary phenolic compound

pathways by way of phenylalanine ammonia-lyase (PAL) to form numerous
secondary compounds.

Aromatic amino acid has been shown to require

light (Homeyer and Schultz, 1988; Tokhver and Pal'm, 1987; Amrhein and
Hollander, 1981).

Considerable evidence exists which suggests that the entire
shikimate pathway functions primarily in the chloroplast.

Isolated

chloroplasts from spinach (Spinacia oleracea) leaves were shown to
incorporate either 14C-0O2 or shikimic acid into aromatic amino acids
(Buchholz and Schultz, 1980; Bickel and Schultz, 1979; Bickel et al.,

1978), indicating that the shikimate pathway occurs within the
chloroplast.

Also, one of the shikimate pathway enzymes (NADPH+

oxidoreductase) has been localized in the plastids of several species
(Weeden and Gottlieb, 1980; Feierabend and Brassel, 1977).

Using peas

(Pisum sativum L.), Mousdale and Coggins (1985) found numerous other
shikimate pathway enzymes to be localized primarily in the
chloroplasts.

The first six enzymes of the shikimate pathway were all
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found to occur in lysed-chloroplast preparations, providing strong
evidence that the primary synthesis site of aromatic amino acid
precursors is localized in the chloroplast (Mousdale and Coggins,
1985).

Although 3-enolpyruvylshikimate-3-phosphate (EPSP) synthase was

found to occur outside the plastid, it was primarily localized in the
plastids (Hollander-Czytko and Amrhein, 1987).

In addition, Fieldler

et al. (1985) reported that chloroplasts are the primary site of
aromatic compound synthesis.
Glyphosate inhibition of the shikimate pathway.

The primary

metabolic target of glyphosate action is the inhibition of EPSP
synthase (Mousdale and Coggins, 1984; Steinrucken and Amrhein, 1984;
Amrhein et al., 1983; Boocock and Coggins, 1983; Amrhein at al., 1982;
Amrhein et al., 1981; Amrhein, Deus, et
Amrhein, 1980).

al., 1980; Steinrucken and

The EPSP synthase enzyme catalyzes the formation of 5-

enolpyruvylshikimate-3-phosphate from shikimate-3-phosphate (Rubin et
al., 1984; Steinrucken and Amrhein, 1984).

The competitive inhibition

of EPSP synthase with respect to PEP, which contains a phosphono group,
has been demonstrated (Rubin et al., 1984, Boocock and Coggins, 1983).
The ionized phosphono group of glyphosate may be the binding site of
glyphosate and EPSP synthase (Steinrucken and Amrhein, 1980).
Using buckwheat (Fagopyrum esculentum), Hollander and Amrhein
(1980) demonstrated that glyphosate inhibited 14C-shikimate
incorporation into phenylalanine, tyrosine, and lignin.

This was

demonstrated in tobacco cells as well (Berlin and Witte, 1981).
Glyphosate inhibition of 14-C shikimate incorporation into tryptophan
suggested that the site of inhibition occurred before shikimic acid was
incorporated into chorismic acid (Hollander and Amrhein, 1980).

Large
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accumulations of shikimic acid were shown to occur in a variety of
glyphosate-treated plants as well as cultured cells (Hollander-Czytko
and Amrhein, 1983; Berlin and Witte, 1981; Amrhein, Deus, et al.,
1980).

Such accumulations of shikimate would indicate the inhibition

of a step subsequent to EPSP synthase.

Massive accumulations of

shikimic acid in glyphosate treated tissues occurred as a direct result
of EPSP synthase inhibition (Amrhein et al., 1981; Amrhein, Deus, et
al,. 1980; Steinrucken and Amrhein, 1980).

In the bacterium Aerobacter

aerogenes, glyphosate was found to inhibit only EPSP synthase
(Steinrucken and Amrhein, 1980).

Although shikimate-3-phosphate

accumulates in glyphosate treated tomato (Licopersicon esculentum), and
buckwheat (Amrhein et al., 1982), shikimate-3-phosphate is subject to
hydrolysis, therefore accumulating in the vacuoles as shikimic acid
(Hollander-Czytko and Amrhein, 1983).

Shikimate accumulation has been

shown to be correlated with glyphosate concentration in the cell (Rubin
et al. 1984; Steinrucken and Amrhein, 1980).

Shikimate levels were

also shown to be correlated with glyphosate does (Tokhver and Pal'm,
1987).

Mechanism of Action of Diphenyl Ether Herbicides

The mechanism of action of para-nitro substituted diphenyl ether
(DPE) herbicides involves peroxidation and subsequent disruption of
cellular membranes (Boger, 1984; Orr and Hess, 1982a; 1982b; 1981:
Kunert and Boger, 1981; Gorske and Hopen, 1978; Prendeville and Warren,
1977; Vanstone and Stobbe, 1977; Fadayomi and Warren, 1976; Matsunanka,
1969).

Both light and oxygen are required for the activation of

diphenyl ethers (Orr and Hess, 1982a; 1982b; Fadayomi and Warren, 1977;
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Prendeville and Warren, 1977; Vanstone and Stobbe, 1977; Matsunaka,
1969).

DPE herbicides are active in both photosynthetic and etiolated

tissues, but not in albino mutants, suggesting that yellow plant
pigments, rather than photosynthesis, are directly involved in the
activation of these compounds (Orr and Hess, 1982b; McWhorter and
Azlin, 1978; Fadayomi and Warren, 1976: Matsunaka, 1969).

Orr and Hess

(1982a) demonstrated that pretreatments with carotenoid inhibitors such
as fluoridone, protect treated plants from diphenyl ether toxicity.
Several workers have therefore suggested that the phytotoxic activity
of diphenyl ethers requires light activation by carotenoids (Orr and
Hess, 1982a; Fadayomi and Warren, 1976; Matsunanka, 1969).
Once activated by light, initial injury results in rapid increases
in membrane permeability and subsequent disruption of cellular
membranes (Boger, 1984; Orr et al.,. 1983; Orr and Hess, 1982b; 1981;

Kunert and Boger, 1981; Vanstone and Stobbe, 1979; Gorske and Hopen,
1978; Prendeville and Warren, 1977).

The phytotoxicity of these

herbicides increases as light intensity is increased (Kunert, 1983;
Vanstone and Stobbe, 1979).

The level of membrane injury induced by

DPE herbicides is strongly correlated with light intensity as well as
light quality.

Studying the effect of light intensity on the

herbicidal action of oxyfluorfen in buckwheat (Fagopyrum esculentum
Moench. 'Tokyo'), Vanstone and Stobbe (1979) found that membrane
peroxidation, as evidenced by electrolyte leakage, increased with
exposure of treated plants to increasing light intensities.

The time

interval between oxyfluorfen application and initiation of membrane
peroxidation was considerably shortened when treated plants were
exposed to higher light levels than when they were held at low light
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levels (Kunert, 1984).

Data presented by Vanstone and Stobbe (1977)

demonstrated that under constant light intensities, only small
differences in membrane peroxidation occurred at doses between 1 to 100
Oxyfluorfen doses ranging from 1 to 1000 g/ha initiated membrane

g/ha.

peroxidation over the same 2-h period (6 to 8 h after treatment)
regardless of dose.

Numerous researchers have proposed that membrane disruption,
induced by DPE herbicides, occurs as a result of free radical formation
(Boger, 1984; Ridley, 1983; Orr and Hess, 1982b; 1981; Matsunanka,
1969).

Such reactions with polyunsaturated fatty acid moieties of

membrane phospholipids would induce membrane peroxidation (Boger, 1984;
Orr and Hess, 1982b; 1981).

Studies conducted by Ensminger et al.

(1985), on the other hand, suggested that free radical formation is not
required for the herbicidal activity of DPE herbicides.

These

researchers concluded that DPE herbicides interact with carotenoids,
reducing their ability to dissipate absorbed light.

An unknown

substance is reduced by the pigment, which upon reoxidation, causes the
peroxidation of lipids.

The involvement of lipid peroxidation in the mechanism of action
of DPE herbicides is supported by work conducted by Orr and Hess
(1982a), who found products of lipid peroxide decomposition following
applications of DPE herbicides.

In addition, free radical scavengers

provided protection from peroxidation.

Membrane peroxidation was also

demonstrated by the induction of hydrocarbon gas production following
light activation of DPE herbicides (Kunert 1984).

Further evidence of

disruption of membrane permeability was provided by Orr and Hess (1981)
who reported an increase in the efflux Rb+, Cl-, Ca+, glucose and
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methyl alanine from the cell following treatments with DPE herbicides.
Although differences in uptake and translocation of 14Cacifluorfen have been noted between plant species, translocation has
been repeatedly shown to be minimal (Hook and Glenn, 1984; Ritter, and
Coble, 1981; Wills and McWhorter, 1981; Maneot et al., 1978).

Other

researchers have shown little movement of oxyfluorfen (1%) out of
treated tissue (Pereira and Crabtree, 1986).

Higgins et al. (1988)

demonstrated that less than 1% of the total 14c_ lactofen and 14Cacifluorfen applied translocated below or above the treated leaves in
both pitted and ivyleaf morningglory.
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MATERIALS AND METHODS

Plant establishment.

Seeds of little mallow, collected in 1986 in

the San Joaquin Valley, California, were chemically scarified by
soaking for 7 min in H2SO4, followed by a 2-min rinse under running tap
water.

Scarified seeds were germinated in petri dishes, incubated at

20C for 48 h.

The germinated seeds were then transferred to 200-cm3

pots filled with a 1:1, v/v peat:vermiculite premixed growing mediuml
and maintained in a greenhouse with temperatures of 20/15C day/night
and 14/10-h light/dark period, respectively.

Light was maintained

between photosynthetic photon flux densities (PPFD) of 250 and 300
IIE111-2s-1 by supplementing natural sunlight with cool white
fluorescent bulbs.

Plants were watered as needed by subirrigating with

15% Hoagland's solution (Hoagland and Arnon, 1950).

Herbicide application. Herbicide treatments were made to little
mallow plants, 12-18 cm tall (6-8 true leaves), with an overhead
compressed-air greenhouse sprayer equipped with an 8001E flat-fan

nozzle2

All treatments were applied at 274 kPa in 140 L/ha carrier

volumes.

No surfactant was included in any treatment.

Commercial

glyphosate, formulated for use in aquatic weed control (480 g ae/L
glyphosate without surfactant), was applied at 0.5 kg ae/ha, the GR50
rate, alone and in combination with the commercial lactofen formulation
(240 g ai/L lactofen) at 0.05, 0.1, 0.15, 0.3, 0.6, and 0.9 g ai/ha.
Immediately after herbicide application, treated plants were

1Jiffy Mix Plus. Ball Seed Co., P.O. Box 335, West Chicago, IL
60185.

2Spraying Systems Co., Wheaton, IL 60187.
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transferred to a dark, growth chamber and simultaneously illuminated

either immediately [280 to 320 pEm-2s-1 (PPFD)J, or following a 24-h
dark period.

Plants were sprayed at night to minimize light exposure

prior to illumination.

In preliminary experiments where plants were

maintained under normal alternating light and dark periods, plant
recovery during dark periods from peroxidative effects of lactofen
periods caused multiple ethylene peaks, which made interpretation of
membrane damage difficult.

For this reason, once illuminated, the

plants were kept under continuous light throughout the experiment.
Temperatures were maintained at a constant 20C.

Because the speed of

activity and toxicity of DPE herbicides are correlated with light
intensity and quality (Kunert, 1984; Vanstone and Stobbe, 1979; 1977),
high light intensities would cause rapid membrane disruption, thereby
antagonizing glyphosate translocation.

The lower light levels used in

these experiments were equivalent to light intensities common to an
overcast winter day.

All experiments were conducted as time-course studies utilizing a
randomized complete block design with three replications.

