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Abstract
Paraquat is widely used in agriculture for weed control prior to crop sowing and

to control weeds in perennial cropping systems. Resistance to this herbicide has

appeared in several populations of both Hordeum glaucum Steud. and H.

leporinum Link. in Australia following prolonged use of paraquat. All previous

cases of paraquat resistance occurring in the field had been observed in

perennial cropping operations where weeds have evolved resistance following a

high selection pressure. ln 1994, following 10 to 15 years of once annual

applications of paraquat and diquat for weed control in zero-tilled cereals, failure

of these herbicides to control H. glaucum in two separate fields occurred. Dose

response experiments confirmed that both populations were more that 250-fold

resistant to paraquat and were cross-resistant to diquat. This is the first example,

world-wide, where paraquat resistance had evolved in weed species within zeto-

tillage annual cropping systems.

The mechanism of paraquat resistance in Hordeum spp. is unknown, but is

correlated with reduced movement of paraquat within the plant. The mechanism

is proposed to be sequestration of herbicide away from its site of action in the

chloroplast either by enhanced binding to the cell wall or an alteration in a

transporter responsible for allowing paraquat to cross plant membranes.

Resistance to paraquat in all Hordeurn spp. biotypes, including those from zero-

tillage cropping systems, is effective only at low temperatures. Therefore, it is

likely that all resistant biotypes have the same mechanism of resistance.

Polyamines are proposed to play an important role in the accumulation of

paraquat within cells. The measurement of free polyamines in resistant and

susceptible biotypes showed that, generally, constitutive putrescine and

spermidine contents were higher in leaves of paraquat-resistant biotypes.

However, these increased polyamine contents were poorly correlated with the
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level of resistance within these biotypes. Polyamine contents increased in both

resistant and susceptible seedlings following treatment of plants with paraquat

and these increases were usually greater in the resistant biotypes. The increased

putrescine content of resistant plants does not appear to be a primary

mechanism of resistance in Hordeum spp. as there was a poor correlation

between degree of resistance and putrescine content. The increased inducible

putrescine contents in resistant biotypes are most likely a stress response as

putrescine contents also increased following treatment of plants with oxyfluorfen,

a herbicide to which the paraquat-resistant plants are susceptible.

lncreased binding of paraquat to cell walls of the resistant biotype ol H. glaucum

as a possible mechanism of resistance was examined. Paraquat was found to

bind strongly to the cell wall of both resistant and susceptible plants and did not

readily exchange with the surrounding solution in the absence of divalent cations

such as putrescine, benzyl viologen or paraquat. From binding experiments, it

appears there are two types of binding site with different affinities for paraquat in

cell walls of both resistant and susceptible biotypes. There were no obvious

differences between paraquat binding characteristics to cell walls of resistant and

susceptible biotypes of H. glaucum. Therefore, increased binding of paraquat to

the cell wall appears not to be a mechanism of resistance.

Using measurement of photosynthetic activity, as a method for estimating

paraquat appearance at the active site, protoplasts ol H. glaucum were much

more resistant to paraquat than were chloroplasts or leaf slices. Paraquat was

also more effective at inhibiting Oe evolution when the calcium concentration in

the medium was reduced. Accumulation of paraquat by protoplasts of both

biotypes occurred with apparently saturable kinetics; however, there were no

differences between resistant and susceptible biotypes in paraquat accumulation

by protoplasts.



From this study, it can be concluded that the mechanism of paraquat resistance

in Hordeurn spp. is not due to enhanced binding of paraquat to the cell wall or to

increased putrescine contents. Resistance appears to be due to either

sequestration of paraquat in the apoplast or in the vacuoles. On present

evidence, it is likely that resistance is the result of sequestering of paraquat away

from its active site by preventing the herbicide from entering the cell.
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Chapter 1

Literature review



1.1. lntroduction

Herbicide resistance is a widespread problem in monoculture and/or mono-

herbicide cropping systems throughout the world. Resistance is defined as the

inherited ability of a weed population to tolerate doses of herbicide that would be

lethal to the great majority of individuals in a normal population of that species

(Powles et al., 1997). Resistance occurs because a herbicide kills suscept¡ble

individuals and reduces the population of susceptible plants dramatically. Weeds

usually become resistant to herbicides following several years of application of a

herbicide, or herbicides of the same chemical family.

Harper (1956) predicted thatthe repeated use of the same herbicide would be

almost inevitably followed by development of resistant biotypes of a weed, as

had happened with fungicides and insecticides. ln 1968, herbicide resistance

was first identified in a biotype of Senecio vulgaris resistant to simazine in a

nursery in Washington State, U.S.A (Ryan, 1970), where atrazine and simazine

had been used once or twice annually since 1958. Since then, there has been a

rapid increase in the incidence of herbicide resistance worldwide (LeBaron and

McFarland, 1990; Warwick, 1991; Holt ef a/., 1993; Powles and Holtum, 1994;

Powfes et a1.,1997). About 65 weed species have evolved resistance to triazine

herbicides and, in addition, at least 126 other species have biotypes resistant to

one or more herbicides from 15 other herbicide classes (Heap, 1997). There are

16 different classes of herbicides for which resistance has been reported. The

number of species and the years when resistance was first detected are listed in

Table 1.1. The triazine, bipyridylium, ALS-inhibiting and ACCase-inhibiting

herbicides are some of the most widely used herbicides in agriculture and it is

these herbicides to which most resistance has been reported.
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Table 1.1: Number of species having developed resistance to different

herbicide classes.

Herbicide or class Year first detected Number of species with

resistant biotvpes

ACCase inhibitors

ALS inhibitors

Aminotriazoles

Arsenicals

Benzonitriles

Bipyridyliums

Carbamates

Dinitroanilines

Phenoxyacetic acids

Picloram

Pyridazinones

Substituted ureas

Triazines

Uracils

Urea/Amides

Glyphosate

1982

1 986

1 986

1 984

1 988

1 976

1 988

1973

1 962

1 988

1 978

1 983

1 968

1 988

1 986

1 996

14

50

2

1

1

27

2

7

17

1

1

7

65

2

17

1

From: Heap (1997)
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ln Australia, herbicide resistance was first identified in a population of Lolium

rigidum Gaudin, which had become resistant to diclofop-methyl (Heap and

Knight, 1982). Currently, there are many biotypes oÍ L. rigidum and 20 other

annual weed species which have been confirmed to be resistant to herbicides in

this country (Bishop et a1.,1996). Resistance in Australia has been reported to a

wide range of chemicals including the bipyridyliums (paraquat and diquat),

AOOase-inhibitors, ALS-Inhibitors and others.

1.2. Paraquat resistance

Paraquat resistance was first reported in a biotype of Conyza bonariens,s (L.)

Cronq. in the early 1980's in vineyard and citrus plantations in Egypt (Youngman

and Dodge, 1981).To date, resistance to the bipyridylium herbicides, paraquat

and diquat, has been reported in at least 7 grass species and 20 broadleaf

weeds in 12 countries (Table 1.2; Heap 1997). Resistance to paraquat has also

been successfully selected for in trials designed to select Lolium perenne L.

which could survive paraquat treatment (Faulkner, 1975). Paraquat resistance in

a number of species has also been obtained by in vitro selection. Hughes (1979)

selected a soybean (Glycine maxL.) cell line whose growth was not inhibited by

1 mM paraquat. Paraquat resistance cell lines of tobacco (Nicotiana tabacum L.)

(Hughes et al.,1984), tomato (Lycopersicon esculentum L.) (Thomas and Pratt,

1982), Chenopodium rubum (Bhargara, 1993), the unicellular green alga

Chlamydomonas reinhardtiiDangeard (Kitayama and Togasaki, 1992), and the

lern Ceratopteris richardiiBrogn. (Carroll et a\.,1988) have also been selected in

tissue culture.

All cases of paraquat resistance occurring in the field have been observed in

perennial cropping operations. Weeds have evolved resistance following a high

selection pressure of 5 to 10 applications of herbicide each year for 5 or more
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years (Watanabe et al., 1982; Fuerst and Vaughn, 1990), or after annual

applications for 12 to 15 years (Powles, 1986). ln Australia, paraquat resistance

was first reported in Hordeum glaucum Steud. (Powles, 1986) and so tar

paraquat resistance has been confirmed in three other species, Arctotheca

calendula (L.) Levyns (Powles et al., 1989), Hordeum leporinum Link. (Tucker

and Powles, 1991) and Vulpia bromoides (L.) S.F.Gray (Purba et al., 1993a)

(Table 1.2).Paraquat-resistant biotypes of these four species have been found in

a single lucerne field with long history of paraquat use. Additional paraquat

resistant biotypes of these species have been observed in several other lucerne

(Medicago sativa L.) fields across southern Australia (Purba, 1993).

1.3. Paraquat resistance in barley grasses (H. glaucum and H
leporinum)

H. glaucum and H. leporinum (both known as barley grass) are annual grass

weeds which infest lucerne crops of South Australia, Tasmania, and Victoria

during the winter. Paraquat and diquat were used for many years as the sole

weed control method in lucerne growing operations in Australia. ln 1982,

following once annual applications of paraquat for about 12-15 years, the first

sign of failure to control this weed was observed in a mixed cereal cropping and

sheep grazing enterprise atWillaura near Ararat, Victoria (Fig. 1.1). lt was later

confirmed that this biotype is 250 times more resistant to paraquat than the

susceptible biotype (Powles, 1986). The mechanism of resistance in H. glaucum

was reported to be reduced translocation and /or sequestration of herbicide

(Bishop et al., 1987; Preston et al., 1992b). ln H. leporinum, the mechanism of

resistance is also shown to be a result of reduced paraquat translocation in the

resistant biotype compared to the susceptible biotype (Preston et al., 1992b).

5



Table 1.22 Weed species that have developed resistance to bipyridyl

herbicides.

Species First occurrence

Amaranthus lividus L.

Arctotheca calendula (L.) Levyns

Bidens pilosaL.

Crassocephalum crepidioides (Benth.) S.Moore

Commelia benghalensis L.

Conyza bonariens,s (L.) Cronq.

Conyza canadensis (L.) Cronq.

Conyza linifolia

Conyza sumatrensrs (Retz.) E. H.Walker

Cuphea cafthagenenrs (Jacq.) Macbride

Eleusine indica (L.) Gaertn.

Epilobíum adenocaulon

Epilobium ciliatum Ratn

Erigeron philadelphicus L.

Hemistepta lyrata

Hordeum glaucum Steud.

Hordeum leporinum Link
lschaemum rugosum

Lepídium virginicum L.

Mosla dianthera

Pafthenium hysterophorus L.

Paspalum thunbergii

Poa annuaL.

Solanum americanum Mill.

Solanum nigrum L.

Vulpia bromoides (L.) S.F.Gray

Youngia japonica (L.) DC.

Malaysia
Australia

Kenya

Malaysia

Malaysia

Egypt

Japan

Egvpt

Japan
Fiji

Malaysia
Belgium

Belgium

Japan
Korea

Australia

Australia
Malaysia

Canada
Korea

Kenya

Korea

U.K.

U.S.A.

Malaysia
Australia

Japan

6

Source: Preston (199a); Heap (1997)



Figure 1.1: Resistance to paraquat in barley grass (H. glaucum) from a lucerne

field with long history of paraquat and diquat use,
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Resistance in both Hordeum species is controlled by a single incompletely-

dominant nuclear gene (lslam and Powles, 1988; Purba et a\.,1993b).

1.4. Paraquat

Paraquat (1,1'-dimethyl-4,4'-bipyridylium ion) and diquat (6,7'

dihydrodipyrido[1 ,2-a:2',1'-clpyrazinediium ion) are two commercial members of

the herbicide group known as the bipyridyliums. Paraquat was known in the

1930s as methyl viologen and used as an oxidation-reduction indicator for many

years; however, its herbicidal properties were first discovered in the mid 1950s

(Dodge, 1971). Paraquat and diquat are available commercially as the dichloride

and dibromide salts, respectively. The structure of paraquat and diquat are

shown in Fig. 1.2. The bipyridyl herbicides, paraquat and diquat, are commonly

used to control a wide range of economically important weeds in Australia,

including the barley grasses, H. glaucum and H. leporinum.

1.5. Herbicidal properties

Paraquat and diquat are non-selective, contact, foliar applied herbícides with

rapid desiccant action. Paraquat binds to soil colloids irreversibly and is

considered to be biologically inactive in most soils (Calderbank and Slade,

1976). Therefore, this herbicide is widely used to control annual weeds in

perennial crops such as vineyards, orchards, and lucerne and for weed control

before crop seeding in minimum-till agriculture. Diquat, on the other hand, is

mainly used for pre-harvest desiccation or aquatic weed control. Paraquat and

diquat kill all exposed green tissue of annual plants, but new foliage of perennial

plants will usually appear after an initial application. Paraquat and diquat are

light-dependent, act rapidly in the presence of light, and lead to bleaching and

wilting of green tissue, often visible within a few hours (Summers, 1980).
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+
H c- +N- cH3

3

Paraquat (E'o = - 446 mV)

+¡

Diquat (E'o = - 349 mV)

Figure 1.2: Chemical structure and midpoint redox potentials of paraquat (1,1'-

dimethyl-4,4'-bipyridylium) and diquat (6,7-dihydrodipyridoll ,2-a:2' ,1"

clpyrazinediium ion).
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1.6. Degradation

Paraquat is chemically stable in soils at temperatures up to lO7oC and purely

chemical breakdown of paraquat in soil is unlikely to be an important pathway of

its degradation (Summer, 1981). Decomposition of paraquat and diquat from soil

by volatilisation can also be discounted because of the very low vapour pressure

of the salts (Calderbank, 1968).

Paraquat and diquat can be degraded photochemically by sunlight when they

are absorbed on surface of plants and on dead plant material (Calderbank,

1968). Calderbank (1968) also showed that paraquat and diquat absorbed on

films of soil can be degraded by ultraviolet light, but to a lesser degree than when

films of the chemicals themselves were exposed. Slade (1966a) showed that

ultraviolet light can induce photochemical degradation of paraquat. He identified

two degradation products as 1-methyl-4-carboxypyridinium ion and methylamine

hydrochloride and proposed a pathway for degradation of paraquat (Slade,

1966a), (Fig. 1.3). Very little paraquat remains on plants after a week of sunny

conditions (Summers, 1980).

Plants do not metabolically degrade paraquat. There are no reports which show

paraquat can be metabolised in any higher plants which have been investigated

sofar (Funderburk & Lawrence, 1964; Harvey et al., 1978, Harvey and Harper,

1982, Norman et al., 1993). Funderburk and Lawrence (1964) reported that

neither 14O-d¡quat nor 14O-paraquat were degraded by beans (Phaseolus

vulgaris L.) or alligator weed, Alternanthera philoxeroids (Martius) Griseb.