Cuticle

abrasion experiments were arranged in completely randomized designs
with factorial treatment arrangements.
at least twice.

Experiments were all conducted

Data from representative ethylene and electrolyte

leakage experiments are presented.

In the shikimic acid studies,

results from two experiments were combined for data analysis.

The data

for each harvest timing were subjected to an analysis of variance.
Mean comparisons were made using Student-Newman-Keul's multiple range
test.

Establishing sublethal lactofen doses by determining cell-
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membrane integrity.

Cell membrane effects were quantified by measuring

ethylene and ethane evolution, and electrolyte leakage.

Experiments

were designed to establish sublethal doses of lactofen that induced
stress ethylene production but did not cause significant increases in
ethane evolution or electrolyte leakage.

This procedure allowed subtle

membrane changes without peroxidative loss of membrane function.

Plant

samples were harvested at 0, 12, 16, 24, 28, and 36 h after
illumination.

Four leaf discs were cut from the first fully developed

leaf of each plant with a 1.2-cm cork borer, avoiding major veins.

Leaf discs were briefly rinsed in double-distilled water and placed in
25-ml plastic vials, which were then capped with rubber serum stoppers.
The vials were incubated in the dark for 2 h; a 1-ml gas sample was
then removed from each vial and analyzed for ethylene and ethane
production using a Carle 210 gas chromatograph with an alumina column
(90C) and a flame ionization detector.

A 15-ml aliquot of doubled-distilled water was then added to each
vial, and leaf discs were vacuum infiltrated for 5 min at 190 kPa until
the discs sank to the bottom of the solution.

Samples were placed on

an Ebenbach shaker and shaken (100 rpm) for 2 h.

Electrolyte leakage

of each sample was determined by measuring electrical conductivity of
the solution with a 4403 Digital Marksman Electro Analyzer
pH/conductivity meter.

The samples were then killed by freezing at

70C in a deep freeze for 24 h, thawed, shaken again for 1 h, and
analyzed for final electrical conductance.

Data are presented as the

percentage of the conductivity of unfrozen to frozen samples (percent
electrolyte leakage).

Leaf discs were then oven dried at 70C for 1 h

and the dry weights were used to convert ppm ethylene into nl
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ethylene/g dry wt/h.

Cellular uptake of glyphosate (shikimic acid).3

Preliminary

experiments and work by others (Tokhver and Pal'm, 1987; Streinrucken
and Amrhein, 1984; Amrhein, Deus, et al., 1980) have shown that level
of shikimate in glyphosate-treated tissue are correlated with
glyphosate application rate.

Experiments were designed to use

shikimate levels as a bioassay to quantify glyphosate uptake into plant
cells.

Plant harvests were made at 0, 12, 48, 60, 84, and 108 h after

illumination.

The same plants from which the leaf discs were removed

were used for the early harvests.

Plants were cut at the soil surface,

put in envelopes, and placed on dry ice to minimize metabolic activity.
Frozen samples were transferred to an oven held at 70C for 12 to 24 h,
until dry.

Because the higher lactofen doses caused necrosis of the

leaf tissue, but glyphosate alone did not, leaves were discarded and
only meristematic tissue and stems were used to measure shikimate
levels.

Shikimic acid concentrations could then be compared from the

same plant tissue for all treatments.

Plant material was ground through a 20-mesh screen in a Wiley
Mill.

A 100-mg ground sample from each plant was placed in a 250-m1

Erlenmyer flask to which 20 ml of Milli-Q-reagent deionized water was
added.

Samples were placed on a gyratory platform shaker for 11 to 12

h at 250 rpm.

Each sample was filtered through Whatman's No. 1 filter

paper in a Buchner funnel.

A 5-ml aliquot of each sample was taken,

filtered through a Millipore 0.8 pm high-performance liquid
chromatograph (HPLC) disposable filter assembly, and analyzed for

3With minor modifications, the HPLC shikimate detection methods
used were developed by J. L. Honegger, Monsanto Co., St Louis, MO.
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shikimic acid concentration using a Beckman Model 100A HPLC equipped

A 50 mM

with a 25-cm x 9.8-mm LiChrosorb RP-8 (5im) packed C-8 column.

KH2PO4 solution adjusted to pH 2.4 at a 2 ml/min flow rate, was used as
the eluent.

An ultraviolet detector was set at 214 nm for detection.

Light-activated lactofen and its effect on glyphosate uptake by
cells.

This experiment was designed to determine whether lactofen,

applied at sublethal doses, would induce perturbations of cell
membranes sufficient to enable greater cellular uptake of glyphosate.
In preliminary experiments, the solvent in which lactofen is
formulated, was shown to have no effect on glyphosate uptake.
Therefore, lactofen effects on glyphosate uptake would be directly
attributable to the active ingredient in the lactofen formulation
rather than the solvent.

Sublethal lactofen rates were established by

quantifying membrane damage by methods described in the previous
section.

Lactofen at 0.1, 0.15, 0.3, and 0.6 g ai/ha was applied as

tank-mix combinations with glyphosate at 0.5 kg ae/ha.

Entire plants

were treated with herbicide spray solution and illuminated immediately.
As was previously described, ethylene and electrolyte leakage were
monitored, and cellular uptake of glyphosate was determined by
measuring shikimate concentrations in treated tissue.
Dark incubation (24 h) effects on lactofen and its outcome on
cellular uptake of glyphosate.

An experiment was designed to determine

whether either light-activated peroxidative effects of lactofen or
physical changes in the membranes induced by the lipophilic lactofen
moiety were involved in increasing glyphosate uptake into cells.
Activation of lactofen was prevented by placing the treated plants in
the dark.

Light was shown to be required for the shikimic acid pathway
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in preliminary experiments, confirming similar reports by other

researchers (Homeyer and Schultz, 1988; Tokhver and Palm, 1987;
Amrhein and Hollander, 1981).

Because of this light requirement, the

plants were illuminated at predetermined time intervals.

Plants were

individually placed in small paper bags with the three youngest
exporting (fully developed) leaves placed outside the bag.

Exposed

leaves of bagged plants were sprayed and three replications for each
treatment were placed in one of two growth chambers maintained under
similar environmental conditions.

The plants in one growth chamber

were illuminated immediately, while those in the other chamber were
maintained in the dark for 24 h.

After this time, treated leaves were

removed prior to illuminating the plants.

In preliminary studies, ethylene was monitored at 4-h intervals
for 36 h to confirm that lactofen did not express peroxidative effects
in the dark.

In addition, after treated leaves were removed from the

dark-incubated plants, ethylene was monitored in non-treated tissue to
determine whether lactofen trans located either basipetally or

acropetally out of treated tissue.

Ethylene was monitored in both

light and dark incubated plants 12 h after treatment to confirm
activation under lighted conditions and non-activation under dark
conditions.

At 24 h after treatment, treated leaves were removed along

with their petioles.

Ethylene was monitored in non-treated leaves

after the plants were removed from their bags and illuminated.

Plants

were harvested at 12-h intervals and analyzed for shikimate as
previously described.

Lactofen effects on cuticular uptake of glyphosate.

Experiments

were designed to determine the effect of lactofen on uptake of
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glyphosate across the cuticle.

Cuticular surfaces were examined using

an AMRAY 1000A scanning electron microscope operated at 20 kv.
different methods of processing samples were used.

Two

Samples from a

first set were fixed in FAA for 2 h, then moved at 30-min intervals
through increasing acetone concentrations in water and
Samples from absolute

trichlorotrifluoroethane in acetone.

trichlorotrifluoroethane were critical point-dried by methods reported
by Cohen et al. (1968) in a BOMAR SPC-900 critical point dryer.

Samples from a second set were emersed in liquid nitrogen and freeze
dried for 21 h at a vacuum of 1x10-3 Torr in a Refrigerator for
Science, Inc. Model 5000 freeze dryer.

Specimens were mounted on

aluminum planchets and sputter coated with 180 A of gold in an Edwards
S150B sputter coater at a vacuum of 1x10-3 Torr.

Leaf abrasion experiments were conducted to determine whether
lactofen enhanced cuticular uptake.

Plants were placed in paper bags

as previously described with the three youngest exporting leaves
exposed.

The abrasion methods used were similar to those described by

King (1982).

A 1:1, v/v H20:Carborundum (300 mesh) slurry was brushed

across the adaxial leaf surface using a fine boar-bristle brush.

A

3.5- to 4.5-cm wide area was abraded from the petiole towards the leaf
edge.

Three abrasion levels (10, 20, and 40 strokes) were compared

with unabraded controls.

The abraded leaves were then rinsed with a

jet of double distilled deionized water, excess water was blotted off
with absorbent paper, and plants were air dried.

Herbicide treatments

were then applied only to the exposed abraded leaves.

Plants were air

dried and, after removing the paper bags, were placed in illuminated
growth chambers.

The plants were harvested at 60 and 84 h after
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treatment and analyzed for shikimic acid as described earlier.
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RESULTS

Establishing sublethal lactofen doses by determining cell-membrane
integrity.

Extensive membrane disruption induced by lethal doses of

DPE herbicides have been shown to cause significant increases in
electrolyte leakage and ethane evolution (Komives and Cassida, 1982;
Gorske and Hopen, 1978; Vanstone and Stobbe, 1977).

Strong

correlations exist between severity of membrane injury induced by
numerous types of stresses, and ethylene and ethane concentrations, and
levels of electrolyte leakage (Harber and Fuchigami, 1986; Field,
198Ia; Mattoo and Lieberman, 1977).

Studies conducted by Saltveit and

Dilley (1978a) demonstrated that sublethal chilling temperatures
induced physical changes in cell-membrane structure without causing
loss of membrane integrity and function.

For the studies conducted

here, a sublethal lactofen dose was defined as the dose which caused
subtle membrane effects (measured by stress ethylene production), but
did not result in extensive membrane peroxidation (measured by
electrolyte leakage and ethane evolution).

Such doses would thereby

induce minor changes in cell membrane structure without causing a loss
of membrane integrity or function.
Stress Ethylene.

Stresses imposed by cutting and handling the

leaf discs prior to incubation, stimulated the production of low, or
base, levels of stress ethylene (20 to 40 nl/g/h) in all plant samples.
Lactofen at 0.05 g ai/ha had no effect on stress ethylene production
(Figure 1).

All lactofen doses above this level stimulated a three- to

five-fold increase in stress ethylene production after 20 to 24 h after
illumination (Figures 1 and 2).

Although lactofen at 0.1 g ai/ha

stimulated stress ethylene production, the increase was not always

46

significant (p = 0.05).

On the other hand, lactofen at 0.15 g ai/ha

and greater, consistently stimulated increases in stress ethylene.
Although no significant differences in maximum stress ethylene levels
(300 to 500 nl/g/h) were detected between lactofen doses above the noeffect level, ethylene production tended to increase sooner and was
evolved in somewhat greater amounts at the higher doses.

Lactofen-

induced stress ethylene production began to increase between 8 to 16 h
after illumination.

Lag periods of 1 to 4 h reported for ethylene

production (Saltveit and Dilly, 1978a; Hyodo, 1977; Hanson and Kende,
1976; Abeles and Abeles, 1972), would suggest that lactofen-imposed
stress on cell membranes did not begin for at least 4 h after
illumination.

Ethylene production peaked between 20 and 28 h after

illumination, then declined back to base levels over the following 12
to 16 hours (Figures 1 and 2).

Over the 36-h period during which

stress ethylene was monitored, glyphosate alone at 0.5 kg ae/ha did not
stimulate increased ethylene production (Table 1).

In some

experiments, by 36 h after illumination, glyphosate alone had begun to
stimulate stress ethylene production.

These results are in agreement

with studies in beans (Phaseolus vulgaris L.), conducted by AbuIrmaileh et al. (1979), who reported that large increases in stress
ethylene production did not occur until 48 h after treatment with
glyphosate.