Microorganisms, however, can degrade paraquat and diquat. Metabolism of

paraquat has been observed in a few isolates of bacteria and fungi (lmai and

Kuwatsuka, 1989). The main products of metabolism by microorganisms arc

10



H¡C- NO-CH,

CHO

H3c-oN NH-CH3

COOH + CH3NH2

Figure 1.3: The photochemical breakdown of paraquat on the leaf surface

From: Funderburk and Bonzarth (1967).

+

+
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monoquat and N-methyl isonicotinic acid or 4-carboxy-1-methylpridinium

(Calderbank and Slade, 1976).

1.7. The site of action of paraquat at PSI

Following application and uptake of paraquat into plants, the reduction of

paraquat to the cation radical takes ptace by donation of an electron from the

terminal end of photosystem I (Dodge, 1971). Photosystem I (PSl) is a membrane

bound protein complex, in the thylakoid membranes of chloroplasts, which

catalyses the light-driven oxidation of plastocyanin (PC) and reduction of

ferredoxin (Fd) (Preston, 1994). PSI consists of a series of redox components

with mid-potentials ranging from about -880 to -320 mV. The photoactive

components include a primary electron donor, P700, which is considered to be a

chlorophyll a dimer, and a primary electron acceptor, Ao, an intermediate

phylloquinone acceptor or Vitamine K molecule, 41, and three iron-sulfur centres,

Fx, FB, and F¡ (Fig. 1.4). A photon of light excites an electron in the pigment bed

and the excitation energy is then passed to the primary electron donor, P700.

This excited electron is then transferred to an intermediate electron acceptor

called As, which is probably a specialised chlorophyll monomer. The electron on

Ao then traverses through a series of acceptors, with less negative redox

potentials, 41, (mid-potential about -730 mv) and F¡ to the terminal electron

acceptor(s) FalFs with mid-point potentials of -590 and -530 mV, respectively

(Golbeck, 1992, Golbeck and Bryant, 1991).

The low redox potential of the reducing side of PSI means that few chemicals are

able to interact here. Paraquat is one chemical that is able to interfere with the

PSI electron transport system (Calderbank and Slade, 1976). Paraquat (Fig. 1.2)

has a highly negative redox potential (E'o = -446 mV) which enables it to

compete for electron flow with the primary electron acceptor of PSI (NROe+¡.

12
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Figure 1.4: The energetics of different photosystem I electron carriers
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The redox potential of paraquat approximates that of the natural electron

acceptor ferredoxin (-420 mv). The immediate consequence of electron diversion

from ferredoxin is the inhibition of NADP+ reduction, which reduces the yield of

NADPH and carbon dioxide fixation (Kunert and Dodge, 1989).

1.8. Mode of action of paraquat

The primary toxic action of paraquat is a result of an interaction with the

photosynthetic electron transport system within the thylakoid membrane in the

chloroplast (Harris and Dodge, 1972; Calderbank, 1968). This herbicide can

accept electrons from the reducing side of PS l, probably at one of the iron-sulfur

complexes (Fuji et a1.,1990). This forms a paraquat cation radical (equation 1),

which is unstable and is rapidly reoxidised by oxygen. The reoxidation of the

paraquat free radical (PQ+') results in the recycling of the herbicide ion and also

the formation of the superoxide radical (Oz-') (equation 2). Thus, only catalytic

quantities of PQ2+ need to be associated with PS I to be phytotoxic. Although

superoxide can act as either a base (proton acceptor) or an oxidising agent

(electron acceptor), its reactivity in biological systems appears to involve

primarily reactions that catalyse the generation of the highly reactive hydroxyl

free radical (OH') (Kunert and Dodge, 1989). ln plants, superoxide is converted

to oxygen and hydrogen peroxide (a reaction catalysed by superoxide

dismutase, SOD) (equation 3). Hydrogen peroxide (HZOZ) is toxic and can react

with paraquat radicals and produce hydroxyl radicals (equation 4). The hydroxyl

radical (OH') can also be produced by an Fe2+ catalysed reaction with H+ and

HzOz as reactants, the Fenton reaction (equation 5). The hydroxy radicals, rather

than superoxide, are probably the damaging species. Babbs et al. (1989)

reported that plants produced considerable quantities of hydroxyl radicals when

exposed to paraquat. These oxygen radicals and hydroxyl radicals cause

peroxidation of unsaturated fatty acids within the cell membranes, which results

14



in loss of membrane integrity, bleaching of chlorophyll, desiccation, and finally

death of the plant.

PQ2+ + e PQ+ (1)

pe+. + Oz >pQ2+ + Oz-'

2oz" + 2H+ SOD >HzOz + Oz (3)

HzOz + PQ+' PQ2++ OH'+OH- (4)

H+ + Fe2+ + HZOZ oH' + Fe3+ + HzO (5)

Despite the major mode of action of paraquat being the interaction with PS I in

the light, low-potential electrons from other cellular sources can reduce paraquat

and initiate the same sequences of oxidation and peroxidations. Paraquat has

been shown to inhibit germination of seeds in the dark (Appleby and Brenchley,

1968; Stecko, 1974; Faulkner and Harvêy, 1981). Also paraquat resistance is

evident in germinating seedlings as well as in the photosynthetic tissue of plants.

The resistance to foliar applied paraquat has also been shown to operate in

germinating seeds of L. perenne (Faulkner and Harvey, 1981), H. glaucum

(Powles, 1986), and E. canadensrs (L.) and E. sumatrensis (Yamasue et al.,

1992). ln fungi and animals, paraquat interacts with the NADPH reductase/

cytochrome P4SO electron transport system (Edlich and Lyr, 1987; Bus ef a/.,

1974). This has also been suggested to be the site of action of paraquat in the

dark in plants (Preston, 1994). Normal flow of electrons is from NADPH to

NADPH reductase to cytochrome P4SO, however, paraquat interferes with, and

uncouples, electron flow by accepting electrons from the reductase. Upon

(2)
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reduct¡on of paraquat in this system, paraquat is reoxidised by 02 to produce

superoxide, and this superoxide can then cause lipid peroxidation (Fig. 1.5).

1.9. Uptake and translocation of paraquat

Brian (1967) reported that after paraquat application the herbicide is rapidly

adsorbed on to leaves and uptake into the leaf is very fast. Entry into intact leaves

is very rapid and takes place within 5 minutes (Summer, 1980). Uptake is largely

complete within a few hours after application. Another report suggested that the

uptake of paraquat is much faster in darkness than in light and therefore showed

the paraquat uptake is cuticular rather than stomatal (Brian, 1967). Paraquat can

move within plants; however, there is little movement from the shoot to the roots.

ln contrast, movement of paraquat from roots to shoots has been reported in

some plants (Summer, 1980). Thrower et al. (1965) reported that movement of

paraquat is primarily in the xylem and therefore, translocation of herbicide will

normally be in acropetal direction from the point of application. However, reverse

xylem flow may occur when water relations in the xylem break down following

paraquat damage. That is, the rapid bleaching and wilting caused by paraquat

damage results in an area of high water potential at the site of damage. This

water will tend to flow down the xylem in response to lower water potentials in the

rest of the leaf, carrying paraquat with it. In tomato, Baldwin (1963) demonstrated

that long distance translocation of diquat and paraquat from the point of

application does not occur until treated plants were placed in the light following a

period of darkness. ln the dark the herbicide had not moved out of the treated leaf

to any extent. After being brought into the light; however, the herbicide was

distributed almost completely through every part of the plant within 5 hours. This

may be due to the fact that damage occurring in the light caused reverse xylem

movement of herbicide to the rest of the plant.
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Uptake and translocation of paraquat and diquat can also be influenced by

environmental conditions such as high humidity, which increases uptake and

translocation (Brian and Ward, 1967). Low humidity, particularly accompanied by

high temperature, promotes rapid drying of treated leaves and prevents

movement of the herbicide to untreated parts of plants. Since paraquat and

diquat are highly water-soluble and are moved in the xylem, water stress in the

plant plays an important part in the translocation of these herbicides (Summers,

1 s80).

1.10. Movement of herbicides into plants

Herbicide action requires the movement of the herbicide molecule from point of

entry into the plant to a site of action. Since most herbicide target sites are in the

cytoplasm, nucleus, or chloroplasts, almost all herbicides must enter into plant

cells in order to be phytotoxic. Therefore, the herbicide must cross the cell wall

and cell membranes to reach the site of action where accumulation of herbicide

causes phytotoxicity.

1.10.1 Plant cell membranes

In higher plants, membranes define the outer boundary of the living protoplast

and its internal compartmentation into organelles, which include the central

vacuole, endoplasmic reticulum, mitochondria, plastids, and the nucleus.

Membranes have the important role of regulating the internal chemical

environment of the cytoplasm and organelles for metabolic events to take place

(Baker and Hall, 1988). For example, membranes act as permeability barriers

regulating solute movement and are involved in energy production. Membranes

also play an important role in regulating herbicide behaviour in plants. For many
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herbicides, the plasma membrane serves as a barrier restricting movement into

plant cells, Phytotoxicity of certain herbicide classes such as bipyridyliums is due

to the destruction of membrane integrity and cellular compartmentation (Dodge ef

a\.,1971; Calderbank, 1968). For these herbicides, a consequence of the action

of the herbicide at the primary target site in the thylakoid membrane of the

chloroplast is the destruction of membranes.

Solutes cross plant membranes from one compartment to another by one of the

following pathways (Fig. 1.6):

1- Direct movement through the lipid bilayer of the membranes by diffusion.

Certain compounds are able to partition into the lipid bilayer and diffuse in

response to a concentration gradient from areas of higher concentration to lower

concentration. This concentration gradient represents the driving force for

movement across membranes (Stein, 1986). The presence of an electrical and/or

pH difference across plant membranes can also serve as the driving force for

solute movement across the lipid bilayer of membrane.

2- Solute movement by transport systems. Transmembrane movement of ions

and most metabolites that contain polar groups involves the activity of a transport

system. There are selective transport systems for specific solutes (Baker and

Hall, 1988). The membrane associated transport system of plant cells can be

classified either as a pump, a channel or a carrier (Stein, 1990) (Fig. 1.7). Pumps

are transport systems that couple an energy-releasing chemical reaction such as

ATP hydrolysis to the transmembrane movement of a solute. Transport pumps

are and often called primary transport systems since linkage of transport to a

metabolic reaction is direct (Briskin, 1994). ln a channel transport system,

transmembrane movement occurs through a proteinaceous pore whose opening

and closing are closely regulated in response to chemical and/or environmental
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signals and are typically involved only in ion transport (Stein, 1990). Carrier

transport systems mediate the movement of one or more solutes across

membranes without direct coupling to a chemical reaction. Therefore, carriers

generally do not have an associated ATPase activity like pumps. Carriers can

mediate movement of a single solute alone or movement of one solute may be

coupled to movement of another solute either in the same direction or the

opposite direction (Briskin, 1994).

3- lon trapping. Lipophilic, ionic molecules reach cellular concentrations greater

than the external concentration due to ion trapping. This process involves the

less lipophilic anion accumulating in alkaline compartments of the plant cell

(Sterling, 1994). Accumulation of weak acid herbicides, such as bentazon, 2,4-D,

chlorsulfuron, imidazolinones, and sethoxydim, in plant cells can be reduced by

metabolic inhibitors or anoxia and enhanced by acidic pH external to the cell,

suggesting accumulation is energy dependent and is mediated by ion trapping

(Sterling, 1994). These herbicides exist in eitherthe dissociated (anionic) form or

the undissociated (neutral) form. They enter cells predominantly in the

undissociated form and, once inside, ionize according to the pH of the

compartment (Bromilow et al., 1990). Uptake of weak acids across the

plasmalemma is strongly related to solution pH, with greater uptake at lower pH.

At low pH, more herbicide molecules will be in the undissociated form. The

membrane permeability of an undissociated molecule is usually greater than that

of its dissociated ion, therefore, movement of herbicides across plasmalemma is

enhanced by low pH (Briggs et a1.,1987).

lon trapping is unlikely to be the driving force behind movement of paraquat

across cell membrane since paraquat is a positively charged herbicide. Charged

herbicide molecules would be taken up mainly by a carrier-medlated system

(Hart et al., 1992a).
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1.10.2 Movement through the cell wall

The cell wall is a highly ordered arrangement of cellulose microfibrils that gives

cells mechanical strength that results in their three-dimensional form. The cell

wall can be regarded as a very polar and relatively porous medium surrounding

the cell, ln general, the cell wall offers little resistance to the passage of

herbicides into cells. However, there are several repofts of herbicides being

bound to constituents of cell walls. The herbicide 2,G-dichlorobenzonitrile binds

to a protein in cotton cellulose fibres which results in reduced entry of the

herbicide into the cell proper (Delmer et al., 1987). Strange and Rogers (1971)

reported adsorption of trifluralin to components of cell wall. However, the

component to which the herbicide was bound and the significance of this binding

were not identified. There are also reports suggesting that paraquat is bound by

a cell wafl constituent in a paraquat resistant biotype of Conyza canadensis

(Fuerst et a1.,1985) and a tern Ceratopteris richardíi (Carroll et al., 1988). This

binding may prevent phytotoxic quantities of paraquat from reaching the site of

action in the chloroplast.

1.10.3 Paraquat movement across plant membranes

The absorption across plant membranes and accumulation of herbicide in the

plant cell is controlled by the physicochemical characteristics of the herbicide

molecule including lipophilicity and acidity, and the electrochemical potential in

the plant cell. Plant cells absorb herbicides mostly via non-facilitated diffusion

(Hess, 1985). Lipophilic neutral herbicide molecules rapidly diffuse across the

lipid bilayer of plant membranes down their concentration gradient to reach

concentrations in the cell equal to concentrations in the external medium (Nobel,

1991). This pathway appears to be involved in the transport of amitrole, monuron,
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norflurazon, oryzal¡n and triazine herbicides (Sterling, 1994). Charged herbicide

molecules would have a low permeability across the lipid bilayer and would be

taken up by a carrier-mediated system (Hart et al., 1992a). This was observed in

the case of 2,4-D, which is absorbed into the cell by carrier-mediated transport as

well as by simple, nonionic diffusion (Kasai and Bayer, 1991).

Paraquat, which exist as a divalent cation, is actively transported across plant

membranes (Hart et a\.,1992a). Active transport requires energy from metabolic

processes to move a molecule across a membrane and usually involves a carrier

on the membrane which transports the molecule into the plant cell (Nobel, 1991).

In a study with animal cells, it was shown that accumulation of paraquat in lung

tissue is energy dependent and has saturable kinetics (Rose et al., 1974).

Paraquat has also been shown to inhibit the uptake of the polyamines, such as

putrescine, into animal cells (Smith and Wyatt, 1981). A carrier system is

probably required to transport the polar paraquat molecules across the

hydrophobic lipid bilayer even though paraquat is moving down its electrical

potential to the interior of the plant cell (Sterling, 1994). From the saturable

kinetics of paraquat uptake across the plasmalemma it was suggested that

paraquat enters the symplast of plant cells via a protein-mediated transport

system. Paraquat can also move in either direction across both plasmalemma

and tonoplast (Hart et al., 1992a). Since there is a structural similarity with

putrescine, a divalent polyamine with charge distribution similar to paraquat (Fig.

1.8), and because of competitive inhibition of paraquat by putrescine, paraquat

uptake across the plasmalemma is proposed to occur on a transport system

which is normally responsible for transporting putrescine (Hart et al., 1992a).

Uptake kinetics of putrescine are similar to the kinetics of paraquat absorption.

Kinetics for both have been resolved into a linear component, which is proposed

to be adsorption due to binding to the cell wall, and a saturable component

proposed to be absorption across the plasma membranes (Hart et a\.,1992b).
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1 .1 1 . Effect of paraquat analogues on resistance to paraquat

From studies with bacteria and algae there were reasons to expect that pre-

treatment with paraquat analogues might confer tolerance against subsequent

paraquat treatments. This was a result of an induction in the level of SOD after

treatment of Escherichia coliwith paraquat (Hassan and Fridovic, 1977) or was

due to acidification of medium in the case of uric acid (Licochev and Fridovich,

1993). A slight increase in paraquat tolerance in the green alga Chlorella

sorkiniana was also correlated to increased SOD activity after exposure to low

levels of paraquat (Rabinowitch et al., 1982). Lewinsohn and Gressel (1984)

reported that treatment with benzyl viologen (10 pM), an analogue of paraquat,

protected slightly against paraquat. This was demonstrated when the green alga

Spriodela oligorrhiza was treated simultaneously with paraquat and its
analogues, benzyl viologen, triquat, tetraquat, neutral red, and some other

related compounds. They found no protection by other paraquat analogues

except benzyl viologen when they measured COz fixation. However, in a study

with H. glaucum, there was no protective effect of benzyl viologen when the plant

seedlings were exposed simultaneously to paraquat (Alizadeh, 1993). The effect

of paraquat on chlorophyll bleaching of Scenedemus obliquus was inhibited by

3-(3,4-dichlorophenyl)-1,1-dimethylurea (DGMU). This protective effect was due

to DCMU inhibiting photosynthesis and hence production of the paraquat cation

was reduced (Bowyer et a/., 1989). The protective effect of desferrioxamine, a

highly specific iron chelator, on paraquat action has been demonstrated in mice

(Kohen, 1985), Pisum sativumL.(Zer etal., 1994), and E coli (Korbashi ef a/.,

1986). This protective effect is due to chelation of Fe2+, which would reduce the

Fenton reaction, but may also influence other mechanisms such as direct

scavenging of free radicals, or blockage of paraquat uptake pathways. Such

protective effects from paraquat injury have also been reported for several other

substances such as magnesium deficiency (Cakmak and Marchner, 1992),
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paclobutrazol (Kraus and Fletcher, 1994), vasoactive intestinal peptide (VlP) and

helodermine (Pakbaz et al., 1993). The protective effects of these substances are

thought to be due to increases in activity of active 02 detoxification afforded by

enzymes and antioxidants.

1.12. Mechanisms of herbicide resistance

Several mechanisms can give herbicide resistance. Herbicide resistance could

result from biochemical/ physiological changes, morphological alterations or

phenological changes in weeds (Moss and Rubin, 1993). ln weeds, biochemical

herbicide resistance is the result of the changes at the target site of herbicide

action, or non-target site changes such as reduced uptake or translocation,

enhanced herbicide detoxification, or sequestration of herbicide away from the

site of action. Examples of each of these types of mechanisms will be given

below. ln each case this will be followed by a discussion of the mechanisms that

have been proposed to operate in paraquat-resistant biotypes.

1.12.1 Target site changes

Alteration of the target site of action to reduce effective herbicide binding is one of

the more effective resistance mechanisms. Resistance is conferred by mutation of

target site protein structures. Theoretically, these mutations exists in most or all

plant populations, although the frequency of occurrence is unknown (Warwick,

1991). Variability in the functional qualities of these target site mutants exists and

they may be equally (sulfonylurea resistance) or less competitive (s-triazine

resistance) than their wild types (Beversdort et al., 1988). Resistance to triazine

(Fuerst and Norman, 1991), ALS inhibiting (Hall and Devine, 1990; Saari et al.,

1990; Christopher et al., 1992), dinitroaniline (Anthony ef a/., 1998) and ACCase
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inhibiting herbicides (Tardif et al., 1993) are some important examples caused by

modification of the herbicides site of action. Target site based resistance to

triazines is due to a point mutation in psbA, the chloroplast gene encoding the D1

protein, which leads to a loss of herbicide binding, Mutations have been

observed in at least five sites which can lead to amino acid substitutions in D1

which confer resistance (Trebst, 1991). Target site resistance normally results in

cross-resistance to herbicides of the same chemical class and may result in

cross-resistance to herbicides of different chemical classes that inhibit the same

target enzyme. For example, weed biotypes resistant to AlS-inhibitor herbicides

can be cross-resistant to other ALS-inhibiting herbicides from different chemical

classes (Christopher et a1.,1992; Hall and Devine, 1990).

Comprehensive investigations to determine the potential role of an altered site of

action have been performed in paraquat resistant and susceptible biotypes of H.

glaucum (Powles and Cornic, 1987), H. Ieporinum (Purba et al., 1995), C.

bonariensrs (Fuerst et al., 1985), A. calendula, (Preston et al., 1994), and L.

perenne (Harvey et al., 1978), To date, a change in the target site has not been

demonstrated as a mechanism of resistance to paraquat. There were no

ditferences in the interaction of paraquat with the active site in the paraquat

resistant and susceptible biotypes where the rate of Oe consumption in isolated

thylakoid membranes, prepared from both biotypes, was measured.

Due to the redox nature of paraquat interaction with PSl, resistance to paraquat

resulting from a change in the active site is unlikely to occur. Mutations deficient

in PSI will be lethal and, therefore, unlikely to survive in the field (Preston, 1994).
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1.12.2 Non target site changes

1.12.2.1 Reduced uptake or translocation

Herbicides must pass the nonliving portion (apoplast) to the Iiving tissue

(symplast) of plants to have an effect. Herbicide resistance could be conferred in

weeds by reduced uptake or restricted movement of herbicide to the site of

action. Reduced translocation of paraquat has been reported for several

paraquat-resistant biotypes. Quantitative measurement of paraquat translocation

through excised leaves of resistant and susceptible biotypes of H. glaucum

showed a significant difference between the two biotypes (Bishop et al., 1987). ln

this experiment, 1aC paraquat was restricted to vascular tissue of resistant leaves

following 60-min exposure, while susceptible leaves showed uniform distribution

of paraquat. These authors suggested that paraquat movement was restricted to

the apoplast in the resistant biotype whereas paraquat could easily enter the

symplast in the susceptible biotype. Preston et al. (1992b), also measured the

symplastic movement of paraquat in resistance and susceptible biotypes of H.

glaucum. After spraying the plants, paraquat content and Oz evolution of

unsprayed young leaves of both biotypes was measured. A greater than 50%

reduction in translocation of paraquat from sprayed leaves to young unsprayed

leaves was detected in the resistant biotype compared with the susceptible

biotype. This was coupled with a small reduction in 02 evolution in the resistant

biotype compared lo a 62o/" reduction in Oe evolution in the susceptible biotype.

From the studies with H. glaucum it seems that the reduced translocation

observed is primarily a result of reduced symplastic movement of paraquat in the

resistant biotype (Bishop et al., 1987; Preston et al., 1992b). The biochemical

mechanism responsible for this reduced movement of paraquat in resistant

biotypes has not yet been determined.
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Paraquat translocation has been also examined in resistant and susceptible

biotypes of E. philadelphicus, E. canadensis (Tanaka et a/., 1986), A. calendula

(Preston et al., 1994), and H. leporinum (Preston et al., 1992b). Tanaka et al.

(1986) reported that the movement of paraquat in the leaves of the resistant

biotypes of E. philadelphicus and E canadensrs was restricted compared with

susceptible biotypes. 1aO-paraquat taken up through the cut ends of petioles was

rapidly distributed through the leaves of the susceptible biotypes, but was hardly

translocated in the leaves of the resistant biotypes. They concluded that paraquat

must be excluded from the active site.

1.12.2.2 Detoxification of oxygen radicals

Enzymatic detoxification of oxygen radicals, which converts active oxygen

species such as superoxide and hydrogen peroxide to non toxic metabolites, has

been reported to be a possible mechanism of resistance in some paraquat

resistant biotypes. ln C. bonariensis, enhanced activities of superoxide

dismutase (SOD), ascorbate peroxidase, and glutathione reductase in the

stromal portion of chloroplasts isolated from the resistant biotype have been

reported to be the mechanism for resistance (Shaaltiel and Gressel, 1986).

Protective enzymes have also been reported to protect leaves of the resistant

biotype from other factors that cause oxidative stress (Shaaltiel et al., 1988), and

to preserve integrity of chloroplasts isolated from the resistant biotype treated

with paraquat (Shaaltiel and Gressel, 1987). However, there are contradicting

reports about the role of protective enzymes in conferring resistance in this

biotype (Norman, et al., 1993; Vaughan et al., 1989). Like C. bonariensis,

paraquat resistance in L. perenne was also correlated with increased constitutive

levels of SOD, catalase, and peroxidase (Harper and Harvey, 1978). These

authors demonstrated a 42"/" increase in SOD levels in chloroplasts from

paraquat resistant compared with susceptible plants. No enhanced activity of
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detoxification enzymes has been reported in paraquat resistant C. canadensis

(Polos et al., 1988), Ceratopteris richardii (Carroll et al., 1988), E. canadensís

(ltoh and Matsunaka, 1990), and H. glaucum (Powles and Cornic, 1987). Jansen

et al. (1990) reported a correlation between paraquat resistance and increased

tolerance to photoinhibition and postulated that rapid detoxification or removal of

oxygen radicals from chloroplasts mediated both resistances. Preston et al.

(1991) could find no increase in tolerance to photoinhibition for paraquat

resistant biotypes of H. glaucum, H. leporinum, A. calendula, and C. bonariensis

when compared with susceptible biotypes. They concluded that there is no

correlation between resistance to paraquat and increased tolerance to

photoinhibition for these biotypes,

ln H. glaucum the mechanism of resistance does not appear to be associated

with enhanced activity of protective enzymes. Powles and Cornic (1987)

examined the activity of protective enzymes extracted from leaves of resistant

and susceptible biotypes. There was no difference in activities of oxygen radical

detoxification enzymes, SOD, peroxidase, and catalase in the leaf tissue of

resistant and susceptible biotypes. ln another experiment they measured the

activities of these enzymes, before spraying with paraquat, in F3 plants of crosses

between R and S and concluded that there was no correlation between activity of

SOD, peroxidase or catalase and survival of the plant after paraquat application.

Therefore, it is unlikely that resistance to paraquat in H. glaucum is due to

increased ability to detoxify active oxygen species.

1.12.2.3 Enhanced metabolism

Herbicide detoxification is the major mechanism of crop selectivity to herbicides.

It is also responsible for herbicide resistance in several weed biotypes that have

evolved the capacity to rapidly degrade and/or conjugate the herbicide into less
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or non-toxic compounds. For example, Abutilon theophrasfi Medikus is resistant

to the triazine herbicide atrazine due to an enhanced ability to detoxify the

herbicide via glutathione conjugation, as occurs in maize (Zea mays L.)

(Gronwald et al., 1989). Maize and sorghum (Sorghum bicolor (L.) Moench)

plants are resistant to atrazine primarily because they contain isozymes of

glutathione-S-transferase (GSH) that rapidly detoxify the herbicide by

conjugation. Enhanced metabolism was reported to be one of the mechanisms of

resistance to ALS inhibiting herbicides in L. rigidum (Christopher et al., 1991,

1992). The detoxification of herbicide in this biotype is probably mediated by

cytochrome P45O-dependent microsomal oxidases (Christopher et al., 1991;

1992;1994).

Paraquat can not be metabolised by higher plants (Slade, 1966a; Summers,

1980) and there have been no reports of paraquat resistance due to enhanced

metabolism. For example, Harvey et al. (1978) could not detect evolution of

l4Coz or 14O-labelled breakdown products of paraquat in resistant L. perenne

that had been treated with labelled herbicide. Thus, paraquat resistance is

unlikely to be the result of metabolism of paraquat to an inactive form.

1.12.2.4 Sequestration

It is possible for herbicides to be sequestered in several plant locations before

they reach their site of action. Herbicide resistance may be achieved by storage

of the herbicide or its toxic metabolites in the cell vacuole, or their sequestration

in cells or tissues remote from the site of action (Coupland, 1991). Sequestration

of the herbicide has been suggested as one mechanism of resistance to diclofop-

methyl in Lolium rigidum (Holtum et a1.,1991).
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Sequestration of paraquat from its site of action in the chloroplast, as a

mechanism for resistance, has been suggested for some resistant biotypes. This

is supported by data showing decreased translocation of paraquat, in the

resistant biotypes, and lack of paraquat injury in plant systems which do not have

increased levels of protective enzymes (Preston et al., 1992b). ln C. canadensis,

the excised leaves of resistant and susceptible biotypes were treated with a

range of paraquat doses and placed in darkness for 4 hours prior to

measurement of variable chlorophyll fluorescence. The resistant biotype required

much higher (1sO-fold) concentrations of paraquat than the susceptible biotype

to exhibit 50% quenching of chlorophyll fluorescence (Fuerst et al., 1985). This

implies a sequestration mechanism that prevents paraquat from diffusing into

chloroptasts of the resistant biotype. Additional support for sequestration is based

on chlorophyll loss by toxic oxygen generators unrelated to paraquat in C.

bonariensis (Vaughan ef a/., 1989). The loss of chlorophyll was not significantly

greater in the susceptible biotype than resistant biotype after treatment with

compounds that accept electrons from PSI or produce toxic oxygen species such

as HEP ll (5H,7H-2,3-dioxa-2a,6-dithia(2e-slV¡ -l,4diazacyclopent-[cd]indene),

BTD (2,1,3-benzothiadiazole-4,7-dicarbonitrile) and morfamquat. These authors

concluded that differences between resistant and susceptible biotypes of C.

bonariensrs could only be due to differences in ability of paraquat to reach the

active site.