Although no significant differences in peak stress

ethylene levels were detected between lactofen alone and lactofen plus
glyphosate, ethylene production tended to increase sooner in tissues
treated with the combination than in tissue treated with lactofen alone
(Table 1).

Electrolyte Leakage.

Electrolyte leakage from cut edges of the
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leaf discs would explain the low, base level, electrolyte leakage (20
to 30%) detected for all treatments including untreated checks (Figure
3).

Glyphosate applied alone at 0.5 kg ae/ha did not increase
Numerous

electrolyte leakage over base levels (data not reported).
other researchers have shown glyphosate effects on membrane

permeability to be minimal (Brecke and Duke, 1980; Fletcher et al.
1980; O'Brien and Prendeville, 1979; Prendeville and Warren, 1977).

Lactofen doses of 0.05 and 0.1 g ai/ha did not cause significant
increases in conductivity compared to untreated checks (Figure 3).

Although increases in conductivity were detectable at lactofen rates
greater than 0.1 g ai/ha, significant increases did not occur at rates
below 0.6 g ai/ha (Figures 3 and 4).

The 0.6 g ai/ha dose did not

significantly increase electrolyte leakage in all experiments.
Detectable increases in electrolyte leakage began between 16 and 24 h
after illumination and continued to increase over the following 12 to
24 h.

This increase in conductivity tended to coincide with the

decline in ethylene production.

Significant differences in

conductivity were difficult to detect because of high variability
between replications.

Even where lactofen doses of 0.6 g ai/ha induced

significant increases in electrolyte leakage, conductivity never
exceeded 65%.

Lactofen doses greater than 0.6 g ai/ha (0.75 and 0.9 g

ai/ha) were required to cause electrolyte leakage in excess of 90
percent (data not shown).

Such extensive leakage, which accompanied

reduced ethylene production, suggests that peroxidation and subsequent
cell-membrane disfunction resulted from these higher rates.
Lactofen applied in combination with glyphosate caused greater
increases in electrolyte leakage than lactofen applied alone (Table 2).
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Lactofen at 0.4 and 0.6 g ai/ha did not increase electrolyte leakage,
whereas either of these rates applied in combination with glyphosate at
0.5 kg ae/ha induced significant conductivity increases compared to
either lactofen rate applied alone.

Ethane, a product of linoleic acid peroxidation of cell membranes
(Dumelin and Tapple, 1977; Elstner and Konze, 1976; Riely et al., 1974;

Lieberman, 1962), did not increase significantly at any of the lactofen
doses tested (data not shown).

Stress ethylene and electrolyte leakage data suggest that
sublethal lactofen doses between 0.1 and 0.6 g ai/ha, under
illumination conditions of these experiments, induced subtle membrane
effects as well as small increases in electrolyte leakage, but did not
result in complete disruption of membrane structure.

Based on these

results, sublethal lactofen doses between 0.1 and 0.6 g ai/ha were
subsequently used to determine the effect of lactofen-induced membrane
perturbations on glyphosate uptake across cell membranes.
Light-activated lactofen and its effect on glyphosate uptake by
cells.

Stress ethylene was monitored to confirm light activation of

lactofen.

Stress ethylene production was stimulated by all the

lactofen doses tested.

As with previous experiments (Figures 1 and 2),

ethylene production began to increase between 12 and 16 h after
illumination and peaked between 16 and 24 h after illumination.

Shikimate levels in lactofen treatments and untreated checks were
practically undetectable (Figure 5).

Although differences were not

significant, shikimic acid became detectable in glyphosate-treated
tissue by 12 h after treatment (Figure 5).

Higher lactofen doses (0.3

and 0.6 g ai/ha) applied in combination with glyphosate at 0.5 kg
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ae/ha, caused greater increases in shikimate levels but were not
significant (p = 0.05) until 48 h after treatment (Figure 6).
Shikimate levels in combination treatments with the lower lactofen
dose, (0.15 g ai/ha), were greater than glyphosate alone by 48 h after
treatment in one experiment (Figure 5), but remained the same until 84
h after treatment in another experiment (Figure 6).

By 84 h after

treatment, shikimate levels for all glyphosate plus lactofen treatments
were up to 4-fold greater than from glyphosate alone.

Shikimate levels

from combination treatments did not differ significantly between
lactofen doses.

Beyond 84 h after treatment (108 h), shikimate levels

began to decline for all treatments (data not shown).

Presumably the

decline occurred because nonlethal, GR50 rates were used and recovery
would be expected.

Glyphosate applied in combination with lactofen at

0.9 g ai/ha also increased shikimate levels compared to glyphosate
alone (data not shown since this rate was not repeated).
Lactofen alone, at the rates tested, did not induce chlorosis in
meristematic tissue.

By 16 to 20 h after illumination, waterlogged

areas became evident at the high lactofen doses (0.3 and 0.6 g ai/ha).
At the low lactofen doses, (0.1 and 0.15 g ai/ha), small waterlogged
lesions appeared on treated leaves between 20 and 24 h after
illumination.

Water soaking was more pronounced and was visible sooner

where both herbicides were applied in combination compared to lactofen
alone.

Glyphosate-induced chlorosis of meristematic tissue was also

more pronounced when glyphosate was applied in combination with
lactofen than when glyphosate was applied alone.

By 10 d after

treatment, plants treated with glyphosate alone were recovering from
the initial chlorotic symptoms, whereas plants treated with both
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herbicides were not.

Physical, non-activated effects of lactofen on cellular uptake of
glyphosate.

In contrast with treatments that were immediately

illuminated, stress ethylene was not produced when treated plants were
incubated in the dark, indicating that peroxidative membrane effects of
lactofen did not occur (Table 3).

This is in agreement with numerous

studies which have demonstrated the absolute requirement for light in
the activation of diphenyl ether herbicides (Orr and Hess, 1982a;
1982b; Fadayomi and Warren, 1977; Prendeville and Warren, 1977;
Vanstone and Stobbe, 1977; Matsunaka, 1969).

No stress ethylene was

evolved in non-treated tissues, indicating that lactofen at the doses
used in these studies did not translocate out of the treated tissues,
even when treated plants were held in the dark 24 h prior to
illumination (Table 4).

Although differences in uptake and

translocation of 14C-acifluorfen have been noted between plant species,
translocation has been repeatedly shown to be minimal (Hook and Glenn,
1984; Ritter and Coble, 1981; Wills and McWhorter, 1981; Maneot et al.,
1978).

Other researchers have shown little movement of oxyfluorfen

(1%) out of treated tissue (Pereira and Crabtree, 1986).

Higgins et

al. (1988) demonstrated that less than 1% of the total 14C-lactofen and
14c -acifluorofen applied translocated below or above the treated leaves

in both pitted and ivyleaf morningglory.

Whether the plants were

illuminated immediately or incubated in the dark for 24 h, shikimate
levels were significantly greater when glyphosate was applied in
combination with lactofen at 0.15, 0.3, and 0.6 g ai/ha than when
glyphosate was applied alone (Figure 7).

By 48 h after treatment,

greater shikimate levels were detected in the combination treatments.
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This was also true at 60 and 84 h after treatment.

At 84 h after

treatment, shikimate levels in combination treatments were 3 to 4 times
higher than the glyphosate alone treatments.

Shikimate levels in all

glyphosate plus lactofen treatments were similar.

Although differences

were insignificant, shikimate levels in dark pre-incubated tissue
tended to be higher than tissue illuminated immediately after
treatment.

Clearly, membrane perturbations specifically induced by the

light-activated peroxidative effects of lactofen were not required for
lactofen to enhance glyphosate uptake.

Lactofen effects on cuticular uptake of glyphosate.
Characterization of little mallow leaf surface appearance. Scanning
electron microscopy showed the cuticular membrane of little mallow,
grown under the conditions of this experiment, occurred as a smooth,
continuous film with negligible wax platelet buildup (Figure 8).

To be

sure the absence of waxy platelets on the leaf surface was not an
artifact of sample preparation (acetone dehydration), comparisons were
made with samples which were freeze dried.

No differences in cuticular

surfaces were evident between sample preparation methods (figure not
shown).

Effect of leaf abrasion on shikimate levels.

Scanning electron

microscopy also was utilized to assess injury caused by the various
levels of carborundum abrasions.

None of the abrasion levels caused

appreciable damage to the leaf surfaces, although at the higher level
(40 strokes), small portions of the cuticle were occasionally sheared
off.

In general, though, the leaf cuticles remained intact at all

abrasion levels.

No necrosis of leaf tissue occurred as a result of

the abrasion treatments.

Neither herbicide caused noticeable physical

52

damage to the cuticle.

Cuticle abrasion did not affect glyphosate uptake at either 60 or
84 h after illumination.

Although shikimate levels did not differ

between abrasion levels, they tended to be lower at the higher abrasion
levels.

By 60 and 84 h after treatment, shikimate increased when

glyphosate was applied in combination with lactofen at both 0.15 and
0.3 g ai/ha (Figure 9).

By 84 h after treatment, shikimate had

increased further in the combination treatments, whereas shikimate in
the glyphosate-alone treated tissue had declined slightly.

Shikimate

levels in tissues treated with glyphosate plus lactofen at either 0.15
or 0.3 g ai/ha were the same regardless of abrasion levels.

53

600

ETHYLENE (nl/g/h)
L 0.06g/ha

600 -

L 0,1g/ha

L 0.15g/ha

--a- Untreated check

400
300
200
100
0

0

4

a

12
16
20
24
HOURS AFTER TREATMENT

28

32

Figure 1. Stress ethylene production induced by lactofen (L) applied
Individual points represent means
at 0, 0.05, 0.1, and 0.15 g ai/ha.
of three replications, each consisting of two 4-h interval harvests
combined. Means followed by the same letter at each harvest time are
not different (p = 0.05) as determined by Student-Newman-Keul's
multiple range test.
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Figure 2. Stress ethylene production induced by glyphosate (G) at 0.5
kg ae/ha applied alone and in combination with lactofen (L) at 0.15,
0.3, 0.6, and 0.9 g ai/ha. Individual points represent means of three
replications, each consisting of two, 4-h interval harvests combined.
Means followed by the same letter at each harvest time are not
different (p = 0.05) as determined by Student-Newmari-Keul's multiple
range test.
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Table 1. Stress ethylene production induced by glyphosate at 0.5 kg
ae/ha and lactofen at 0.15 and 0.3 g ai/ha applied alone and in
combinationsa.

Ethylene

Treatmentb

0
HAIc

12

24

48

HAI

HAI

HAI

(nl/g/h)

Glyphosate 0.5 kg/ha

19.59 a

28.55 a

31.04 a

43.19 a

Lactofen 0.1 g/ha

24.20 a

27.47 a

101.70 b

29.45 a

Lactofen 0.15 g/ha

27.10 a

25.31 a

118.50 b

47.23 a

Glyphosate + Lactofen
0.5 kg + 0.1 g/ha

37.73 a

54.55 ab

100.50 b

37.66 a

Glyphosate + Lactofen
0.5 kg + 0.15 g/ha

49.63 a

97.76 b

119.70 b

38.14 a

aData are means of three replications combined over an 8-h period.
Means within a column followed by the same letter are not different (p
= 0.05) as determined by Student Newman- Keul's multiple range test.
bGlyphosate and lactofen doses are reported in ae and ai,
respectively.
cHAI = hours after illumination.
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Figure 3. Effect of lactofen (L) applied at 0.05, 0.1, 0.3, and 0.4
ai/ha on electrolyte leakage compared to untreated controls. Each
point, presented as percentage of electrical conductance of unfrozen to
frozen samples (percent electrolyte leakage), represents the mean of
three replications per treatment. Means followed by the same letter at
each harvest time are not different (p = 0.05) as determined by
Student-Newman-Keul's multiple range test.
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Figure 4. Effect of lactofen (L) applied at 0, 0.15, 0.3, and 0.6 g
ai/ha on electrolyte leakage. Each point, presented as percentage of
electrical conductance of unfrozen to frozen samples (percent
electrolyte leakage), represents the mean of three replications per
treatment. Means followed by the same letter at each harvest time are
not different (p=0.05) as determined by Student-Newman-Keul's multiple
range test.
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Table 2. Percentage of electrolyte leakage induced by glyphosate at 0.5
kg ae/ha and lactofen at 0.4 and 0.6 g ai/ha applied alone and in
combinationa.