From studies with protoplasts it appears that sequestration of paraquat in

resistant biotypes of H. glaucum and C. canadensis requires either entirely, or

partially, a structurally intact cell wall to operate. For example, isolated mesophyll

protoplasts isolated from resistant plants were not more resistant to paraquat

compared to protoplasts isolated from the susceptible biotype (Powles and

Cornic, 1987; Norman et al., 1993). ln studies with H. glaucum (Powles and

Cornic, 1987), the plasmalemma of isotated protoplasts exhibits very low
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permeability to paraquat relative to whole plant systems. Paraquat

concentrations up to 4 mM inhibited COe fixation in protoplasts isolated from

resistant and susceptible biotypes by only about 4oo/o. However, photosynthesis

was completely inhibited when the paraquat concentration inside the leaf was

about 0.8 mM. (Bishop et al., 1987). These authors concluded that isolated

protoplasts from H. glaucurn were much less sensitive to paraquat than whole

leaves.

1.13. Objectives of this project

Resistance to paraquat has been reported in 16 weed species world-wide. There

are four species with paraquat resistant populations in Australia. All of the

reported paraquat resistant biotypes come from perennial cropping systems

where extensive selection pressure was applied. A new development is the

possibility of paraquat resistance appearing in annual cropping systems. An

investigation on possible resistance to paraquat in two new biotypes from zero-

tillage cropping systems was commenced to confirm their resistance status.

In addition to the above, the mechanism of resistance to paraquat has been

investigated in biotypes of two species of barley grasses (H. glaucum and H.

leporinum) to establish:

1-The movement of paraquat across the plasmalemma in protoplasts isolated

from resistant and susceptible plants;

2- Possible sequestration of paraquat in the cell wall by measuring the binding

and cation exchange capacity of cell walls of resistant and susceptible biotypes;

and
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3-The polyamine content of 9 resistant and 4 susceptible biotypes of H. glaucum

and H. leporinum to determine a possible correlation between resistance to

paraquat and changes,in polyamine, especially putrescine, content of leaves.
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Chapter 2

Paraquat-resistant biotypes of Hordeum glaucum
from zero-till continuous cereals



2.1. lntroduction

Minimum-tillage cropping systems (including zero tillage) are being promoted

and adopted world-wide (Kapusta and Krausz, 1993; Moyer et al., 1994). For

Australian agriculture, major benefits of minimum-tillage cropping systems

include reduced soil erosion (Hamblin, 1987), improved timeliness of seeding,

and lower preparation costs (Pratley, 1995). Throughout much of southern

Australia, which has a relatively short growing season and fragile soils, minimum

tillage has become widely adopted. A major effect of the widespread adoption of

minimum tillage has been a concomitant increase in herbicide use as the

absence of soil cultivation means that weeds must be controlled by herbicides. ln

Australia, as elsewhere in the world, minimum tillage is almost universally

facilitated by use of the non-selective herbicides glyphosate or paraquat and

diquat to control weeds before crop seeding.

Paraquat and diquat are in widespread commercial usage in world agriculture as

non-selective, rapid acting, non-residual herbicides ideally suited for weed

control before crop seeding in minimum-till agriculture. Despite successful use

world-wide for more than 40 years, there have been only isolated cases of target

weed species demonstrating resistance to paraquat and diquat. Preston (1994)

reported that biotypes of 16 weedy plant species have acquired paraquat and

diquat resistance but only in situations where herbicide selection pressure was

intense, This number has now increased lo 27 (Chapter 1). Resistance to

paraquat has been reported following 5 to 10 applications each year for 5 or

more years (Watanabe etal., 1982; Fuerst and Vaughn, 1990) or once annual

applications for many years (Powles, 1986). ln Australia, all previously reported

cases of resistance to bipyridyl herbicides have occurred in lucerne fields where

paraquat and diquat were used once annually as the only method of weed

control for more than 1 2 years (Preston, 1994).
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Temperature has been shown to influence the degree of resistance to paraquat.

Purba et al. (1995) established a seasonal variation in the level of resistance in

some paraquat resistant biotypes of H. glaucum and H. leporinum. The resistant

biotypes showed a high level of resistance in winter but a much reduced level of

resistance in summer. They concluded that the mechanism of resistance to

paraquat in these biotypes (reduced translocation of paraquat to the site of

action) is temperature sensitive and breaks down at higher temperature. A similar

observation was also reported by Lasat et al. (1996) for the H. glaucum biotype.

They reported that a resistant biotype of H. glaucum was nearly 7-fold more

resistant when grown at 1SoC than when grown at 30oC.

Until now there have been no cases worldwide of weed species developing

paraquat resistance from use in minimum'tillage agriculture. However, a failure

of paraquat to control H. glaucum was reported in 1994 in two zero-till continuous

cereal fields in which paraquat had been used once annually for 10 to 15 years

for knockdown weed control prior to crop seeding.

This chapter describes experiments that demonstrate these populations are

highly paraquat resistant and demonstrate a change in the degree of resistance

to paraquat when they were treated at high temperatures.

2.2. Material and Methods

2.2.1 Plant material

Seeds of the suspected resistant biotypes ot H. glaucum (SHG3 and SHG4)

were collected from two different South Australian fields devoted to continuous
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cereal cropping for the past 10 to 15 years (Table 2.1). These two fields are close

to each other and the farming practices were similar. Paraquat and diquat were

applied once annually in these fields prior to seeding of direct-drilled cereal

crops. Crops were seeded using a direct drill seeder with narrow point seeding

tines of 1 cm width at 15 cm spacing. Therefore, there was no cultivatÍon of the

fields and very little soil disturbance associated with seeding. About 50 kg ha-1 of

super phosphate fertiliser was drilled with 50 kg ha-1 of seeds at a seeding depth

of about 5 cm.

The suspected resistant biotypes were compared with a known paraquat and

diquat susceptible biotype and with a known paraquat and diquat resistant

biotype of H. glaucum. The known resistant biotype was obtained from a mixed

cereal cropping and sheep grazing enterprise at Willaura near Ararat, Victoria,

with a long history of paraquat use and displays 250-fold resistance to paraquat

(Powles, 1986). The susceptible biotype was obtained from a nearby field with no

history of paraquat use. Seeds of all biotypes were germinated on agar (0.6%

w/v) for 4 days in a seed incubator (light period 21oC, 14h, 20-30 pmol photons

m-2 s-1; dark period 1soC, 10h) and seedlings transplanted at the 1-leaf stage

into 18-cm pots containing potting soil (5 plants per pot). The potted seedlings

were then maintained outdoors during winter, the normal growing season for this

species in southern Australia.
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Table 2.1: Crop and paraquaVdiquat herbicide history for continuous cereal

zero-till fields in which H. glaucum populations SHG3 and SHG4 occurred.

Year Biotype SHG3

Crop Herbicide (g a.i. na-1)

Paraquata Diquata

Biotype SHG4

Crop Herbicide (g a.i. na'1)

Paraquat Diquat

1 980

1 981

1982

1 983

1 984

1 985

1 986

1 987

1 988

1 989

1 990

1 991

1 992

1 993

Wheat

Wheat

Barley

Pasture

Wheat

Wheat

Wheat

Pasture

Wheat

Triticale

0-45

0-45

0-45

0

0-45

0-45

0-45

0

0-45

0-45

375

375

375

250

500

563

500

1 000

438

625

500

438

613

0

225

225

225

150

300

338

300

600

263

375

300

263

188

0

1 20-1 35

120-135

1 20-1 35

0

1 20-1 35

1 20-1 35

120-135

0

1 20-1 35

120-

135

1 20-1 35

Wheat

Wheat

Wheat

Wheat

Wheat

Wheat

Wheat

Wheat

Wheat

Wheat

Wheat

Barley & Vetch

Wheat

Wheat

1994 Wheat 0-45 Wheat 875 525

a Exact amounts of herbicide used were not recorded, but fell within the limits

given.
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2.2.2 Herbicide application

Seedlings, when at the 2-3 tiller stage, were treated with a commercia! paraquat

formulation (Gramoxone, 200 g a.i. L-1, Crop Care Australia) plus 0.2% (v/v) non-

ionic surfactant. Paraquat was applied in a laboratory spray cabinet with an

output of 130 L ha'1 at 1 m s-1 and a pressure of 250 kPa at rates ranging from 0

to 3200 g a.i. ha'1. The plants were sprayed in the late afternoon, kept indoors

overnight and returned outdoors on the following morning to maximise the effects

of paraquat (Brian and Headford, 1968). The treated plants were monitored daily

and finally assessed for mortality or survival at four weeks after spraying. To

determine the response of these biotypes to other herbicides, plants were treated

with the normal use rates of diquat (Reglone, 2OO g a.i. L-1, Crop Care),

oxyfluorfen (Goal, 240 g a.i. L'1, Monsanto), fluazifop-p-butyl (Fusilade, 212 g a.i.

L'1, Crop Care) and glyphosate (Roundup CT, 450 g a.¡. ¡'1, Monsanto). There

were 4 replicates in each experiment and each experiment was conducted three

times.

2.2.3 Temperature experiment

Seeds of the two putative paraquat resistant biotypes (SHG3 and SHG4) as well

known as a resistant (VHG1) and susceptible (VHG2) biotype of H. glaucum were

germinated on 0.6% (w/v) agar as described earlier. After 3-4 days, seedlings

were transplanted into 10 cm diameter pots (5 plants per pot) filled with potting

soil. Plants were grown in a growth room with a 12 hl12 h, 15oC/1OoC, lighVdark

regime with an irradiance of 500 pmol photons m'2 s-1. Since the temperature

sensitive mechanism of resistance has been shown to operate after treatment

with paraquat (Purba eta1.,1995), the plants were grown at 1SoC to the 2-3 tiller

stage, sprayed with different rates of a commercial formulation of paraquat, and

transferred to either 15oC or 30oC growth rooms at the start of the dark period.
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The pots were repositioned every few days to minimise variation in light intensity.

The relative humidity of the two growth rooms was aboul TSo/o. The plants were

visually monitored every day for paraquat effects. After two weeks, surviving

plants were scored and harvested. There were 4 replicates in each experiment

and each experiment was conducted twice.

2.3. Results

2.3.1 Response of biotypes of H. glaucum to paraquat

The response to paraquat of the two biotypes of H. glaucum from fields devoted

to continuous cereal cropping and use of paraquat and diquat in zero tillage

were compared to the response of a known susceptible and a known paraquat

resistant biotype oÍ H. glaucum (Fig. 2.1). Fig. 2.2A demonstrates that the

susceptible population was controlled by very low rates of paraquat whereas, as

expected, the known resistant biotype was highly paraquat resistant. The two

putative resistant populations (SHG3 and SHG4) from zero tillage cereal fields

were found to be highly paraquat resistant (Fi1.2.2B, C). Based on a comparison

of LD5g values, these resistant populations demonstrated >250-fold resistance to

paraquat. lt should be noted that all resistant plants showed herbicide effects at

the higher rates of paraquat (3200 g a.i, na-1) but the majority of plants

recovered.

2.3.2 Effect of other herbicides

Farmers have a limited choice of pre-sowing contact herbicides in zero- and

minimum-tillage cropping systems. To determine the susceptibility of the

paraquat resistant biotypes to other herbicides, the resistant and susceptible
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Figure 2.1: The response to paraquat of the two biotypes of H. glauculn (SHG3

and SHG4) from continuous cereal cropping and a known resistant (R) and

susceptible biotype.
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plants were sprayed at the normal use rates of alternative herbicides. Table 2.2

shows that the resistant and susceptible biotypes are equally susceptible to

fluazifop-p-butyl or oxyfluorfen. These biotypes are also susceptible to

glyphosate (Table 2.2) and the growers are now using glyphosate for control of

these biotypes. Therefore, the paraquat resistant biotypes of H. glaucum are

normally controlled by herbicides with different modes of action. However, the

paraquat resistant biotypes were found to be cross-resistant to diquat (Table 2.2).

This cross-resistance is expected in that paraquat and diquat are almost identical

herbicides and most paraquat resistant weed biotypes also have some degree of

resistance to diquat (Preston, 1994).

2.3.3 Temperature effect

The mechanism of resistance to paraquat in H. leporinum was shown to be

temperature dependent and to operate to a higher degree at lower temperatures

(Purba et al., 1995). The paraquat resistance and susceptible biotypes alike are

highly susceptible to paraquat when treated with more than 100 g a.¡.ha-1

paraquat and placed at 30oC (Purba et al., 1995). This temperature dependence

provides a useful test to determine whether the resistance mechanisms in any

other biotypes are similar. The two new paraquat resistance biotypes as well as

the previously known paraquat resistance biotype (VHG1)were compared with a

paraquat susceptible biotype (VHG2) to establish the effect of temperature on the

degree of resistance to paraquat in these biotypes and to see if the mechanism

of resistance in these biotypes is temperature dependent.

The susceptible and resistant biotypes were grown at 15oC and treated with

different concentrations of paraquat and kept at either 1soO or 30oC. Fig. 2.3
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Table 2.2: Survival of a susceptible and three paraquat-resistant H. glaucum

populations after treatment with diquat, fluazifop-p-butyl, oxyfluorfen or

glyphosate.

Herbicide Susceptible Known

resistant

SHG3 SHG4

Survival (%)

Control

Diquat

(400 g a.i. ha'1)

Fluazifop-p-

butyl

(106 g a.i. ha'1)

Oxyfluorfen

(7209 a.i. ha-1)

Glyphosate

(450 g a.i. ha-1)

100 + 0

90 r 0.7

100 t 0

80 t 0.8

100 + 0

90 r 0.5

100 r 0

0

0000

0

0

0

0

0

0

0

0
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Figure 2.3: Effect of low (1soC) and High (30oC) temperatures on survival of a

known resistant biotype of H. glaucum (VHG1) treated with 2OO g a,i. ha-1

paraquat.
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shows the effect of 200 g a.i. ha-1 paraquat on the growth of a resistant biotype at

1soO or 30oC. The susceptible biotype was very susceptible to paraquat and

was killed at both 1soC or 30oC when treated with more than 100 g paraquat.

There was, however, a small increase in survival of the susceptible biotype at

30oC compared with 1SoC when treated with paraquat concentrations lower than

100 g a.i. ha'1 (Fig. 2.44, B). In contrast, the resistant biotypes showed a high

level of resistance to paraquat when the plants were kept at 15oC following

treatment with paraquat. However, when the same biotypes were kept at 30oC

following treatment with paraquat, the resistant biotypes showed a dramatic

decrease in the level of resistance (Fig. 2.4).

2.4 Discussion

This study is the first report, world-wide, of paraquat resistance in a weed species

from usage of paraquat in zero-tillage annual cropping. Given the dramatic

increase in zero- and minimum-tillage farming systems throughout much of the

world, and the reliance on contact herbicides to control weeds in these systems,

this is an important development, Although weed species have developed

paraquat resistance from intensive herbicide selection, all previously-reported

cases of paraquat resistance have been observed in perennial cropping

operations where weeds have evolved resistance following intense selection

pressure (reviewed by Preston, 1994). This is the first case in whlch resistance

has occurred in the most common usage of paraqual, zero- and minimum-tillage

annual cropping. That this phenomena has been documented from two separate

fields provides further cause for concern in that this event is not extremely rare. lt

is clear that a persistent selection pressure from paraquat in zero-tillage

agriculture can result in paraquat resistant weeds.
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High temperature after paraquat treatment decreased resistance in these

biotypes ot H. glaucum (Fig.2.4). Purba et al. (1995) and Lasat et al. (1996)

reported a similar response to paraquat. They reported that the difference in

response to paraquat between resistant and susceptible biotypes of H, glaucum,

grown at 1SoC and 30oC, reduced from >40-fold to 3-fold.

The mechanism of resistance to paraquat in biotypes SHG3 and SHG4, as well

as the previously known paraquat resistant biotype of H. glaucum and the closely

related H. leporinum, are likely to be the same as all resistant biotypes of these

species showed the same sensitivity to paraquat at higher temperature. The

mechanism of resistance to paraquat in H. glaucum and H. leporinum has been

shown to correlate with reduced translocation of paraquat to its site of action in

chloroplasts (Bishop et al., 1987; Preston et al., 1992b). Purba et al. (1995)

suggest that temperature has an effect on the mechanism of this reduced

translocation of paraquat to its site of action. They postulated that at high

temperature this mechanism breaks down resulting in increased translocation of

paraquat and more herbicide reaching the active site in other parts of the plant.

Lasat et al. (1996) also suggested that the mechanism of resistance to paraquat

in H. glaucum might be a temperature-dependent alteration in paraquat transport

across the plasma membrane. Such alteration may result in herbicide

sequestration within the symplasm. As a small amount of herbicide is sufficient to

kill the plant, a small increase in paraquat translocation or sequestration may

lead to a significant shift in the level of resistance.

In conclusion, the paraquat resistant biotypes, SHGS and SHG4 from continuous

cereal cropping, are the first examples showing paraquat resistance can develop

in weed species within the zero-tillage farming sytems that are being adopted

around the world. This is a direct consequence of farmers being strongly

dependant on contact herbicides for weed management in zero- and minimum
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tillage system. Since these paraquat resistant biotypes have the same degree of

paraquat resistance as a known resistant biotype and also show the same

reduction in paraquat resistance at high temperature, the mechanism of

resistance is likely similar to that observed in other paraquat-resistant biotypes of

H. glaucum.

51



Ghapter 3

Constitutive and induced leaf putrescine content
in paraquat resistanl Hordeum glaucum and H.

Ieporinum



3.1. lntroduction

Polyamines are found in all organisms including bacteria, mammals and plants

(Oshima, 1983; Smith, 1985a). ln plants, they are essential for cell viability and

are correlated with a variety of physiological events including cell division,

embryogenesis, flowering, and pollen tube growth (Evans and Malmberg, 1989).

ln addition, polyamines have an ill-defined role in protecting against a variety of

stress conditions. Polyamine levels, particularly putrescine, have been shown to

rise after imposition of many different stress factors. Increases in leaf putrescine

content have been observed under conditions of high salinity (Smith, 1983), low

pH (Bagni and Pistocchi, 1985; Young and Galston, 1983), ammonium stress

(Smith, 1973), water stress (Turner and Stewart, 1988; Flores and Galston,

1982a), chilling (Lee ef a/., 1995; McDonald and Kushed, 1986), heat shock (Roy

and Ghosh, 1996), and ozone treatment (Langebartels et al., 1991). Putrescine

and spermidine also provided protection against ozone injury in oxidant

resistance in tomato plants (Ormrod and Beckerson, 1986). Herbicides have also

been shown to increase polyamine contents of plants. DiTomaso et al. (1988)

demonstrated that putrescine and cadaverine levels increased in pea (Pisum

sativum L.) roots following treatment with the herbicide napropamide. Similar

results were obtained by Zhelera et al. (1993) when they examined the effects of

alrazine on polyamine contents of pea leaves.

Szigeti et al. (1996) demonstrated that constitutive leaf putrescine content was

higher in a paraquat-resistant biotype of Conyza canadensrs compared to a

susceptible biotype. Further, the addition of exogenous putrescine had a

protective effect against paraquat in the susceptible biotype but not in paraquat-

resistant biotypes ol C. canadensis. These authors speculated that paraquat

resistance may be due, at least in part, to a higher constitutive putrescine content

of leaves of resistant compared to susceptible biotypes. Ye ef al. (1997) recently
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reported that external oxidant stresses can increase the level of toxic oxygen

detoxification enzymes as well as polyamines, especially putrescine, in oxidant

stress resistant wheat and Conyza bonariensis. Putrescine was constitutively

elevated (2.5-5.7-fold) in resistant wheat and Conyza biotypes. The authors

concluded that putrescine has an antioxidant defence function in these biotypes.

Preston et al. (1992a) reported that putrescine did not alleviate paraquat toxicity

in paraquat resistant and susceptible biotypes of H. glaucum whereas

cadaverine (200 pM) protected the susceptible, but not resistant biotype, against

paraquat. They suggested that there may be two components of paraquat uptake

into cells. One a high affinity component, which can be competitively inhibited by

polyamines, is only present in susceptible biotype and a second component is

present in both biotypes (Preston et a1.,1992a).

Paraquat uptake into animal cells can be inhibited by polyamines such as

putrescine as both molecules likely share the same, as yet unidentified,

membrane transport pathway (Smith and Wyatt, 1981). Putrescine also

competitively inhibits paraquat accumulation by maize roots (Hart et al., 1992a),

therefore, these compounds may also play a role in paraquat resistance in

Hordeum spp.

Putrescine is degraded by a diamine oxidase located in the cell wall (Federico

and Angelini, 1986). lt is proposed that this enzyme functions as part of the

peroxidative lignification process in the cell wall (Smith and Barker, 1988).

Diamine oxidase may also have a role in regulating polyamine content of tissues,

by increased or decreased rates of oxidation (Torigiani ef a/., 1989). Therefore,

increased polyamine content in the apoplast may result from reduced diamine

oxidase activity as well as from increased biosynthetic activity.
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The aim of these experiments was to evaluate the effect of paraquat on levels of

free polyamines (putrescine, cadaverine, spermidine, spermine) in leaves of

paraquat resistant and susceptible biotypes of H. glaucum and H. Ieporínum. ln

addition, activity of diamine oxidase activity was measured to determine what

effect, if any, this enzyme was having on polyamine accumulation. lt was

intended that these experiments might determine whether paraquat-induced

polyamine accumulation, especially putrescine, might be involved in resistance

of these biotypes to paraquat.

3.2. Materials and methods

3.2.1 Plant material

Seeds of four resistant biotypes of Hordeum glaucum Steud. and five resistant

biotypes of H. leporinum Link. were collected from lucerne fields at different

locations in southern Australia with a history of at least 15 years of once annual

appfications of paraquat and diquat for weed control (Powles, 1986; Purba et al.,

1995; Tucker and Powles, 1991; Chapter 2). Seeds of susceptible biotypes from

each species were obtained from adjacent fields with no history of paraquat use.

Seeds were germinated on agar (0.6% w/v) in an incubator (light period 21oC,

14h, 20-30 pmol photons m-2 s-1; dark period 1soO, 10h). After 4 days, seedlings

were transplanted atthe 1-leaf stage into plastic trays (20 x 40 cm) containing

sterile potting soil and transferred to a controlled environment growth room,

Growth conditions were 1soC, 12h, 330 ¡rmol m-2 sec-1 light period/1OoC, 12h

dark period.

55



3.2.2 Herbicide application

Seedlings were treated at the 3 to 4-leaf stage with a commercial paraquat

formulation plus 0.2% (v/v) non-ionic surfactant. Paraquat was applied at a rate of

100 g ha-1 using a belþdriven laboratory sprayer with an output of 130 L ha-1 at a

pressure of 250 kPa and a speed of 1 m s-1. This rate of herbicide kills the

susceptible biotypes but not the resistant biotypes under growth room conditions

(Purba et a1.,1995; Chapter 2). After herbicide treatment, plants were returned to

the growth room in the light. Leaves were harvested t h after herbicide

application, except for the time course experiments where leaves were harvested

O, 1, 2,4, 8, and 24 hours after paraquat treatment. To determine the effect of

other herbicides on polyamine accumulation, plants were treated with 100 g ha-1

diquat or 400 g ha-1 oxyfluorfen. The level of paraquat resistance in both H.

glaucum and H. leporinum is strongly temperature dependent (Purba, et al.,

1995; Chapter 2). Therefore, experiments to examine the effect of temperature on

putrescine levels were conducted with plants grown at 1SoC and treated with 100

g ha'1 paraquat before transferring to either 1soC or 30oC.

Harvested leaves were weighed, frozen in liquid N2 and stored at -20oC prior to

extraction of polyamines. There were 4 replicates in each experiment and each

experiment was conducted twice unless stated otherwise.

3.2.3 Extraction and determination of free polyamines

Because free polyamines are the form suggested to be active in the regulation of

plant physiological processes (Smith, 1985b), only free polyamines were

analysed in this experiment. Leaf tissue (0.2 to 0.5 g) was homogenised in 3 to 4

ml of cold methanol:chloroform:water (12:5:3) with a cold mortar and pestle.

Homogenised tissue samples were extracted in the methanol:chloroform:water
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mixture for at least 20 min in an ice bath. Samples were then centrifuged at

24,OOO xg for 15 min at 4oC, and the supernatant, containing the free

polyamines, was removed and used for benzolyation following the method of

Flores and Galston (1982b) with some modification. One ml of 2 M NaOH was

mixed with either 1 ml of extract or 100 pL of 1 mM polyamine standards in 0.01

M HCl. Afteraddition of 15 pl benzoyl chloride, the mixtures were vortexed for 10

s and incubated at room temperature for 20 min. Two ml of saturated NaCl and

2.5 ml of anhydrous diethyl ether were added to each sample and the tubes were

gently mixed. After centrifugation at 15,000 xg for 5 min at 4oC, 1 .5 ml of the ether

phase was collected, evaporated to dryness under vacuum and redissolved in

600 pL methanol. Standards for putrescine, spermidine, spermine, and

cadaverine were treated similarly to tissue extracts. The benzoylated polyamines

were separated by HPLC equipped with a reverse-phase C18 column (250 mm x

4.6 mm i.d.; Brownlee Labs ODS-S Spherisorb; Applied Biosystems, Lincoln City,

CA). Samples were eluted from the column at room temperature with a flow rate

ol 1.2 ml min'1. Solvents used were 10% (v/v) acetonitrile:89"/" (v/v) H2O:1% (vlv)

acetic acid (solvent A) and 90% (v/v) acetonitrile:9% (v/v) H2O:1% (vlv) acetic

acid (solvent B). Separation was achieved with a linear gradient from 30% B to

60% B in 20 min, followed by a linear gradient from 60% B to 100% B in 10 min.

The column was washed with solution B for 5 minutes and re-equilibrated with

the starting conditions prior to injection of the next sample. Polyamine peaks

were detected by absorbance al 254 nm and peak areas corrected to nmol

polyamine by comparison to known standards (Fig. 3.1).

3.2.4 Preparation of diamine oxidase

All extraction procedures were carried out in a 4-5oC cold room. About 20 g leaÍ

tissue of R and S biotypes of H. glaucum werc homogenized with 60 ml of chilled

0.1 M potassium phosphate buffer, pH7, by a pre chilled polytron (Ultra-Turrax
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Tp18/10). The homogenates were filtered through four layers of miracloth and

centrifuged for 20 min at 27,OOO xg at 4oC. The precipitates were discarded, the

supernatant broughllo 70"/o saturation with (NHa)eSO¿ while stirring for about 2

hours, followed by centrifugation for 20 min at 27,OOO xg at 4oC. The

supernatants were discarded and the pellets were dissolved in 2.7 ml 0.1 M

potassium phosphate buffer and 2.5 ml was loaded onto a column conta¡ning

Sephadex G-25 (PD-10 column, Pharmacia, Uppsala, Sweden) previously

equilibrated with the same buffer. The void volume was eluted with 2.7 ml of 0.1

M potassium phosphate pH 7.0 buffer. The eluate was stored on ice and assayed

immediately for DAO activity. Protein was determined according to method of

Bradford (1976).

DAO activity was assayed according to a modified method of Rinaldi et al. (1982)

using a Clark-type oxygen electrode. The reaction was carried out in a

continuously stirred reaction vessel at 30oC using air as the gaseous phase. The

standard reaction mixture (1 ml) contained 50 pg catalase and the required

amount of enzyme in 0.1 M potassium phosphate buffer pH 7.0. The reaction was

started by addition of a small volume of substrate (putrescine) solution after a 10

min pre-incubation. Reaction rates were calculated from the putrescine-induced

increase in oxygen consumption.

3.3. Results

3.3.1 Constitutive leaf putrescine content of resistant and susceptible

populatíons

The leaf polyamine content of nine resistant and four susceptible biotypes of H.

glaucum and H. leporinum was determined. Putrescine was the major polyamine

detected in leaf tissue of both species. The absolute level of paraquat resistance
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varies across the nine resistant biotypes, whereas the four susceptible biotypes

are uniformly susceptible to paraquat (Powles, 1986; Tucker and Powles, 1991;

Purba, 1993; Purba et al., 1995). The constitutive leaf putrescine content of these

biotypes is plotted in Figs. 3.2, and 3.3. The results show that, for most resistant

biotypes, the constitutive leaf putrescine content is higher than in the susceptible

biotypes (Fig. 3.2); however, for some resistant biotypes this difference is not

significant. Fig. 3.3 compares the leaf putrescine content compared to the GRso

for paraquat for each biotype. The GR5s is the concentration of paraquat required

to inhibit growth by 50% and is a quantitative determination of the level of

paraquat resistance. There is considerable variation in the constitutive leaf

putrescine level across biotypes and there is a poor correlation (12=0.31, Fig. 3.3)

between leaf putrescine content and paraquat GR59 for the resistant biotypes.

lndividual resistant biotypes can be strongly paraquat resistant (high GRso) and

yet have lower levels of putrescine than biotypes with a lower level of resistance

(Fis.3.3).