Electrolyte leakage

0

Treatmentb

HAIc

12

24

HAI

HAI

48
HAI

(%)

Untreated check

28.70 a

32.10 a

34.70 a

40.77 a

Glyphosate 0.5 kg/ha

32.63 a

24.90 a

33.17 a

38.43 a

Lactofen 0.4 g/ha

29.50 a

28.83 a

34.83 a

38.03 a

Lactofen 0.6 g/ha

26.47 a

36.27 a

49.60 b

48.93 ab

Glyphosate + lactofen
0.5 kg + 0.4 g/ha

29.27 a

34.11 a

46.43 b

56.40 ab

Glyphosate + lactofen
0.5 kg + 0.6 g/ha

29.70 a

32.2

48.30 b

64.39 b

a

aData presented as percentage of initial to final electrical
conductance (percent electrolyte leakage), represent means of three
replications. Means within a column followed by the same letter are
not significantly different (p = 0.05) using Student-Newman-Keul's
multiple range test.
bGlyphosate and lactofen doses are reported in ae and ai,
respectively.

cHAI = hours after illumination
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Figure 5. Effect of glyphosate (G) at 0.5 kg ae/ha applied alone and
in combination with lactofen (L) at 0.1 and 0.15 g ai/ha on shikimate
accumulation compared to untreated controls.
Individual points
represent the mean of two combined experiments, each consisting of
three replications per treatment.
Means followed by the same letter at
each harvest time are not significantly different (p = 0.05) as
determined by Student-Newman-Keul's multiple range test.
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Figure 6. Time course study demonstrating the effect of lactofen (L)
at 0.15, 0.3, and 0.6 g ai/ha applied in combination with glyphosate
(G) at 0.5 kg ae/ha on shikimate accumulation compared to glyphosate
alone.
Individual points represent the mean of two combined
experiments each consisting of three replications per treatment. Means
followed by the same letter at each harvest time are not different (p =
0.05) as determined by Student-Newman- Keul's multiple range test.
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Stress ethylene production induced by glyphosate at 0.5 kg ae/ha and
Table 3.
lactofen at 0.15, 0.3, and 0.6 g ai/ha applied alone and in combination
demonstrating the effect of light and dark incubations on the activation of
lactofen.a

Ethylene

Illuminated at 0 HATb

16

0

Treatments

HAI

HAId

Illuminated at 24 HAT

0

36

HAI

HAI

16

36

HAI

HAI

(nl/g/h)

Glyphosate 0.5 kg/ha

13.48 a

33.25 a

31.18 a

26.66 a

37.86 a

19.83 a

Glyphosate 0.5 kg/ha
+ Lactofen 0.15 g/ha

17.85 a

198.00 ab

27.82 a

20.29 a

46.51 a

24.31 a

+ Lactofen 0.3 g/ha

15.24 a

316.00 b

19.65 a

20.23 a

38.14 a

16.14 a

Glyphosate 0.5 kg/ha
+ Lactofen 0.6 g/ha

19.65 a

381.60 b

24.46 a

17.88 a

30.26 a

16.95 a

Glyphosate 0.5 kg/ha

a Data shown as means of three replications. Means within a column followed by
the same letter are not different (p = 0.05) as determined by Student-Newman-Keul's

multiple range test.

bHAT = hours after treatment
CGlyphosate and lactofen doses are reported in ae and ai, respectively
d HAI = hours after illumination

Table 4.

Stress ethylene production induced by glyphosate at 0.5 kg ae/ha and lactofen at 0.15, 0.3,
and 0.6 g ai/ha applied alone and in combination, demonstrating the effect of light on the activation
of lactofen on treated tissue and translocation out of treated tissues following a dark incubation
period.a

Ethylene
Illuminated at 0 HATb
0

Treatments

12

HAI

HA I d

24
HAI

Illuminated at 24 HAT
32

0

HAI

HAI

12

24

32

HAI

HAI

HAI

(nl/g/h)

Glyphosate 0.5 kg/ha

76.77 a

77.47 a

81.77 a

63.86 a

113.7 a

85.46 a

52.53 a

33.99 a

Glyphosate 0.5 kg/ha
+ Lactofen 0.15 g/ha

59.82 a

251.90 ab

398.90 ab

109.60 a

91.35 a

78.26 a

67.37 a

31.44 a

Glyphosate 0.5 kg/ha
+ Lactofen 0.3 g/ha

79.05 a

511.90 b

791.60 be

373.00 b

77.29 a

95.21 a

98.64 a

43.13 a

Glyphosate 0.5 kg/ha
+ Lactofen 0.6 g/ha

105.50 a

307.90 ab

942.90 c

127.60 a

64.12 a

102.20 a

68.86 a

47.69 a

.aData shown as means of three replications combined over an 8 h period. Means within a column
followed by the same letter are not different (p = 0.05) as determined by Student-Newman-Keul's
multiple range test.
bHAT = hours after treatment
CGlyphosate and lactofen doses reported in ae.and ai, respectively
d

HAI = hours after illumination
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HOURS AFTER TREATMENT
Figure 7. Effect of glyphosate (G) at 0.5 kg ae/ha applied alone and
in combination with lactofen at 0.15, 0.3, and 0.6 g ai/ha to determine
whether light activation of lactofen was required to enhance shikimate
levels in glyphosate-treated tissue. Three replications of each
treatment were either illuminated immediately (a) or incubated in the
dark for 24 h after which treated leaves were removed and plants were
illuminated (b).
Individual points represent the mean of two combined
experiments each consisting of three replications per treatment. Means
followed by the same letter at each harvest time are not significantly
different (p = 0.05) as determined by Student-Newman-Keul's multiple
range test.
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Scanning electron micrograph of little mallow leaf surfaces
Figure 8.
demonstrating the lack of waxy cuticular layers.
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SHIKIMATE (pg /mg dry wt)
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I. 0.3glha
L 0.15g/ha
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Figure 9. Glyphosate (G) at 0.5 kg ae/ha applied alone and in
combination with lactofen (L) at 0.15, 0.3, and 0.6 g ai/ha
demonstrating the effect of different cuticle abrasion levels (N =
none, L = low, M = medium, H = high) on glyphosate uptake and
subsequent shikimate accumulation in treated tissue.
Each bar
represents the mean of two combined experiments each consisting of
three replications per treatment. Abrasion levels were not different
at either harvest time but differences were significant between
herbicide treatments. Means followed by the same letter at each harvest
time are not significantly different (p = 0.05) as determined by
Student-Newman-Keul's multiple range test.
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DISCUSSION

Determining cell-membrane integrity.

As with other nitro-

substituted DPE herbicides, the primary toxic effect of lactofen
resulted in in-vivo lipid peroxidation of cell membranes.

Membrane

associated responses, including stimulated stress ethylene production,
increased electrolyte leakage, and the occurrence of water-soaked
lesions on the foliage, were induced by lactofen at doses higher than
0.05 g ai/ha.

Stress ethylene production was prevented when lactofen-

treated plants were incubated in the dark, suggesting that the stress
ethylene response that occurred following light activation of lactofen,
resulted from its direct effect on cell membranes.

The lack of

stimulation of stress ethylene production by glyphosate alone until 36
h after treatment further suggested that the ethylene response was
lactofen related.

The lactofen-induced increase in stress ethylene formation up to a
peak, followed by a rapid decline, was consistent with similar patterns
of stress ethylene formation induced by numerous other types of
stresses (Harber and Fuchigami, 1986; Garcia and Einset, 1983; Wang and
Adams, 1982; Mayak et al., 1981; Elstner and Konze, 1976; Field, 1981a;
1981b; Saltviet and Dilley, 1978a; 1978b; Wright,

1974).

Ethylene

synthesis is a metabolic activity and has been shown to require intact
living cellular systems with functional membranes (Field, 1981a;
Lieberman, 1979; Elstner and Konze, 1976; Saltveit and Dilley 1978a;
1978b; Mattoo and Lieberman, 1977; Abeles and Abeles,

1972).

In fact,

stress ethylene has been shown to cease following exposure to killing
stress (Harber and Fuchigami, 1986; Field, 1981b; Abeles and Abeles,
1972).

Stress ethylene production associated with lactofen doses
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greater than 0.05 g ai/ha, indicated that physical changes in membrane
structure had occurred.

During the period of increasing stress

ethylene production (12 to 24 h), cell membrane function had remained
intact.

The decline in stress ethylene production following a peak

between 20 to 24 h after illumination, may have been associated with
one of three possible lactofen-induced membrane effects: a) only
sublethal membrane perturbations were induced and the affected cells
had recovered from the initial stress imposed by lactofen or, b)
membrane damage was so severe that the membrane-bound ethylene-forming
system was destroyed and c) initial 1-amino cyclopropane-l-carboxylic
acid (ACC) levels decreased and further production of ACC was either
inhibited or required more time for synthesis.

The change in ethylene

production over time is also an indication of the gradual and
continuous penetration of both herbicides into the cells.
To more clearly understand membrane-level effects induced by low
doses of lactofen, the decline in stress ethylene as it relates to
electrical conductivity changes must be considered.

Electrolyte

leakage has been shown to be correlated with ethylene production and
the functional state of a cell (Harber and Fuchigami, 1986; Field,
1981a; Mattoo and Lieberman, 1977).

Detectable changes in electrical

conductivity are indicative of gross increases in membrane
permeability, which result in large changes in membrane function (Field
1981b).

Electrolyte leakage, therefore, provides a good indication of

membrane damage where large changes in electrical conductivity occur.
It is not, on the other hand, sensitive enough to detect small changes
in membrane structure brought on by exposure to sublethal stresses.
In contrast to electrolyte leakage, ethylene has been shown to be
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a good indicator of stress but not of cell death (Harber and Fuchigami
1986; Garcia and Einset, 1983; Kobayashi et al., 1981).

The induction

and subsequent decline in stress ethylene formation by lactofen doses
between 0.1 and 0.4 g ai/ha as well as the accompanying small,
insignificant increases in electrolyte leakage, would suggest that
although changes in membrane structure had occurred, membrane function
and viability had remained intact.

Simon (1974) reported that subtle

membrane disturbances induced by sublethal chilling caused physical
changes in membrane lipids which results in subtle disturbances of
membrane-bound enzymes.

At rates of 0.6 g ai/ha and greater, increases in electrical
conductivity were significant.

Such increases in conductivity

coincided with the decline in ethylene formation.

The decline in

stress ethylene formation at these doses would suggest that membrane
function had been disrupted and the ethylene-forming enzyme system had
been either destroyed or inhibited.

Such conclusions are supported by

studies conducted by Wright (1974) who showed that bean plants
(Phaseolus vulgaris L.) exposed to sublethal chilling stress produced
large amounts of stress ethylene.

Slight increases in electrolyte

leakage which accompanied stress ethylene production soon became
undetectable as cells recovered from the chilling stress.

When leaves

were exposed to lethal chilling temperatures, ethylene production
ceased, electrolyte leakage increased significantly and did not decline
back to base levels over time.

Wright concluded that the membrane

effects induced by exposure to sublethal chilling temperatures can be
reversed, whereas no recovery is evident in tissues exposed to lethal
chilling stress where membrane destruction had occurred.
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Lactofen effects on glyphosate uptake by cells.

Chlorosis of

meristmatic tissue in little mallow was more visible and persisted
longer when lactofen was added to glyphosate spray solutions than when
glyphosate was applied alone.