3.3.2 Time course of leaf putrescine accumulation following paraquat

application

To determine whether paraquat treatment induces putrescine synthesis, the leaf

putrescine content was measured before and after paraquat application to intact

plants. Paraquat treatment was found to result in a rise in putrescine levels in

leaves. Fig. 3.4 shows the time course of the increase in leaf putrescine content

following treatment with paraquat in a single paraquat-resistant and a single

paraquat-susceptible biotype of H. glaucum and H. leporinum. The resistant

biotypes for this experiment were selected based on their higher GRso compared

with other resistant biotypes. Constitutive leaf putrescine content of the particular

resistant biotypes of both H. glaucum and H. leporinum used for this study were

at least double that of the susceptible biotypes. Following paraquat treatment, the
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grown on a growth room at 15oC/1OoC till 3-4-leaf stage. Bars are means + SE of
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biotypes. All plants were grown under the same conditions. Each data point

represents the mean + SE of two independent experiments with 4 replicates.
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putrescine content increased for 4 to 8 hours after treatment in both resistant and

susceptible plants. However, these increases were larger for the resistant

compared to the susceptible biotypes (Fig, 3.4). Susceptible biotypes treated with

paraquat showed symptoms of leaf injury one hour after treatment, whereas such

symptoms were not evident in resistant biotypes until much later. Therefore, we

selected one hour after paraquat treatment as the best time to harvest plants, as

minimum damage was evident at this time.

When examined across a range of resistant biotypes of H. glaucum and H.

leporinum, the leaf putrescine content was observed to increase in both resistant

and susceptible biotypes following treatment of plants with paraquat (Fig. 3.5).

While the resistant biotypes generally had higher inducible putrescine levels

than susceptible biotypes, there was a poor correlation (2=0.41) between

induced putrescine content and the degree of resistance to paraquat as

measured by GR5s. Thus, some highly-resistant biotypes displayed a smaller

induction of putrescine following paraquat application whereas other biotypes

with lower paraquat resistance had a larger induction of putrescine.

Therefore, while leaves of the paraquat resistant biotypes in general had higher

constitutive putrescine contents (Figs. 3.2, and 3.3) and the leaf putrescine

content further increased following application of paraquat (Figs. 3.4, and 3.5),

leaf putrescine content of individual resistant biotypes did not strongly correlate

with their level of paraquat resistance. Some of the paraquat resistant biotypes

used in this study have been shown to be up to 250 times more resistant than

susceptible biotypes (Powles, 1986; Tucker and Powles, 1991; Purba, 1993;

Purba et a1.,1995; Chapter 2). However, putrescine contents in resistant biotypes

were only a maximum of 6-fold greater than for the susceptibles. Therefore, the

elevated constitutive putrescine content in resistant biotypes of H. glaucum and
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H. leporinum compared with susceptible biotypes may not be a primary

mechanism of resistance.

3.3.3 Accumulation of other polyamines

Spermidine was the only other polyamine detected in any concentration in leaf

tissue of all populations tested (Fig, 3.6). There was considerable variation

among paraquat-resistant and -susceptible biotypes in initial spermidine content

with little correlation to paraquat resistance (Fig. 3.64). As for putrescine (Fig.

3.5), the content of spermidine also increased in leaves of most resistant and

susceptible biotypes one hour after application of paraquat (Fig. 3.68). Whilst, in

general, paraquat treatment resulted in spermidine induction to a greater extent

in resistant biotypes, there was no apparent relationship between paraquat-

induced spermidine content and resistance to paraquat in these biotypes (Fig,

3.68).

3.3.4 Effect of temperature on leaf putrescine content

Resistance to paraquat in H. glaucum and H. leporinum is strongly temperature

dependent (Purba et a1.,1995; Chapter 2). Resistant plants grown at low (1soO)

and immediately transferred to higher temperature (30oC) following paraquat

treatment are considerably less resistant to paraquat compared to those

maintained at 1SoC (Purba et al., 1995; Chapter 2). In contrast, temperature has

a small effect following application of paraquat to susceptible biotypes.

Therefore, the paraquat resistance mechanism in H. glaucum and H. leporinum

is much less efficient at higher temperatures (Purba et al., 1995). The

temperature dependence of the paraquat resistance mechanism in Hordeum

provides an experimental system to test for any correlation between the

polyamine contents of leaves of resistant and susceptible biotypes and the level
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Figure 3.6: A) Constitutive spermidine content of leaves of nine paraquat-

resistant (O) and four paraquat-susceptible (O) biotypes of H. glaucum and H.

leporinum. B) lnduction of spermidine in leaves of paraquat-resistant and

susceptible biotypes one hour after application of 100 g ha'1 paraquat. Points are

means t SE of two independent experiments with 4 replicates.
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of resistance at different temperatures. To examine this, resistant and susceptible

biotypes were grown at 1SoC, and sprayed with 100 g ¡¿-1 paraQuat at the 3 to 4-

leaf stage. The plants were then either maintained at 1soO or moved to 30oC

immediately after treatment. One hour later, the leaves were harvested and leaf

polyamine content measured. The constitutive putrescine content in both species

was found to be higher in resistant biotypes compared to susceptible biotypes

and further increased following paraquat treatment (Fig. 3.7). This increase was

greater in resistant biotypes compared with susceptible. The constitutive

putrescine content was slightly higher in leaves of plants maintained at 30oC

after treatment compared with 1SoC in both species. There was no correlation

between paraquat induction of putrescine and the temperature at which plants

were maintained after paraquat treatment. Therefore, although the paraquat

resistance mechanism functions much more efficiently at 1SoC than at 30oC in

Hordeum (Purba et al., 1995; Chapter 2) there are no differences in the level of

inducible leaf putrescine in treated plants maintained at 1SoC compared to 30oC.

3.3.5 Effect of other herbicides

The mechanism of action of paraquat and diquat involves the formation of toxic

oxygen radicals (Chapter 1). These radicals result in peroxidation of lipids in

membranes which leads to loss of membrane integrity, bleaching of chlorophyll

and cell death (reviewed by Preston, 1994). Oxyfluorfen, a herbicide with a

completely different mode of action, also results in the formation of 02 radicals

(Kunert and Dodge, 1989). Therefore, the effects of Oz radical producing

herbicides diquat and oxyfluorfen on polyamine levels of resistant and

susceptible biotypes were measured to determine any correlation between

herbicide mode of action and polyamine levels. The paraquat-resistanl Hordeum

populations are also resistant to diquat (Tucker and Powles, 1991; Preston,

1994) but not to oxyfluorfen (Chapler 2).
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Leaf putrescine content increased in both resistant and susceptible biotypes

following application of paraquat and oxyfluorfen but not diquat (Fig. 3.8). This

increase was greater in resistant biotypes than susceptible biotypes. However,

none of the treatments resulted in a significant difference in putrescine contents

for any biotype. The fact that diquat had less effect on putrescine content than

paraquat may be due to diquat being a less effective herbicide on grasses.

3.3.6 Diamine oxidase activity measurement

Diamine oxidase (DAO) activity of shoots of resistant and susceptible biotypes

was measured using an oxygen electrode (Table 3.1).Using putrescine as

substrate, DAO enzyme exhibited similar activity of 199 and 186 nmoles 02 h'1

mg-1 protein for resistant and susceptible H. glaucurn, respectively. However, no

significant difference between resistant and susceptible plants in DAO activity

was observed.

3.4. Discussion

Higher constitutive putrescine content in leaves of paraquat-resistant Conyza

canadensr's biotypes have been reported and suggested to play a role in

paraquat resistance in this species (Szigeti et al., 1996). To examine the role of

polyamines in paraquat resistance in Hordeum species, the leaf putrescine

content of nine paraquat-resistant and four susceptible biotypes of H. glaucum

and H. leporinurn was measured prior to and after application of paraquat.

Constitutive putrescine contents were generally higher in resistant biotypes

compared to susceptible biotypes (Figs. 3.2, and 3.3). Also, the putrescine

content increased in all biotypes one hour after paraquat treatment, but

increased to a greater extent in the resistant biotypes (Figs. 3.4, and 3.5).

Increases in putrescine content, which have been often associated with plant
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Figure 3.8: Putrescine content of leaves of untreated ([ ) and herbicide

treated, paraquat (E ), diquat (W), or oxyfluorfen (N ), resistant and
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harvested one hour after treatment. Bars are means t SE of three replicates.
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Table 3.1: Diamine oxidase activity in shoots of paraquat resistant and

susceptible biotypes of H. glaucum. DAO activity was measured using a oxygen

electrode at 30oC. Each data represents the mean t SE of three replicate

experiments.

Biotype DAO activity (nmoles 02 h'1 mg-1 protein)

Resistant

Susceptible

199 +10

186 +13
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stress, are rarely coupled to a simultaneous increase in spermidine or spermine

(Smith, 1985b, Slocum et al., 1984). However, these results demonstrate that

paraquat treatment induces accumulation of both putrescine and, to a smaller

extent, spermidine, with somewhat variable results across a range of biotypes

(Fis.3,6).

Increased polyamine content, especially putrescine, in the resistant biotypes

appears not to be a primary paraquat resistance mechanism tn Hordeurn spp.

While the resistant populations generally had higher constitutive leaf putrescine

content than susceptibles (Figs. 3.2, and 3.3), there was a poor correlation

between this and the degree of resistance to paraquat measured by GR5g (Fig.

3.3). Equally, there was a poor correlation between paraquat-inducible

putrescine content and paraquat resistance (Fig. 3.5). In addition, induction of

putrescine was also observed following application of oxyfluorfen, a herbicide of

different mode of action that also imposes oxygen radical stress (Fig. 3.8). The

paraquat resistant biotypes are not resistant to oxyfluorfen. Further evidence of

no correlation between the level of resistance and leaf putrescine content was

obtained with experiments conducted at 1SoC compared to 30oC (Fig. 3.7). The

mechanism of paraquat-resistance in these biotypes is strongly temperature

dependent (Purba et al., 1995; Chapter 2); however, accumulation of putrescine

following paraquat treatment was independent of temperature (Fig. 3.7).

The higher constitutive leaf putrescine content in resistant compared with

susceptible biotypes may be indirectly related to the mechanism of resistance.

Since putrescine and paraquat share the same uptake pathway in animals

(Smith and Wyatt, 1981) and possiblyplants (Hart etal.,1992a), itis possible that

a change in the carrier responsible for influx of putrescine into the cell or vacuole,

or efflux from the cell or vacuole, has occurred. This change might lead to

increased accumulation of both paraquat and putrescine either in the vacuole or
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outs¡de the cell. Therefore, the higher constitutive leaf putrescine content

measured may be a result of a change in activity of a carrier responsible for

transporting putrescine, and paraquat, across membranes.

Increases in putrescine content are normally concomitant with a change in the

activity of polyamine synthesis enzymes (Slocum et al., 1984), which have been

shown to increase in oat leaves in response to osmotic shock and acid or pH

stress (Flores and Galston, 1982a; Young and Galston, 1983). Therefore, the

higher constitutive leaf putrescine content in resistant biotypes may be the result

of greater activity of polyamine biosynthetic enzymes, which result in production

of more putrescine in resistant biotypes. Minton et al. (1990) reported that

paraquat toxicity tor Eschericha coli increased over 1O-fold in mutants defective

in the biosynthesis of polyamines compared to wild type cells. They postulated

that polyamines, such as spermidine, might protect cellular components from

damage by oxidation. Ye et al. (1997) recently reported an increase in putrescine

biosynthesis enzymes in a paraquat resistant biotype of C. bonariensr's. They

reported a 2lo 3-fold increase in the activities of arginine decarboxylase and

ornothine decarboxylase in 1O-week old resistant C. bonaríensis compared to

susceptible plants.

Alternatively, a reduction in the activity of diamine oxidise, the enzyme

responsible for degradation of putrescine in the cell wall (Smith, 1985b), may

also result in higher putrescine content in resistant biotypes. However, the activity

of diamine oxidase in vitro was not different between resistant and susceptible

biotypes of H. glaucum (Table 3.1). This implies that the higher putrescine

content of resistant biotypes cannot be attributed to reduced putrescine

catabolism. ln conclusion, the reason for the higher constitutive leaf putrescine

content in paraquat-resistant biotypes of H. glaucum and H. leporinum is most
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likely a consequence of these biotypes being resistant to paraquat rather than a

cause of resistance.
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Chapter 4

Binding of paraquat to cell walls of resistant and
susceptible biotypes of H. glaucum



4.1. lntroduction

Cell walls form the basic structural framework of the plant, defining the shape and

size of plant cells and tissues. The cell wall contains regulatory molecules that

control the growth and development of plants as well as presenting a physical

barrier to micro-organisms and other agents harmful to the plant (York et al.,

1985). Plant cell walls are complex amalgams of carbohydrates, proteins, lignin,

water, and other substances. The cellulose-pectin matrix of the cell wall contains

numerous cation exchange sites with additional sites contributed by cell wall

localised proteins and polyphenols (Price, 1979). Cation exchange properties of

the cell wall are largely due to de-esterified galacturonans in the pect¡n fraction.

Calcium, polyamines, and other cations bind non-covalently to pectins and other

cell wall components (Baydoun and Brett, 1988; Pistocchi et a1.,1987).

The sites of action of most herbicides are located inside plant cells. Therefore,

herbicides have to pass through the cell walls, the plasma membrane and

organellar membranes of a plant cell to reach their site of action, where

accumulation causes phytotoxicity (Sterling, 1994). One of the major factors

preventing movement of herbicides within the cell wall is interaction of herbicides

with cell wall structure or compounds leading to partitioning or binding of

herbicides. Paraquat, which is a divalent cation, has been shown to bind to plant

cell walls (Hart et al., 1992b, Chun et al., 1997a). Paraquat binds by ionic

interactions due to the presence of large numbers of negatively charged binding

sites within the cell wall matrix.

Resistance to paraquat has been suggested to be due to sequestration of

herbicide outside the cells in resistant biotypes (Powles and Cornic, 1987;

Preston et al., 1992b; Fuerst et al., 1985). One of the possible mechanisms of

paraquat sequestration is increased paraquat binding to cell wall material. Chun
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et al. (1997a) reported that paraquat binding to the cell wall in the paraquat

tolerant Rehmannia glutinosa was almost two-fold greater than in corn and

soybean resulting in the reduction of paraquat movement to its site of action.

They suggested that this increased binding might play a part in tolerance of this

species to paraquat. However, resistance to paraquat in Conyza bonariensis is

unlikely to be due to increased binding of the herbicide to the cell wall. Fuerst ef

a/. (1985) reported a strong binding of paraquat to a cell wall component in C.

bonariensis but were not able to find any significant difference in paraquat

binding between susceptible and resistant biotypes. These authors suggested

that the loss of some binding components during the extraction procedure might

have contributed to this result. ln A. calendula, binding of diquat to cell walls of

resistant and susceptible biotypes has been estimated by the efflux of herbicide

from leaf tissue lacking cell contents (Preston et al., 1994). They reported no

differences in binding of diquat to cell walls of resistant and susceptible biotypes

as measured by either absorption or efflux. In contrast, Powles and Cornic (1987)

postulated that enhanced apoplastic binding might be involved in the mechanism

of resistance in H. glaucum. This hypothesis was based on restricted movement

of 1aO-paraquat fed tothe resistant biotype (Bishop et al., 1987) and the equal

sensitivig to paraquat of protoplasts isolated from resistant and susceptible

biotypes (Powles and Cornic, 1987). However, this was disputed by Lasat et al.

(1996) who failed to find any significant ditferences in apoplastic binding of

paraquat in roots of resistant and susceptible biotypes of H. glaucum.

The aim of the experiments conducted here was to characterise paraquat binding

capacity as well as cation exchange capacity in leaves of resistant and

susceptible biotypes of H. glaucum. This was done in order to establish if there

are any differences between these two biotypes in the ability of paraquat to be

sorbed onto cell walls.
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4.2. Materials and Methods

Seedlings of resistant and susceptible biotypes of H. glaucum were grown in a

growth room as described previously (see Chapter 3).

4.2.1 lsolation of cell wall fraction

The isolation procedure was carried out at 4oC according to a method modified

from Wojtaszck and Bolwell (1995). The cell wall fraction was mechanically

isolated from leaves of resistant and susceptible biotypes. Freshly collected

seedlings were frozen in liquid N2 before homogenizing 3 times in 3 ml of

homogenized buffer (HB), consisting of 0.4 M sucrose, 50 mM Hepes/NaOH (pH

6.8), 2 mM EDTA, and 5 mM p-mercaptoethanol, per gram fresh weight with a

polytron for 30 s at maximum speed. The homogenate was filtered through

Miracloth, centrifuged at 10,000 xg for 10 min and the cell-wall-enriched pellet

then washed for 10 min with HB with end-over-end mixing. After centrifuging at

15,000 xg for 15 min, the pellet was resuspended in HB containing 0.1% (v/v)

Nondiet P-40 and incubated for 45 min with constant stirring to dissolve lipids.

Cell walls were recovered by centrifugation at 15,000 xg for 10 min and washed

twotimes, 10 min each, with deionized watercontaining 2 mM EDTAand 5 mM

p-mercaptoethanol centrifuging each time at 10,000 xg. ln some experiments

purified cell walls were extracted twice with 1 M NaCl in HB for 60 min,

centrifuging after each step at 15,000 xg for 10 min, to extract cell wall associated

proteins.

4.2.2 Uptake experiments

Paraquat binding to different components of resistant and susceptible plant cells

was estimated by three different methods. Firstly, paraquat uptake was
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determined using an isolated cell wall fraction still containing the lipids. For this

experiment, 10 pM of 1aO-paraquat was added to the cell wall suspension and

incubated tor 2 h at room temperature. Uptake of herbicide was stopped by

centrifuging the suspension at 15,000 xg and the resulting supernatant was

collected. The pellet was washed for 10 min with HB with end-over-end mixing

and centrifuging at 15,000 xg for 15 min. The pellet was resuspended in HB

containing 0.1"/" (v/v) Nondiet P-40 and incubated Íor 45 min with constant

stirring prior to two washes, 10 min each, with deionized water containing 2 mM

EDTA and 5 mM p-mercaptoethanol centrifuging each time at 10,000 xg. The

supernatants were collected after each centrifugation. 14C present in each

sample was determined using a Beckman liquid scintillation spectrometer

(Beckman Model LS 5000). The final pellet was oxidised using a Biological

Oxidiser (R.J. Harvey lnstrument Corp. Model OX600) to determine 14C paraquat

still bound to the cell walls.

Paraquat binding capacity of cell walls was measured using an isolated cell wall

fraction. This was incubated as described above, but with a range of paraquat

concentrations from 0 to 5000 pM. After 2 h at 20oC, the cell wall fractions

centrifuged and paraquat bound determined using the method described above.

Absorption of paraquat to cell walls was also measured using leaf slices. Freshly

harvested leaves of resistant and susceptible plants were cut to 2-3 mm wide

segments and immersed for about two hours in solution containing 10 pM 14ç-

paraquat at room temperature. The uptake solution was collected and the leaves

were washed with deionized water and ground by a hand-held glass tissue

homogenizer al4oC for 2-3 min before isolating the cell wall as described above.

Absorption of paraquat to cell walls of intact leaves was determined by applying

1pl droplets containing 10 pM 1aO-paraquat plus surfactant to the surface of
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leaves of resistant and susceptible plants. After 2 hours, the leaves were washed

and unabsorbed 1aC-paraquat collected. The cell wall fraction was prepared

from these leaves using the method described above.

4.2.3 Exchange of paraquat from cell walls with other cations

The exchange capacity of bound 1aO-paraquat with other cations was measured

following addition of different concentrations of calcium (Ca2*), putrescine

(Put2+), cold paraquat (PQ2+), benzyl viologen (BVz+¡ and potassium (K+) to

aliquots of isolated cell walls with the lipids removed prepared from leaves of

resistant and susceptible biotypes. After a t hour incubation, the aliquots were

centrifuged and the amount of 1aO-paraquat exchanged with the solutions

determined. ln separate experiments, the effect of different pH and temperature

conditions on paraquat desorption was also measured. The aliquots of cell wall

fractions were incubated at three different pH (4.8, 6.8 and 7.8) or two

temperatures (15 and 30oC).

All experiments were repeated at least three times, unless stated otherwise, with

four replicates within each experiment.

4.3. Results

4.3.1 Sorption of paraquat to cell walls

The sorption of 1aO-paraquat to different components of the cell wall in leaf tissue

of susceptible and resistance biotypes of H. glaucum was measured in three

different ways. Fig. 4.1 shows the amount of paraquat bound to the cell wall

fraction when paraquat was applied directly to cell wall preparations from
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resistant and susceptible biotypes. About 6"/" of the absorbed paraquat was

easily washed from the cell wall preparation. A further 12 lo 15"/" was removed

on washing the preparation with detergent and was presumably associated with

cell membranes. A third wash removed a further 6"/" of the absorbed paraquat.

Most of the paraquat absorbed was bound tightly to the cell walls. From the total

recovered 14O-paraquat, aboul 75"/" was bound strongly to the cell walls.

Extensive washes were not able to release this bound paraquat from the cell

walls. Preliminary experiments indicated that some of this cell wall associated

paraquat could be removed following the solubilisation of cell wall associated

protein with NaCl; however, most paraquat remained bound to the final cell wall

fraction. There were no differences between resistant and susceptible cell walls

in the amount of paraquat absorbed.

ln another experimenl,2-3 mm wide leaf slices of resistant and susceptible plants

were immersed tor 2 h in 1aO-paraquat. From the total amount of herbicide

absorbed by the leaf slices, about 25% was easily washed off in the first two

washes of the cell walls, followed by another 15"/" when membranes were

removed by detergent (Fig. 4.2). The rest of the 14O-paraquat, about 60"/",

remained tightly bound to the cell walls in both resistant and susceptible biotypes

and extensive washing could not release it (Fig. 4.2). There were no

distinguishable differences between the susceptible and resistant biotypes in the

amount of paraquat found in any of the fractions.

Similar results were obtained when paraquat was applied to the leaf surface and

the leaf subsequently fractionated into cell wall components (Fig. 4.3). In this

case, more paraquat was released by the initial washes and slightly less

associated with the final cell wall fraction. Again, no differences between

resistant and susceptible biotypes were observed in paraquat associated with

either soluble or insoluble parts of cell wall fractions.
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Figure 4.1: Paraquat binding to cell wall fractions of resistant (solid bars) and

susceptible (open bars) biotypes of H. glaucum. Cell wall fractions were

prepared from leaves of resistant and suscept¡ble plants by mechanical isolation.

The preparations were incubated in the presence of 1aO-paraquat tor 2h before

washing extensively. Data points represent means of 3 experiments with 4

replicates tSE.
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Figure 4.2: Paraquat binding to cell wall fractions prepared from 2-3 mm wide

leaf slices of resistant (solid bars) and susceptible (open bars) biotypes of H.

glaucum. Leaf slices were incubated in 10 pM 1aO-paraquat for 2 h al room

temperature before preparing the cell wall fractions. Data points represent means

of 3 experiments with 4 replicates +SE.

84



B roo
-o
o
U,
-o(Ú g0
õ
=o
(ú

860
dç--
ìõ40
òe

(ú

ct zu
(ú
(ú
fL
d^çU
-- First Wash Detergent

Wash
HrO + EDTA Cell Walls

Figure 4.3: Paraquat binding to cell wall fractions prepared from leaves of

resistant (solid bars) and susceptible (open bars) biotypes of H. glaucum.

Droplets of 1aC-paraquat were placed on the surface of leaves and incubated for

2 h at room temperature prior to fractionation. Data points represent means of 4

replicates tSE.
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4.3.2 Binding capacity

The capacity of cell walls to bind paraquat was determined following incubation

of cell wall preparations with different concentrations of 1aO-paraquat. 14C'

Paraquat that remained bound to cell walls increased with increasing

concentrations of paraquat in the incubation medium and did not saturate at the

highest concentration used (Fig. 4.4). At all paraquat concentrations, there were

no differences in binding of paraquat to cell walls isolated from resistant and

susceptible biotypes.

When this data were analysed as a Scatchard plot, a plot of paraquat bound/

paraquat free in solution versus paraquat bound, it appears that there are two

different types of binding sites in the cell walls (Fig. a.5). Most of the paraquat

absorbed bound to a low affinity-binding site. This low affinity site was clearly

distinguishable from a high affinity site in cell walls from both susceptible and

resistant plants. The kinetic constants of binding calculated show that two sites

with about 8O-fold difference in affinity for paraquat were determined (Table 4.1).

The high affinity site had a binding capacity of about 30 nmoles paraquat g'1 fw

whereas the low affinity site had a binding capacity of 1.2 to 1 .4 pmoles paraquat

g-1 fw. The cell walls from the resistant biotype had about a 10% increased

binding capacity for paraquat at high concentrations compared to the

susceptible, but this ls not considered important for resistance.

4.3.3 Effect of temperature on paraquat binding to cell walls

The mechanism of resistance to paraquat in H. glaucum has been shown to be

strongly temperature dependent (Purba et a1.,1995, Chapter 2). Resistant plants

are much less paraquat resistant at higher temperatures than at lower

temperatures. The possibility of enhanced binding of paraquat to cell walls in the
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Figure 4.4: Concentration-dependence of binding of 14O-paraquat to isolated

cell walls of resistant (f) and susceptible (tr) leaves ol H. glaucum prepared

following mechanical isolation. Data points represent means of 2 experiments

with 3 replicates tSE.
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Figure 4.5: Scatchard plot of 1aC-paraquat binding to isolated cell walls of

resistant (f) and susceptible (tr) biotypes. Data points represent means of 2

experiments with 3 replicates tSE.
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Table 4.1: The kinetic constants of paraquat binding to cell walls of resistant

and susceptible biotypes of H. glaucum.

Biotypes Low atfinity site Hiqh affinity site

Kr

(M-1)

Amax (nmoles

Paraquat q-1 fw)

Amax (nmoles

paraquat q-1 fw)

Kt

(M'1)

Susceptible

Resistant

2.2 x1O-a

2.3 x1O-a

1260

1 380

1.82 x1O'2

1.85 x 10'2

26

29
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resistant biotype of H. glaucum al lower temperature was examined. Binding of

1aO-paraquat to both soluble and insoluble parts of the cell wall fraction was

measured and shown in Fig. 4.6. The amount of paraquat associated with all

fractions of cell walls was the same at 30oC and 1SoC. From this experiment, it

appears that the mechanism of resistance to paraquat in H. glaucum is not

related to increased binding of paraquat to cell walls in the resistant biotype.

4.3.4 Effect of pH on binding of paraquat to isolated cell walls

The effect of pH on binding of paraquat to cell walls of resistant and susceptible

biotypes was determined. Cell wall fractions prepared from resistant and

susceptible leaves were incubated at pH 4.8, 6.8, or 7.8 lor 2 hours. Paraquat

was found to bind strongly to the isolated cell walls irrespective of pH and there

were no differences between resistant and susceptible biotypes (Fig. 4,7).

4.3.5 Exchange of bound paraquat with other cations

The ability of other cations to exchange with the tightly bound paraquat on cell

walls was determined using calcium (Ca2*), putrescine (Put2+), cold paraquat

(PQ2*), benzyl viologen (BVz+¡ and potassium (K+). Aliquots of cell wall fractions

prepared from leaves of resistant and susceptible biotypes loaded with 1aC-

paraquat were incubated in the presence of different cation concentrations. The

cell wall fraction was then centrifuged and the amount of 1aO-paraquat in the cell

walls and 1aC-paraquat exchanged with the solution were measured. The results

were compared with controls where the cell walls were incubated in the same

solution for the same length of time but without additional cations. W¡th

increasing concentration of cations in solution, the amount of paraquat bound to

the cell walls decreased in both resistant and susceptible biotypes (Fig. a.8). In
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Figure 4.7: The effect of pH on paraquat bound to cell walls isolated from

resistant (closed bars) and susceptible (open bars) biotypes of H. glaucum. The

cell wall preparations were incubated at pH 4,8; 6.8; or 7.8. Data points represent

means of 4 replicates +SE.
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cetl walls isolated from both resistant and susceptible biotypes, paraquat, benzyl

viologen, and putrescine were equally effective at displacing bound paraquat.

Calcium was slightly less effective at displacing bound paraquat, and K+ was

ineffective at displacing bound paraquat. The addition of 500 ¡rM divalent cation

removed about 20"/o ol the bound paraquat and addition of 5 mM divalent cations

removed 7OY" of the bound paraquat. The bound paraquat was slightly more

easily removed from cell walls of the susceptible biotype than the resistant

biotype. However, it is clear that paraquat exchanges slowly from tight binding

sites within the cell walls of both biotypes.

4.4. Discussion

Binding of paraquat to the cell walls of the resistant biotype of H. glaucum has

been suggested to be a possible mechanism of resistance to paraquat. lf there

was such increased binding in the resistant biotype this wot¡ld lead to

sequestration of herbicide outside of the cell and, therefore, there would be less

paraquat available to enter to its active site in the chloroplasts. Bishop et al.

(1987) suggested that enhanced paraquat binding in a resistant biotype of H.

glaucum might be the reason for exclusion of paraquat from the active site. ln

contrast, studies on an isolated cell wall fraction from C. bonariensrs indicated no

differences in 1aO-paraquat binding between resistant and susceptible biotypes

(Fuerst et al., 1985). Similar studies with cell wall preparations lrom Arctotheca

calendula also established no differences (Preston et al., 1994b). Paraquat is a

highly polar di-cation and can easily bind to cell walls which have large numbers

of negatively charged binding sites due to the presence of de-esterfied

galacturonans (Baydoun and Brett, 1988). Paraquat binding tothe cell wall can

vary with plant species. Twice as much paraquat was bound to the cell wall of R.

glutinosa leaves than to the cell wall of corn or soybean leaves (Chun et al.,

1997a). However, these authors also reported isolation of an extract from cell
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walls able to bind paraquat (Chun et a1.,1997b), and this material may contribute

extensively to binding of paraquat. ln the experiments reported here, paraquat

was found to bind strongly to cell wall preparations from leaves of resistant and

susceptible biotypes (Figs. 4.1, 4.2, 4.3). When paraquat was applied to the

surface of leaves, the amount of paraquat bound to the cell walls was aboul 45"/"

of the herbicide absorbed by leaves (Fig. 4.3). This increased considerably when

leaf tissue was mechanically disrupted and the cell contents removed before

addition of 1aO-paraquat (Fig.4.1). This increased binding may be due to the fact

that the amount of free space or the number of binding sites available to the

herbicide was increased following destruction of the plasma membrane.