Although DPE herbicides are known to

induce chlorosis, little to no yellowing of tissues occurred at the
lactofen doses tested here.

It appeared, then, that lactofen enhanced

the effectiveness of glyphosate rather than the reverse, suggesting
greater amounts of glyphosate had translocated to the growing points
when it was applied in combination with lactofen than applied alone.
Other researchers have reported that adding DPE herbicides to
glyphosate spray solutions enhance glyphosate activity.

Ryan (1980)

reported that no significant injury occurs when either glyphosate at
2.2 kg ae/ha or oxyfluorfen at up to 4.5 kg/ha are broadcast over the
top of several ornamental evergreen cultivars (Chamaecyparis,
Juniperus, and Picea).

However, when glyphosate at 2.2 kg/ha was

applied in combination with oxyfluorfen at 1.1 or 2.2 kg/ha, injury was
as severe as the injury induced by glyphosate alone at 9.0 kg/ha.
Asghari et al. (1988) reported that on winter annual weed species of
California orchards, the combination of glyphosate and lactofen appears
to be synergistic.

Pereira and Crabtree (1986) reported that in yellow

nutsedge (Cyperus esculentus), regrowth, chlorophyll content, and new
tuber formation were significantly reduced by glyphosate applied in
combination with oxfluorofen, compared to glyphosate applied alone,

suggesting that the combination is more phytotoxic than either
herbicide alone.

These researchers found that adding oxyfluorfen to

the glyphosate spray solution increased translocation of "C-glyphosate
to below-ground tubers compared to glyphosate applied alone, 38% vs.
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23%, respectively.

Although 14C-glyphosate was shown to increase in

combined treatments, 14c -oxyfluorfen did not increase, suggesting that

the synergistic responses noted from the combination resulted because
greater amounts of glyphosate had reached the tubers.

Glyphosate is a potent inhibitor of EPSP synthase (Amrhein et al.,
1982), an enzyme of the shikimic acid pathway which catalyzes the
formation of 5-enolpyruvylshikimate-3-phosphate from shikimate-3phosphate and phosphoenolpyruvic acid (Rubin et al., 1984; Steinrucken
and Amrhein, 1984).

Glyphosate inhibition of EPSP synthase induces

large accumulations of shikimate-3-phosphate in glyphosate-treated
tissue.

The shikimate-3-phosphate is then subject to hydrolysis and

accumulates in the vacuoles as shikimic acid (Hollander-Czytko and
Amrhein, 1983; Amrhein, Deus, et al., 1980).

In the studies conducted here, shikimate levels in little mallow
increased with increasing glyphosate application rates.

This is in

agreement with other studies which have shown that the shikimate level
The

in glyphosate-treated tissue is correlated with glyphosate dose.

rate of shikimate accumulation depends on the extent of EPSP synthase
inhibition which in turn depends on glyphosate concentration in the
cell (Rubin et al., 1984; Amrhein, Deus, et al., 1980; Steinrucken and
Amrhein, 1980).

In glyphosate-treated buckwheat (Fagopyrum esculentum Moench)

cotyledons, Tokhver and Palm (1987) found that shikimate accumulation
is correlated with glyphosate concentrations above a certain threshold
level.

Because the shikimate pathway occurs primarily in the plastids,

inhibition of EPSP synthase by the phytotoxic action of glyphosate
would require glyphosate uptake not only across the plasma membrane but
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across subcellular membranes as well.

The subsequent induction of

shikimate accumulation would therefore require biochemically active
cells.

This, coupled with the fact that shikimate levels are well

correlated with glyphosate rate, measuring cellular accumulation of
shikimate proved to be a useful method to quantify cellular uptake of
glyphosate.

In little mallow, sublethal lactofen doses added to glyphosate
spray solutions, caused three-to four-fold increases in shikimate
levels compared to glyphosate alone.

Whether or not lactofen was

activated by light, it clearly enhanced cellular uptake of glyphosate
in this species.

Because light activation was not required to enhance

shikimate accumulation, increased glyphosate uptake was not
attributable to subtle membrane perturbations induced by the
peroxidative mechanism of action of sublethal lactofen doses.

Physical

effects of lactofen, perhaps much like surfactant effects, therefore
appeared responsible for increased shikimate accumulation in plants
treated with lactofen-glyphosate combinations.

Shikimate levels had begun to increase by 12 h after treatment but
were not significantly greater in the combination treatments until
beyond 24 h after treatment.

The effect of lactofen on glyphosate

uptake was therefore not immediate but did occur early in the uptake
process (within the first 24 h).

Lactofen possibly extended the

initial period of rapid linear uptake of glyphosate.

However, Wyrill

and Burnside (1977) demonstrated that in hemp dogbane and common
milkweed, surfactants do not extend this early uptake phase.

For this

to be the case with lactofen, then, would suggest that the mechanism of
lactofen enhancement acts differently than the surfactant tested by
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Wyrill and Burnside.

Such speculation though, goes beyond the scope of

this research.

Glyphosate translocation was not antagonized when treated plants
were illuminated immediately after treatment, even at the high lactofen
doses which had caused destruction of membrane function, evidenced by
large increases in electrolyte leakage.
doses, membrane function remained intact.

At the low, sublethal lactofen
At the higher lactofen

doses, where membrane destruction could have antagonized glyphosate
translocation, significant increases in electrolyte leakage did not
occur until 24 h after illumination.

In addition, stress ethylene

formation continued for 24 h after illumination which indicated that
membranes had remained functional for at least 24 hours.

Membrane

disruption at these rates and under these light conditions was
therefore slow enough to allow adequate time for glyphosate uptake and
translocation before membrane destruction occurred.

The first symptom

of DPE toxicity is disruption of the plasmalemma and loss of
cytoplasmic integrity; the choloroplast membrane is the last organelle
to lose its structure (Kenyon et al., 1985).

The shikimic acid

pathway, including localization of EPSP synthase, occurs primarily in
the plastids (Hollander-Czytko and Amrhein, 1987; Mousdale and Coggins,
1985; Bucholz and Schultz, 1980; Weeden and Gottlieb, 1980; Bickel and
Schultz, 1979; Bickel et al., 1978; Feierabend and Brassel, 1977).

The

fact that DPEs disrupt the plasmalemma first, then the chloroplast,
would enable lactofen to enhance glyphosate uptake across the
plasmalemma and the chloroplast membrane and inhibit EPSP synthase
before peroxidative effects of lactofen resulted in the destruction of
the chloroplast membrane.
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Little mallow is a winter annual which thrives under conditions of
low light (overcast or shaded), high humidity, and moderate
temperatures.

This species would, therefore, not have evolved a need

for thick protective waxy deposits on cuticular surfaces.
Environmental conditions under which the test plants were grown (low
light intensity, high relative humidity, and minimized stresses), would
have minimized deposition of thick waxy cuticular layers.

This was

substantiated by scanning electron microscopy in which cuticles of
little mallow appeared as thin, smooth films, lacking in thick waxy
deposits.

Neither herbicide caused physical damage to the cuticular

surfaces.

In plants treated with either glyphosate alone or in

combination with lactofen, abrading cuticles with carborundum did not
enhance shikimate levels over unabraded treatments.

The cuticle was

therefore not a major barrier to glyphosate uptake in little mallow
grown under the environmental conditions of these experiments.

Results from these experiments indicate that lactofen does indeed
enhance glyphosate uptake in little mallow.

The cuticle did not prove

to be a barrier to glyphosate uptake, suggesting therefore, that the
enhancement in uptake is at the membrane level.

Because perturbations

in the plasma membrane induced by light activation of lactofen were not
required, the effect of lactofen on cellular membranes was likely
physical, although, chemical reactions cannot be ruled out.

Since

lactofen did not appear to translocate out of treated tissues, an
interaction between the mechanism of action of these two herbicides was
not likely.

It is possible that the lipophilic lactofen moiety

interacted directly with protein, lipid, or carbohydrate constituents
of cell membranes.
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Balke (1985) suggests that interactions with membrane constituents
can occur.

Such interactions may result either from binding to

particular membrane components or partitioning into the lipid bilayers.

Balke also suggests that by partitioning an herbicide into cell
membranes, certain proteins or lipids could be solubilized out of the
membrane, thereby altering membrane permeability.

Ionic channels, which form when transmembrane proteins undergo
conformational changes, have been shown to occur in membranes of
isolated cells protoplasts of numerous species (Satter and Moran, 1988;

Schauf and Wilson, 1987a; 1987b; Schroeder et al, 1987; 1984; Moran et
al., 1986; 1984).

Partitioning a herbicide into a membrane also could

alter the configuration of existing channels or even create new
channels within the lipid bilayer.
affect membrane fluidity.

Binding or partitioning would also

Such factors could possibly have resulted

from physical interactions of lactofen with cell membranes, thereby
enhancing membrane permeability to the glyphosate molecule.

Lactofen

partitioning into the lipid bilayer could have altered membrane
configuration, creating or changing membrane channels, allowing
glyphosate to move in with greater ease.

Lactofen also could have

complexed with the glyphosate molecule, better enabling it to penetrate
lipophilic membranes.

Wyrill and Burnside (1977) suggested an

electrostatic association between glyphosate and cationic surfactants.

Sutton and Foy (1971) suggested that surfactants act directly on
charged portions of lipids and protein side chains in the membrane
bilayer, which alters the electrostatic stability.

Lactofen could have

affected the electrostatic stability of cell membranes; a less negative
charge would, for instance, repel the glyphosate molecule less.
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Sherrick et al. (1986b) suggested that Mon 0818 acts as a counter ion
at the cuticle, cell wall, or plasma membrane, providing a more
favorable electrochemical gradient for glyphosate absorption.

Ammonium

sulfate, (NH4)2SO4, has been shown to enhance glyphosate activity (Sze,
1985; Turner, 1985; O'Sullivan et al., 1981; Blair, 1975).

High

concentrations of ammonium sulfate can collapse pH gradients across
cell membranes which could alter the movement of charged molecules
across cell membranes (Sze, 1985).

The glyphosate-lactofen interaction studied here is complex and is
complicated by interactions between herbicide rates, environmental
conditions, and light intensity and quality.

Clearly, under low light

intensities where the activity of DPE herbicides is not rapid, the
potential for DPE herbicides to enhance the effectiveness of glyphosate
on hard-to-control species such as little mallow exists.

In areas

where overcast, moderate weather conditions prevail, such combinations
could prove to be a useful tool not only to enhance the weed spectrum
controlled by glyphosate, but also to optimize glyphosate use rate.
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SUMMARY AND GENERAL CONCLUSIONS

Glyphosate is extensively used in weed control programs in fruit
and nut orchards and vineyards throughout the world.

In the San

Joaquin Valley of California, a primary component of weed control
programs in orchards includes the application of tank-mix combinations
of residual and postemergent compounds along a fairly wide band down
the tree row (along the berms).

These applications are made during the

winter when adequate rainfall for incorporation of residual herbicides
occurs.

Depending on the rate and selection of residual compound,

effective weed control on the berms is maintained at least throughout
the growing season.

At the time of application, numerous winter annual

species have germinated and become well established.

For this reason,

postemergent herbicides, such as glyphosate and paraquat, are critical
components of these tank mixtures.

Two winter annual broadleaf weed

species, little mallow and filaree species (Erodium sp.), are poorly
controlled by glyphosate doses that effectively control other annual
species.

Postemergent applications of DPE herbicides, on the other

hand, provide excellent control of these species but are fairly
ineffective on numerous other species including chickweed (Stellaria
media (L.) Vill.) and annual bluegrass (Poa annua L.), which also
commonly occur.

Under the cool, overcast, high moisture, winter conditions of the
San Joaquin Valley of California, adding low doses of DPE herbicides
(oxyfluorfen or lactofen) to glyphosate spray solutions was found to
enhance the effectiveness of glyphosate on these broadleaf species
without reducing the control of other species.

In contrast, under

summer environmental conditions of the southern United States (high
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temperatures, relative humidity, and solar radiation), rapid phytotoxic
action of oxyfluorfen and lactofen antagonized glyphosate translocation
and treated plants often recovered from the initial necrosis.

Distinct differences in light intensities occurring under these
two opposing environments would explain such contrasting responses to
these herbicide mixtures.

The level of membrane injury induced by DPE

herbicides is strongly correlated with light intensity as well as light
quality (Vanstone and Stobbe, 1979; 1977; Kunert, 1984).

Apparently,

high light intensities associated with bright sunny days, which would
induce rapid membrane destruction, would antagonize translocation and
the subsequent effectiveness of glyphosate.

In contrast, DPE

herbicide-induced membrane destruction would not be as rapid under the
low light levels common to overcast winter days, therefore allowing
adequate time for glyphosate translocation.

In order to not antagonize glyphosate efficacy, adequate time for
glyphosate uptake and translocation is required before DPE herbicideinduced

membrane destruction occurs.

A fairly long lag time between a

DPE herbicide application and membrane destruction is therefore
probably an important component of the overall effectiveness of these
mixtures.

Although results from these studies suggest that membrane
peroxidation, induced by the light-activated action of lactofen, is not
required to enhance cellular uptake of glyphosate in little mallow,
membrane peroxidative effects of DPE herbicides could have a profound
impact on the effectiveness of such combinations in the field and
should not be ignored.

Since the extent of membrane peroxidation and

the length of lag time between application and membrane destruction are

78

affected by light as well as light quality, changes in light intensity
could dramatically modify the effectiveness of these herbicide
combinations.

The effect of lactofen on cellular uptake of glyphosate in little
mallow was shown to occur as a result of physical effects of lactofen
on cellular membranes.

Although increasing the lactofen dose did not

result in increased shikimate accumulation at the sublethal lactofen
doses tested here, possibly higher, more lethal doses of lactofen, up
to a point, could further enhance cellular uptake of glyphosate.

This

is, of course, as long as membrane destruction is not so rapid that
glyphosate translocation is antagonized.

Since the inhibiting effect of glyphosate on the shikimic acid
pathway would require glyphosate uptake across both the plasma membrane
and the chloroplast membrane, the order in which these membranes are
destroyed also could be important.

Kenyon et al. (1985) demonstrated

that the peroxidative effects of DPE herbicides are first expressed by
the disruption of the plasma membrane and loss of cytoplasmic
integrity, followed by choloroplast membrane disruption, the last
cellular organelle to lose its structure.

Such a progression of

membrane disruption would enable DPE herbicides to enhance glyphosate
uptake across the plasma membrane before the site of action is
destroyed.

Paraquat, on the other hand, whose rapid disruption of

membranes has been shown to antagonize glyphosate efficacy, destroys
the chloroplast membrane first.

Membrane disruption induced by

paraquat also has been shown to occur much more rapidly than by DPE
herbicides (Vanstone and Stobbe, 1979).

These researchers demonstrated

that membrane disruption, as indicated by electrolyte leakage, occurred
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within 2 h after paraquat applications compared to 6 to 8 h after
applications of oxyfluorfen.

This rapid membrane disruption by

paraquat also would contribute to the antagonism which occurs when
glyphosate is applied as a tank-mix treatment with paraquat.

One component of the interaction between glyphosate and DPE
herbicides that was not addressed in these studies is the role of
surfactants on the interaction of these herbicide mixtures.

Commercial

glyphosate is formulated with a tallow amine surfactant, which is
commonly supplemented by adding a nonionic surfactant (0.5% v:v) to the
spray solution to improve performance.

Known effects of surfactants on

membrane permeability, as well as the findings of these studies,
suggesting that DPE herbicides enhance glyphosate uptake across
cellular membranes, imply that three-way membrane-level interactions
are likely when commercial formulations of DPE herbicides and
glyphosate are applied in the field.

Speculation on what this

interaction might be is certainly beyond the scope of this research.

Results from studies conducted here strongly suggest that the
plasma membrane is involved in lactofen enhancement of cellular uptake
of glyphosate.

Such findings further substantiate the importance of

the plasma membrane as a major barrier to glyphosate uptake.

Large

efforts have been put forth attempting to enhance glyphosate activity,
both from the standpoint of reducing application rates without reducing
efficacy and improving control of poorly controlled species.

Before we

can fully understand differential species responses or the mechanism by
which numerous additives enhance glyphosate activity, a more complete
understanding of glyphosate uptake across cellular membranes, as well
as the effect of additives on cellular uptake of glyphosate, is
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imperative.

We cannot afford to continue to search for desirable

glyphosate enhancement responses without first understanding the
mechanisms by which such enhancements could occur.
The methodology utilized in this research enabled the
quantification of cellular uptake of glyphosate without using radio
tracer techniques.

In standard autoradiographic or 14C combustion

studies, the general location of the labeled compound can be
identified, but exact cellular localization, inside or outside, is
difficult.

For this reason, cellular uptake studies are conducted

using isolated cells or protoplasts, cell cultures, or plant tissue
sections, all of which pose some problems.

To study the effect of

increasing membrane permeability on glyphosate uptake, for instance,

would be difficult in isolated cell systems since more permeable cells
would be more prone to leakage of labeled herbicide during the rinsing
procedures used to remove extracellular materials.

In these studies,

whole plants were used and application techniques were similar to those
utilized in the field.

This is desirable when attempting to speculate

on the field implications of research findings.

Finally, the methodology of monitoring evolution of ethylene and
ethane, and electrolyte leakage utilized here, although not unique to
this research, proved to be quite adequate for determining levels of
membrane damage and thereby establishing sublethal doses of lactofen.
This methodology could prove useful in establishing sublethal effects
of other herbicides as well.
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APPENDIX

Appendix Table 1.

Stress ethylene production induced by lactofen applied at 0, 0.05, 0.1, and 0.15 g ai/ha.a

Ethylene

0 HAI

c

Treatment

Rep 1

Rep 2

b
12 HAI

Rep 3

Rep 1

Rep 2

16 HAI

Rep 3

Rep 1

Rep 2

24 HAI
Rep 3

32 HAI

Rep 1

Rep 2

Rep 3

Rep 1

Rep 2

Rep 3

93.51

90.29

125.00

30.51

84.84

55.71

(nl/g/h)

Lactofen 0.5 g/ha

40.75

27.56

34.06

65.55

45.47

54.92

79.53

63.98

87.40

Lactofen 0.1 g/ha

34.84

20.87

41.14

69.88

75.59

57.28

53.35

98.43

91.93

557.42 254.40

722.44

432.68 110.24 284.65

Lactofen 0.15 g/ha

40.95

38.39

37.40

65.16

92.52

93.51

99.41

76.38

95.47

771.59 296.13

405.12

143.90 108.86 148.03

Untreated check

33.86

29.13

38.39

97.44

77.36 104.22

111.42 101.58 130.12

85.37

92.19

71.65

96.26

83.46

87.21

a
Data shown as raw data of three replications of each treatment at each harvest time.
Figure 1.
b

HAI = hours after illumination.
c

Lactofen doses reported in ai.

Statistical analysis for data presented in

Appendix Table 2.

Stress ethylene production induced by glyphosate at 0.5 kg ae/ha applied alone
and in combination
with lactofen at 0.15, 0.3, 0.6, and 0.9 ai /ha.a

Ethylene

Treatment

0 HAI

c

Rep 1

Rep 2

b

8 HAI
Rep 3

Rep 1

Rep 2

20 HAI
Rep 3

Rep 1

36 HAI

Rep 2

Rep 3

Rep 1

Rep 2

Rep 3

(nl/g/h)

Glyphosate 0.5 kg/ha
+ lactofen 0.5 g/ha
Glyphosate 0.5 kg/ha
+ lactofen + 0.3 g/ha
Glyphosate 0.5 kg/ha
+ lactofen 0.6 g/ha

Glyphosate 0.5 kg/ha
+ lactofen 0.9 g/ha
Glyphosate 0.5 kg/ha

Untreated check

9.55

24.71

38.98

18.80
7.09
7.97

24.12

8.66

34.25

6.99

10.14
12.30

43.01

27.46

45.87

27.85

23.23
33.27

34.65

6.99

32.38

252.17

372.81

331.56

23.72

22.24

67.52

66.93

48.82

57.87

200.69

320.79

449.14

22.54

13.88

39.17

40.45

36.71

26.58

233.98

378.08

440.43

43.31

15.95

33.56

296.75

225.30

69.88

529.11

450.20

355.44

11.52

56.99

58.66

18.11

23.72

44.78

25.57

29.26

28.25

15.85

33.17

77.46

15.95

24.11

24.61

19.49

25.34

19.27

12.11

13.09

26.57

a
Data shown as raw data of three replications of each treatment at each harvest
time.
presented in Figure 2.

Statistical analysis for data

b
HAI = hours after illumination.
c

Glyphosate and lactofen doses reported in ae and ai, respectively.
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Appendix Table 3. Stress ethylen: production induced by glyphosate at 0.5 kg ae/ha and lactofen at 0.15 and 0.3 g ai/ha
applied alone and in combination.

Ethylene

0 HAI
c

Treatment

Rep 1

Rep 2

b

12 HAI

Rep 3

Rep 1

24 HAI

Rep 2

Rep 3

Rep 1

48 HAI

Rep 2

Rep 3

Rep 1

Rep 2

Rep 3

(nl/g/h)

Lactofen 0.1 g/ha

10.61

25.63

36.36

13.37

32.74

36.30

41.58

128.43

135.05

28.52

33.80

26.02

Lactofen 0.15 g/ha

21.08

24.44

36.03

17.19

16.07

42.66

51.52

116.78

187.06

62.71

39.99

39.00

Glyphosate 0.5 kg/ha

22.46

22.20

14.10

20.03

40.91

24.70

19.39

24.23

49.29

48.35

19.50

61.73

+ lactofen 0.1 g/ha

21.02

31.29

60.87

12.65

54.48

96.51

34.01

80.60

186.83

38.21

38.80

35.97

Glyphosate 0.5 kg/ha
+ lactofen 0.15 g/ha

21.08

64.69

63.11

17.13

116.07

153.89

38.39

109.82

210.95

23.65

52.64

38.14

Glyphosate 0.5 kg/ha

a

Data shown as raw data of three replications of each treatment at each harvest time.
presented in Table 1.

b

HAI = hours after illumination.
Glyphosate and lactofen doses reported in ae and ai, respectively.

Statistical analysis for data
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Appendix Table 4.

Stress ethylene production induced by glyphosat: at 0.5 kg/ha and
lactofen at 0.1 and 0.15 g ai/ha applied alone and in combination.

Ethylene
0

Treatment

HAI

c

12

24

36

HAI

HAI

HAI

(nl/g/h)

Glyphosate 0.5 kg/ha

46.52 a

32.71 a

37.18 a

76.67 a

Lactofen 0.1 g/ha

49.18 a

34.91 a

76.12 ab

52.66 a

Lactofen 0.15 g/ha

64.93 a

51.12 a

190.9

b

54.13 a

Glyphosate 0.5 kg/ha
+ lactofen 0.1 g/ha

53.05 a

34.19 a

163.3

b

54.07 a

Glyphosate 0.5 kg/ha
+ lactofen 0.15 g/ha

56.63 a

35.07 a

189.2

a

53.48 a

a
Data shown as means of three replications.

Means within a column followed by the same
letter are not different (p = 0.5) as determined by Student-Newman-Keul's multiple
range test.
b

Glyphosate and lactofen doses reported as ae and ai, respectively.
c

HAI = hours after illumination.
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Appendix Table 5. Stress ethylene production induced by glyphosate at 0.5 kg ae/ha and
lactofen at 0.15, 0.3, and 0.6 g ai/ha applied alone and in combination demonstrating the

effect of light and dark incubation on the activation of lactofen.

Ethylene

0 HAI
c

Rep 1

Treatment

b

Rep 2

36 HAI

16 HAI

Rep 3

Rep 1

Rep 2

Rep 3

Rep 1 Rep 2 Rep 3

(nl/g/h)
d

ILLUMINATED AT 0 HAT

11.18

15.42

13.84

32.41

32.35

34.98

60.67 17.52 15.35

19.45

15.23

18.87

327.27

98.49

168.18

23.85 34.32 25.30

Glyphosate 0.5 kg/ha
+ lactofen 0.3 g/ha

12.78

18.15

14.79

254.61

239.00

651.19

29.18 18.45 11.33

Glyphosate 0.5 kg/ha
+ lactofen 0.6 g/ha

12.51

19.97

27.16

586.76

265.81

95.45

26.55 16.86 29.97

26.38

26.25

24.05

29.12

26.75

57.71

14.89 31.82 12.78

22.39

24.32

14.16

58.10

33.07

48.35

23.78 41.77

7.38

15.20

17.56

27.93

40.71

23.98

49.74

15.94 22.86

9.62

14.28

18.32

21.04

32.61

28.46

29.71

20.03

Glyphosate 0.5 kg/ha
Glyphosate 0.5 kg/ha
+ lactofen 0.15 g/ha

ILLUMINATED AT 24 HAT
Glyphosate 0.5 kg/ha
Glyphosate 0.5 kg/ha
+ lactofen 0.15 g/ha
Glyphosate 0.5 kg/ha
+ lactofen 0.3 g/ha
Glyphosate 0.5 kg/ha
+ lactofen 0.6 g/ha

6.52 24.31

a
Data shown as raw data of three replications of each treatment at each harvest time.
Statistical analysis for data presented in Table 3.
b
c

d

HAI = hours after illumination.

Glyphosate and lactofen doses reported in ae and ai, respectively.

HAT = hours after treatment.

Appendix Table 6.

Stress ethylene production induced by glyphosate at 0.5 kg ae/ha and lactofen at 0.15, 0.3, and 0.6 ai/ha
applied alone and in combination, demonstrating the effect of light on the activation of lactofen on treated tissue and
translocation out of treated tissues following a dark incubation period.

Ethylene

0 HAI

Treatment

Rep 1

Rep 2

b

12 HAI

Rep 3

Rep 1

Rep 2

24 HAI

Rep 3

Rep 1

32 HAI

Rep 2

Rep 3

Rep 1

Rep 2

Rep 3

(nl/g/h)
d

ILLUMINATED AT 0 HAT
Glyphosate 0.5 kg/ha

55.07

111.99

174.18

75.52

125.17

33.73

69.04

72.99

103.29

99.87

73.25

18.45

Glyphosate 0.5 kg/ha
+ lactofen 0.15 g/ha

54.81

93.02

126.22

148.62

85.53

541.50

214.49

190.78

791.57

28.72

104.61

195.52

Glyphosate 0.5 kg/ha
+ lactofen 0.3 g/ha

51.38

56.39

124.11

383.93

154.41

997.37

1142.55

739.66

492.49

541.77

384.45

192.89

Glyphosate 0.5 kg/ha
+ lactofen 0.6 g/ha

50.07

50.07

92.23

473.25

89.80

360.74

272.20

744.14

44.01

181.29

157.58

Glyphosate 0.5 kg/ha

54.55

45.32

130.44

160.21

69.57

26.61

100.92

31.09

25.56

33.47

22.13

46.38

Glyphosate 0.5 kg/ha
+ lactofen 0.15 g/ha

36.89

39.00

103.56

78.79

72.99

83.00

49.54

51.65

100.92

32.94

30.30

31.09

1812.38

ILLUMINATED AT 24 HAT
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Appendix Table 7.

Stress ethylene production induced by glyphosate at 0.5 kg ae/ha and
lactofen at 0.15, 0.3, and 0.6 g/ha applied alone and in combination, demonstrating the
effect of light on the activation of lactofen on treated tissue and the basipetal
translocation of lactofen out of treated tissue following a 24-h dark incubation period. a

Ethylene

Illuminated at 0 HAT
c

Treatment

15 HAI

b

Illuminated at 24 HAT

d
15 HAI

(nl/g/h)

Glyphosate 0.5 kg/ha

19.96 a

36.39 a

Glyphosate 0.5 kg/ha
+ lactofen 0.15 g/ha

30.24 a

36.91 a

Glyphosate 0.5 kg/ha
+ lactofen 0.3 g/ha

73.56 a

29.56 a

Glyphosate 0.5 kg/ha
+ lactofen 0.6 g/ha

50.35 b

31.51 a

a
Data shown as means of three replications at each harvest time. Means within a column
followed by the same letter are not different (p = 0.05) as determined by Student-NewmanKeul's multiple range test.
b

HAT = hours after treatment.

CGlyphosate and lactofen doses reported in ae and ai, respectively.
d

HAI = hours after illumination.

Appendix Table 8.

rect of lactofen applied at 0.05, 0.1, 0.3, and 0.4 g ai/ha on electrolyte leakage compared to

untreated controls.

Electrolyte leakage

0 HAI

b

12 HAI

24 HAI

36 HAI

c

Treatment

Rep 1

Rep 2

Rep 3

Rep 1

Rep 2

Rep 3

Rep 1

Rep 2

Rep 3

Rep 1

Rep 2

Rep 3

(%)

Lactofen 0.5 g/ha

27.73

23.52

23.77

33.87

37.42

36.41

26.42

32.30

32.83

30.54

35.54

30.63

Lactofen .1 g/ha

26.42

21.83

29.89

29.29

38.53

39.24

33.70

22.81

32.09

28.54

41.75

35.82

Lactofen .3 g/ha

26.00

28.41

25.66

37.85

34.67

38.63

27.19

49.59

72.65

47.67

58.53

35.78

Lactofen .4 g/ha

30.56

27.93

32.09

25.78

42.65

37.15

30.16

50.01

51.03

33.33

43.67

49.24

Untreated check

28.83

26.07

24.32

25.91

29.29

34.77

32.38

33.75

32.77

35.99

33.96

33.53

a
Data shown as raw data, presented as percentage of electrical conductance of unfrozen to frozen samples (percent electrolyte
leakage).
Statistical analysis of data shown in Figure 3.
b
HAI = hours after illumination.
c

Lactofen doses reported in ai.

Appendix Table 9.

Effect of lactofen applied at 0, 0.15, 0.3, and 0.6 g ai/ha on electrolyte leakage.a

Electrolyte leakage

0 HAI
c

Rep 1

Treatment

b

Rep 2

Rep 3

Rep 1

Rep 2

36 HAI

24 HAI

12 HAI

Rep 3

Rep 1

Rep 2

Rep 3

Rep 1

Rep 2

Rep 3

(%)

Lactofen 0.15 g/ha

23.11

21.76

23.82

21.92

25.44

26.54

19.41

27.07

27.31

59.53

39.18

32.80

Lactofen 0.3 g/ha

23.47

22.16

23.40

29.39

26.08

27.45

26.77

29.54

24.01

40.21

38.59

35.46

Lactofen 0.6 g/ha

29.37

20.54

20.04

27.38

34.48

27.21

29.94

38.82

39.59

65.5

41.18

49.71

Untreated check

24.71

25.74

32.01

31.46

27.84

27.45

29.26

24.96

24.19

36.42

34.22

27.57

a

Data shown as raw data, presented as percentage of electrical conductance of unfrozen to frozen samples (percent electrolyte
leakage).

Statistical analysis of data shown in Figure 4.

b
HAI = hours after illumination.
c

Lactofen doses reported in ai.

Appendix Table 9 continued.

Ethylene
b

Treatment

Rep 2

Rep 1

Rep 3

Rep 1

Rep 2

32 HAI

24 HAI

12 HAI

0 HAI
c

Rep 3

Rep 1

Rep 2

Rep 3

Rep 1

Rep 2

Rep 3

(nl/g/h)

Glyphosate 0.5 kg/ha

+ lactofen 0.3 g/ha

45.59

51.38

140.18

70.88

66.67

148.09

84.32

79.05

132.54

49.54

43.48

36.36

46.64

120.69

149.14

95.92

62.71

148.09

47.17

41.63

117.79

104.08

29.51

9.49

Glyphosate 0.5 kg/ha
+ lactofen 0.6 g/ha

a
Data shown as raw data of three replications of each treatment at each harvest time.
presented in Table 4.
b

HAI = hours after illumination.

c

d

Glyphosate and lactofen doses reported in ae and ai, respectively.
HAT = hours after treatment.

Statistical analysis for data

Appendix Table 10.

Effect of glyphosate at 0.5 kg ae/ha and lactofen at 0.4 and 0.6 applied alone and in combination on

electrolyte leakage.

Electrolyte leakage

b

Treatment

Rep 1

Rep 2

Rep 3

Rep 1

Rep 2

48 HAI

24 HAI

12 HAI

0 HAI

Rep 3

Rep 1

Rep 2

Rep 3

Rep 1

Rep 2

Rep 3

(%)

Glyphosate 0.5 kg/ha

24.80

43.70

29.40

25.40

26.10

23.20

35.70

30.00

33.80

38.70

34.00

42.60

Lactofen 0.4 g/ha

33.30

26.60

28.60

30.80

27.10

28.60

32.10

38.10

34.30

27.50

42.00

44.60

24.60

30.30

24.50

42.50

36.30

30.30

52.80

52.70

43.30

43.20

56.00

47.00

Lactofen 0.6 g/ha

25.40

32.10

30.30

27.10

44.90

30.30

51.70

50.30

37.30

54.50

74.50

40.20

30.00

25.80

33.30

36.30

34.00

26.30

45.80

48.60

50.50

78.70

70.90

44.10

27.50

29.50

29.10

29.50

33.90

32.90

32.80

34.90

36.40

39.30

46.10

36.90

Glyphosate 0.5 kg/ha
+ lactofen 0.4 g/ha
Glyphosate 0.5 kg/ha
+ lactofen 0.6 g/ha

Untreated check

(percent electrolyte
a
Data shown as raw data, presented as percentage of electrical conductance of unfrozen to frozen samples
leakage). Statistical analysis of data shown in Table 2.

b
HAI = hours after illumination.
Lactofen doses reported in ai.

Appendix Table 11.

Effect of glyphosate at 0.5 kg ae/ha applied in combination with lactofen at 0.15, 0.3, 0.6, and
0.9 g ai/ha on electrolyte leakage compared to untreated controls.

Electrolyte leakage

0

b

Treatment

12

16

20

24

HAI

HAI

HAI

HAI

HAI

36

c

Untreated check

24.67 a

23.97 a

24.90 a

26.71 a

18.16 a

15.54 a

Glyphosate 0.5 kg/ha
+ lactofen 0.15 g/ha

24.57 a

28.07 a

34.19 ab

28.76 a

21.78 a

18.11 ab

Glyphosate 0.5 kg/ha
+ lactofen 0.3 g/ha

22.90 a

26.74 a

44.44 be

32.73 a

38.07 b

26.2 ab

Glyphosate 0.5 kg/ha
+ lactofen 0.6 g/ha

25.63 a

30.98 a

55.40 c

55.45 b

62.7 c

43.54 c

Glyphosate 0.5 kg/ha
+ lactofen 0.9 g/ha

21.18 a

30.32 a

90.9

78.32 c

72.43 d

88.50 d

c

a
Data presented as percentage of initial to final electrical conductance (percent electrolyte leakage), represents means of
three replications per treatment. Means within each column followed by the same letter are not different (p = 0.05) as
determined by Student-Neuman-Keul's multiple range test.
b

Glyphosate and lactofen doses reported in ae and ai, respectively.
HAI = hours after illumination.
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a
Appendix Table 12.

Effect of glyphosate dose on shikimic acid levels over time.
Shikimic acid

0

Treatment

HATc

12

24

48

HAT

HAT

HAT

84

HAT

(ug /mg dry wt)

Untreated check

0.09 a

0.10 a

0.04 a

0.02 a

0.09 a

Glyphosate 0.25 kg/ha

0.10 a

0.23 a

0.40 a

1.41 b

0.56 a

Glyphosate 0.5 kg/ha

0.06 a

0.51 a

1.45 b

3.86 c

5.56 b

Glyphosate 1.0 kg/ha

0.10 a

2.08 b

4.78 c

6.02 d

7.77 b

Glyphosate 1.5 kg/ha

0.14 a

3.13 c

6.40 d

6.55 d

11.90 c

a

Data are means of 3 replications.

Means within each column followed by the same

letter are not different (p = 0.05) as determined by Student-Newman-Keul's multiple
range test.
b

Glyphosate doses reported in ae.
CHAT = hours after treatment.
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Appendix Table 13.

Effect of lactofen at 0.1 and 0.15 g ai/ha and glyphosate at 0.5 kg
ae/ha applied alone and in combination on shikimate accumulation compared to
untreated controls.
Shikimic acid

0

12

24

48

HAT

HAT

HAT

b

Treatment

HATC

84

HAT

(pg/mg dry wt)

Lactofen 0.15 g/ha

0.04

a

0.035 a

0.024 a

0.002 a

0.002 a

Glyphosate 0.5 kg/ha

0.002 a

0.577 b

1.514 b

2.033 b

1.643 b

0.014 a

0.532 b

2.097 c

3.127 be

3.021 c

0.003 a

0.37

b

3.127 c

3.706 c

3.373 c

0.081 a

0.026 a

3.021 a

0.042 a

0.002 a

Glyphosate 0.5 kg/ha
+ lactofen 0.1 g/ha
Glyphosate 0.5 kg/ha
+ lactofen 0.15 g/ha
Untreated check

a

Data are means of 3 replications.

Means within each column followed by the same
letter are not different (p = 0.05) as determined by Student-Newman-Keul's multiple
range test.
b

Glyphosate doses reported in ae.
c

HAT = hours after treatment.
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Appendix Table 14.

Effect of lactofen at 0.1 and 0.15 g ai/ha and glyphosate at 0.5 kh
ae/ha, apRlied alone and in combination on shikimate accumulation compared to untreated
controls.
Shikimic acid

0

Treatment

HATC

12

24

48

HAT

HAT

HAT

84

HAT

(Kg /mg dry wt)

Lactofen 0.1 g/ha

0.004 a

0.007 a

0.018 a

0.016 a

0.027 a

Lactofen 0.15 g/ha

0.019 a

0.013 a

0.015 a

0.037 a

0.011 a

Glyphosate 0.5 kg/ha

0.008 a

0.779 b

1.55

c

1.55

b

3.09

b

0.036 a

0.571 ab

0.99

b

2.69

c

6.87

c

2.33

be

5.98

c

Glyphosate 0.5 kg/ha
+ lactofen 0.1 g/ha
Glyphosate 0.5 kg/ha
+ lactofen 0.15 g/ha
Untreated check

0.01

a

0.016 a

1.07

b

0.027 a

1.14

b

0.019 a

0.019 a

0.014 a

a
Data are means of 3 replications.

Means within each column followed by the same
letter are not different (p = 0.05) as determined by Student-Newman-Keul's multiple
range test.
b
Glyphosate and lactofen doses reported in ae and ai, respectively.
HAT = hours after treatment.
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Appendix Table 15.

Effect of lactofen at 0.15, 0.3, 0.6, and 0.9 g ai/ha applied in
combination with glyphosate at 0.5 kg ae/ha on shikimate accumulation compared with
glyphosate alone at 0.5 kg ae/ha.
Shikimic Acid
0

12

24

48

60

HAT

HAT

HAT

HAT

HAT

2.115 a

84

b

Treatment

HA T c

(ug/mg dry weight)

Glyphosate 0.5 kg/ha

0.045 a

0.43

a

1.387 a

1.778 a

1.716 a

Glyphosate 0.5 kg/ha
+ lactofen 0.15 g/ha

0.037 a

1.036 b

1.156 a

2.002 a

4.614 ab

4.102 ab

Glyphosate 0.5 kg/ha
+ lactofen 0.3 g/ha

0.025 a

0.997 b

4.155 c

7.253 b

8.58

6.417 bc

+ lactofen 0.6 g/ha

0.059 a

1.398 c

2.957 b

7.043 b

9.778 c

9.158 c

Glyphosate 0.5 kg/ha
+ lactofen 0.9 g/ha

0.076 a

1.581 c

2.851 b

6.741 b

7.803 bc

9.198 c

bc

Glyphosate 0.5 kg/ha

a
Data are means of three replications.

Means within each column followed by the same
letter are not different (p = 0.05) as determined by Student-Newman-Keul's multiple
range test.
b
Glyphosate and lactofen doses reported in ae and ai, respectively.
c

HAT = hours after treatment.
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Appendix Table 16.

Effect of lactofen at 0.15, 0.3, and 0.6 g ai/ha applied in
combination with glyphosate at 0.5 kg ae/ha on shikimate accumulation compared with
glyphosate alone at 0.5 kg ae /ha.a

Shikimic acid

0

Treatment

HATc

24

48

HAT

HAT

84

HAT

(pg/mg dry weight)

Glyphosate 0.5 kg/ha

0.151 a

0.969 a

3.89 a

1.732 a

0.138 a

1.13

a

3.08 a

8.047 b

0.16

a

1.24

a

2.04 a

6.57

b

0.138 a

2.30

a

2.70 a

5.71

b

Glyphosate 0.5 kg/ha
+ lactofen 0.15 g/ha
Glyphosate 0.5 kg/ha
+ lactofen 0.3 g/ha
Glyphosate 0.5 kg/ha
+ lactofen 0.6 g/ha

a

Data are means of three replications.

Means within each column followed by the same

letter are not different (p = 0.05) as determined by Student-Newman-Keul's multiple
range test.
b
Glyphosate and lactofen doses reported in ae and ai, respectively.
c

HAT = hours after treatment.

Appendix Table 17. Effect of glyphosate at 0.5 kg ae/ha applied alone and in combination with lactofen at 0.15, 0.3, and
0.6 g ai/ha to determine whether light activation of lactofen was required to enhance shikimate levels in glyphosate treated
a
tissue.

Shikimic acid
b
Illuminated at 0 HAT
0
c

Treatment

HAT

48

60

HAT

HAT

Illuminated at 24
84
HAT

0

HAT

48
HAT

HAT

84
HAT

60

(jig /mg dry weight)

Glyphosate 0.5 kg/ha

0.15 a

1.32 a

1.47 a

1.09 a

0.13 a

1.60 a

1.04 a

0.93 a

Glyphosate 0.5 kg/ha
+ lactofen 0.15 g/ha

0.14 a

1.81 a

3.44 ab

5.41 b

0.12 a

4.54 b

3.96 ab

6.38 b

0.16 a

3.28 a

4.14 b

6.75 b

0.15 a

3.05 ab

5.39 b

5.95 b

0.14 a

3.28 a

4.90 b

5.92 b

0.11 a

3.35 ab

6.30 b

7.90 b

Glyphosate 0.5 kg/ha
+ lactofen 0.3 g/ha
Glyphosate 0.5 kg/ha
+ lactofen 0.6 g/ha
a

b
c

Data are means of three replications. Means within each column followed by the same letter are not different (p = 0.05) as
determined by Student-Newman-Keul's multiple range test.
HAT = hours after treatment.
Glyphosate and lactofen doses reported in ae and ai, respectively.

Appendix Table 18.

Effect of glyphosate at 0.5 kg ae/ha applied alone and in combination with lactofen at 0.15, 0.3, and
0.6 g ai/ha to determine whether light activation of lactofen was required to enhance shikimate levels in glyphosate
a
treated tissue.

Shikimic acid
b
Illuminated at 0 HAT
0

Treatment

c

HAT

Illuminated at 24

48

60

84

0

HAT

HAT

HAT

HAT

48

60

HAT

HAT

84
HAT

(pg/mg dry weight)

Glyphosate 0.5 kg/ha

0.16 a

1.08 a

1.81 a

1.82 a

0.10 a

2.43 a

1.70 a

3.83 a

Glyphosate 0.5 kg/ha
+ lactofen 0.15 g/ha

0.13 a

3.02 ab

3.92 ab

7.37 b

0.08 a

3.63 b

5.75 b

7.70 b

Glyphosate 0.5 kg/ha
+ lactofen 0.3 g/ha

0.11 a

3.88 b

5.12 ab

7.25 b

0.13 a

3.94 b

8.26 c

8.93 b

Glyphosate 0.5 kg/ha
+ lactofen 0.6 g/ha

0.14 a

4.51 b

7.07 b

9.78 b

0.14 a

4.73 b

5.64 b

8.37 b

a
Data are means of three replications.

Means within each column followed by the same letter are not different (p = 0.05) as
determined by Student-Newman- Keul's multiple range test.

b

HAT = hours after treatment.

c

Glyphosate and lactofen doses reported in ae and ai, respectively.

Appendix Table 19.

Effect of cuticle abrasion on glyphosate uptake and subsequent accumulation of shikimate resulting from
a
applications of glyphosate at 0.5 kg ae/ha applied alone and in combination with lactofen at 0.15 and 0.3 g ai/ha.
Shikimic acid

60 HAT

Treatment

c

None

b

84 HAT

Abrasion Level
Low
Medium

High

None

Abrasion Level
Low
Medium

High

(Jug/mg dry weight)

Glyphosate 0.5 kg/ha

4.59 a

4.07 a

4.53 a

2.61 a

3.61 a

4.19 a

3.82 a

2.31 a

Glyphosate 0.5 kg/ha
+ lactofen 0.15 g/ha

5.71 b

3.92 b

6.07 b

5.30 b

8.13 b

6.13 b

6.63 b

6.94 b

Glyphosate 0.5 kg/ha
+ lactofen 0.3 g/ha

5.46 b

4.99 b

5.09 b

4.78 b

10.05 b

9.42 b

8.08 b

6.73 b

a

Data are means of three replications.

Means within a given harvest timing followed by the same letter are not different
(p = 0.05) as determined by Student-Newman-Keul's multiple range test.

b

HAT = hours after treatment.

c

Glyphosate and lactofen doses reported in ae and ai, respectively.

Appendix Table 20. Effect of cuticle abrasion on glyphosate uptake and subsequent accumulation of shikimate resulting from
applications of glyphosate at 0.5 kg ae/ha applied alone and in combination with lactofen at 0.15 and 0.3 g ai/ha.

Shikimic acid

60 HAT

Treatment'

None

b

84 HAT

Abrasion Level
Medium
Low

High

None

Abrasion Level
Medium
Low

High

(pg/mg dry weight)

Glyphosate 0.5 kg/ha

5.18 a

6.47 a

6.43 a

5.33 a

5.58 a

5.48 a

4.67 a

5.53 a

Glyphosate 0.5 kg/ha
+ lactofen 0.15 g/ha

5.83 b

7.74 b

6.84 b

6.11b

9.82 b

11.11 b

12.04 b

9.86 b

Glyphosate 0.5 kg/ha
+ lactofen 0.3 g/ha

7.75 b

5.95 b

8.08 b

5.88 b

10.52 b

10.00 b

11.88 b

8.6

a

b

c

Data are means of three replications. Means within a given harvest timing followed by the same letter are not different
(p = 0.05) as determined by Student-Newman-Keul's multiple range test.
HAT = hours after treatment.
Glyphosate and lactofen doses reported in ae and ai, respectively.

b