Paraquat binding to the cell wall is a major obstacle for translocation of this

herbicide to its site of action. This is an important factor that has to be considered

in any efflux experiment. Harl et al. (1992b) suggested that cell wall-bound

paraquat, in maize roots, desorbed considerably faster than herbicide

compartmentalized within the cytoplasm or vacuole and used this as a means to

estimate the amount of paraquat within the apoplast. However, from the

experiments reported in this Chapter (Figs. 4.1, and 4.8), it is clear that most of

the applied paraquat is bound tightly to the cell walls and is not easily

exchangeable with solution without the presence of strong competition from other

cations

Paraquat was also bound to membrane fractions and cell wall associated

proteins (Figs. 4.1-4.3). However, there was no significant difference between

resistant and susceptible biotypes in binding to membrane and the cell wall

associated proteins. Therefore, the possibility of paraquat being preferentially

bound to membrane negative charge sites and/or cell wall associated proteins

was ruled out. There were no large differences in binding of paraquat to either
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cell walls or any soluble constituent of the cell walls that may be responsible for

increased binding in the resistant biotype.

The mechanism of resistance to paraquat in H. glaucum has been shown to be

temperature dependent (Purba et al, 1995; Chapter 2). This temperature

sensitivity provides a good tool to examine the possible relationship between cell

wall binding and mechanism of resistance. Temperature had no effect on binding

capacity of cell walls of either the resistant or susceptible biotypes. The effect of

temperature on binding was also studied by Lasat et al. (1996) when they

estimated the amount of paraquat bound to the cell walls of H. glaucum by

measuring paraquat released to the external solution under warm and cool

conditions. They were not able to find any differences between paraquat binding

to root cell walls of resistant and susceptible biotypes at e¡ther temperature.

ln concentration-dependent binding experiments, cell wall fractions prepared

from leaves of resistant and susceptible biotypes were incubated in

concentrations up to 5 mM 1aO-paraquat. The amount of paraquat binding to the

soluble and insoluble parts was then measured. The kinetics of 1aO-paraquat

binding were similar in both biotypes (Fig. a.a). The binding in both resistant and

susceptible biotypes was increased with increasing concentrations of herbicide

and was not saturated up to 5 mM. This demonstrates a strong capacity of cell

walls to bind paraquat. Paraquat binding to the cell walls of maize roots has been

demonstrated to be linear (Hart et al., 1992b). These authors showed that

concentration-dependent kinetics for paraquat influx were non-saturating up to 1

mM with a linear component supposedly representing interaction of paraquat

with the cell wall. The kinetics of paraquat binding to cell walls were also

reported to be the same in roots of resistant and susceptible biotypes of H.

glaucum (Lasat et al., 1996).
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A plot of paraquat bound against paraquat bound/free demonstrated two different

types of binding sites with different affinities for paraquat in both biotypes. Much

of the considerable binding of paraquat to cell walls can be attributed to the low

affinity-binding site. Such paraquat is also more likely to be more easily

exchanged off the cell wall by other cations.

Paraquat bound to the cell walls can exchange with the other cations in the

solution. However, most paraquat bound was not exchangeable at lower

concentrations of cations (Fig. 4.8). The original concentration of 1aO-paraquat

loaded into the cell walls was about 10 ¡rM. About 2O"/" of the bound paraquat

remained strongly bound to the cell walls even when the concentration of other

divalent cations reached 5 mM. This may be due to some 1aO-paraquat being

irreversibly trapped and bound to the cell walls and not able to exchange with

other cations in the solution. Cold paraquat, putrescine and benzyl viologen were

demonstrated to be good competitors for bound paraquat while calcium was less

effective, and K+ was generally ineffective at removing bound paraquat.

Generally, there were few differences between resistant and susceptible biotypes

in the ability of cations to exchange with bound paraquat. However, the

susceptible biotype showed slightly better exchange capacity at higher cation

concentrations than the resistant biotype.

This study of paraquat binding to cell walls in vivo and rn vitro has demonstrated

that considerable quantities of applied paraquat become tightly bound to cell

walls. This paraquat is clearly unavailable for action within the cell. This large

binding of paraquat to cell walls will clearly mask the ability to determine uptake

of paraquat into cells and distribution within cell organelles if the cell wall is still

present. The studies of Hart ef al. (1992b) and Lasal et al. (1996) which have

attempted to determine the distribution of paraquat within cell organelles by efflux

experiments attributed the slowest eluting phase to the vacuole. However, given
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the large and tight binding of paraquat to cell walls, this slow effluxing phase

must be, at least in part, the result of paraquat binding to the cell wall. The

outcome of the present experiments has been to establish that increased binding

of paraquat to cell walls is not the mechanism of resistance in H. glaucum.
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Ghapter 5

Paraquat uptake into protoplasts of resistant and
susceptible biotypes of H. glaucum



5.1. Introduction

ln Chapter 4,itwas demonstrated that enhanced paraquat binding to cell walls in

the resistant biotype of H. glaucum is not the reason for exclusion of paraquat

from the active site. Because the cell wall has large numbers of negatively

charged binding sites to which paraquat strongly binds, protoplasts appear to be

a convenient and more homogeneous system to study paraquat transport. The

protoplast is a naked plant cell, surrounded by the plasma membrane, which lies

within the cell wall and can be isolated by removing the cell wall (Vasil, 1976).

lsolated protoplasts are a useful tool in the laboratory to study the absorption of a

variety of chemicals by cells. One of the advantages of using protoplasts in

absorption studies as indicated above is the lack of cell wall material.

Quantitative measurement of solute can be achieved without the complications of

the free space or apoplastic volume. Plant protoplasts have been used in studies

of auxin metabolism (Delbarre et al., 1994), triazine herbicide movement

(Darmstadt ef al., 1984; McOloskey and Bayer, 1990), and paraquat

transportation (Hart et al., 1993; Norman et al., 1993; Powles and Cornic, 1987).

Paraquat exits as a divalent cation in solution, and therefore, direct díffusion of

paraquat across the plasmalemma lipid bilayer is unlikely. Studies of animal

tissue and some plants suggest that paraquat transports actively across cell

membranes and its transport across the membrane is facilitated by a carrier that

normally functions in transport of polyamines (Smith and Wyatt, 1981; Hart et al.,

1992a). Active transport requires energy from metabolic processes to move a

molecule across a membrane against its electrochemical potential (Nobel, 1991).

The presence of paraquat at the active site (PSl) can be detected by measuring

photosynthetic activity. Therefore, photosynthetic parameters have been used to

examine the effects of paraquat in leaves of resistant and susceptible biotypes of
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H. glaucum and H. leporinum (Bishop et al., 1987; Preston et al., 1

calendula (Preston et a1.,1994), Conyza bonariensis (Fuerst et a1.,1985; Norman

et al., 1993), and So/an um americanum (Chase et al., 1998a; 1998b).

ln H. glaucum, the mechanism of resistance to paraquat was suggested to be

sequestration of paraquat away from its site of action by enhanced apoplastic

binding which results in reduced transport of paraquat into the cytoplasm (Bishop

et al., 1987). However, this mechanism was not observed in studies examining

isolated cell walls (Chapter 4). Another possibility for conferring resistance would

be a change at one of the plant cell membranes which results in inhibiting net

movement of paraquat across the membrane, thereby sequestering it from its site

of action. Preston et al. (1992b) reported that translocation of paraquat from older

leaves to younger leaves was reduced by more than 50% in a resistant biotype of

H. glaucurn, compared to a susceptible biotype. ln this study, paraquat that was

translocated in the resistant biotype did not reach its site of action in chloroplasts

as no reduction in photosynthetic activity was observed in the resistant biotype

compared to a 62"/" reduction of photosynthesis in a susceptible biotype. Preston

et al. (1992b) proposed that a barrier at the plasmalemma may be the

mechanism of resistance. However, Powles and Cornic (1987) showed that the

effects of paraquat on intact chloroplast and protoplasts isolated from leaves of H.

glaucum did not differ between resistant and susceptible biotypes. ln addition,

isolated protoplasts of resistant and susceptible C. bonariensrs have also shown

no differences in response to paraquat (Norman et al., 1993).

The aim of the experiments in this chapter was to study the movement of

paraquat across the plasmalemma of protoplasts prepared from leaves of

resistant and susceptible biotypes ol H. glaucum.
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5.2. Materials and Methods

5.2.1 lsolation of protoplasts

Protoplasts were prepared according to a method modified from Kaiser et al.

(1982). Seedlings of the resistant and susceptible biotypes o1 H. glaucum were

grown for about 2 weeks in a growth chamber with a 12h 1soO lighVl2 h 1 OoC

dark cycle as described in Chapter 3. Protoplasts were prepared from freshly

harvested leaves. The leaves were manually sliced into approximately 1-mm

segments with a new razor blade under solution A, which contained 0.5 M

sorbitol, 1 mm CaOle, O.1% 8SA,0.05% PVP,5 mM MES adjusted to pH 5.5 with

KOH. The leaf segments were floated on the surface of solution A plus 0.7 %

Cellulase "Onozuka" R-10 (Yakult, Tokyo, Japan) and 0.05% Macerozyme R-10

(Yakult, Tokyo, Japan) adjusted to pH 5.5 with KOH. The leaf segments were

digested for 3 hours without agitation at room temperature under lights. At the

end of the digestion period, the enzyme solution was removed and discarded.

The leaf segments were washed twice with solution B containing 0.5 M sorbitol, 1

mM CaOle, 5 mM MES, pH 6.0 (KOH) and filtered through a nylon filter to remove

undigested materials. The crude protoplast preparation was transferred into 15-

ml centrifuge tubes and centrifuged at 100 xg for 5 min. The supernatant was

discarded and pellets were resuspended by gentle shaking in a small amount of

solution B. Protoplasts were kept on ice in subsequent procedures of purification

and storage. The protoplasts were purified by floating through a stepped gradient

of Percoll (Pharmacia). Five ml of 30% Percoll solution was added to each tube

and thoroughly mixed. Three ml of 20lo Percoll solution was then layered onto

this, followed by 1 ml solution B without Percoll. After centrifugation at 250 xg for

10 min, the purified protoplasts were collected from a band between lhe 20"/o

Percoll layer and upper layer with an enlarged-bore disposable pipette.
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The number and viability of protoplasts was determined by using a

hemocytometer and fluorescein diacetete (FDA). The FDA mainly accumulates in

the cytoplasm of intact protoplasts. The purified protoplast preparations were

examined with a light microscope and were found to be free of cellular debris

and microorganisms. When stained with FDA, more than 90% of the protoplasts

brightly fluoresced a yellow green colour indicating that the plasmalemma of the

protoplasts was intact.

5.2.2 Oz evolution measurements

02 evolution of protoplasts of resistant and susceptible biotypes was measured

using a Clark-type 02 electrode. 02 evolution of protoplasts at 25oC was

measured by adding 200 pl of protoplast suspension to 1 ml of assay medium

which contained 0.4 M Sorbitol, 1 mM CaCl2, 15 mM Tricine-KOH (pH 7.5) plus

10 mM NaHCO3 in the oxygen electrode. To determine the effect of paraquat on

02 evolution by protoplasts, protoplasts were incubated in the dark for 10 min

with paraquat. Where other cations were used, they were added with the

paraquat. The rate of Oz evolution was determined after illuminating for 5 min at

1000 pE m-2 s-1. Chlorophyll concentration was determined as described by

Arnon (1949).

5.2.3 lJptake of laC-paraquat into protoplasts

Uptake of 1aO-paraquat into the protoplasts was measured in 400-pl centrifuge

tubes using a silicone oil centrifugation technique, The experiment was started

by adding 50 pl of protoplasts to 400 pl microtubes already containing, from

bottom to top: 10 pl of Dow 550 fluid (silicon oil)(Dow Corning), 100 pl of 4:1 (v/v)

4R200 (Fluka): Dow 510 fluid, and 150 pl of uptake solution containing the

appropriate concentrations of 1aO-paraquat and 2 mM other cations if desired.
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Unless otherwise stated, the uptake period was 10 s. Uptake was stopped by

centrifuging the tubes at 3500 xg for 40 s in a Microfuge. This pelleted the

protoplasts through the upper silicone oil layer. The microtubes were snapfrozen

in liquid nitrogen and the tips, containing protoplasts pellets, were cut off the

trozen tubes and placed in scintillation vials. Benzoyl peroxide/toluene was

added to the vials and the vials sonicated to disrupt the pellet. The benzoyl

peroxide acted to bleach the protoplasts to reduce quenching effects during LSS.

Scintillant (Ultima Gold-XR) was added to the vials and radioactivity associated

with the pellet determined by LSS.

5.3. Results

5.3.1 Paraquat inhibition of 02 evolution

The presence of paraquat in the chloroplast in the light results in production of a

paraquat radical that reacts with 02 producing superoxide, which reduces net Oz

evolution (Preston etal., 1992b). Measurement of net02evolution was used to

estimate the presence of paraquat in the chloroplasts of protoplasts prepared

from leaves of resistant and susceptible biotypes of H. glaucum. 02 evolution in

protoplasts of resistant and susceptible biotypes was measured in concentrations

of 2 to10 mM paraquat (F¡9. 5.1). Increasing the concentration of paraquat

inhibited Oz evolution of intact protoplasts; however, very high paraquat

concentrations were required to fully inhibit 02 evolution. 02 evolution was

inhibited by 50% with 6 mM paraquat. ln contrast, the same level of inhibition was

obtained in isolated chloroplasts of this biotype with about 7 pM paraquat

(Powles and Cornic, 1987). This demonstrates that paraquat is much less

effective when applied to protoplasts compared with chloroplasts. Despite this,
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there were no appreciable differences between protoplasts of resistant and

susceptible biotypes in inhibition of Oz evolution by paraquat (Fig. 5.1).

ln the above experiment, Oe evolution was measured in the presence of 1 mM

CaCl2. Calcium is required for stability of membranes, but has been shown to

inhibit the uptake of paraquat into protoplasts of maize roots (Hart et al., 1993).

Therefore, the effect of a single dose of paraquat (500 pM) in the presence of

different concentrations of Ca2+ was measured. Ca2+ had a protective effect on

inhibition of Oe evolution by paraquat (Fig. 5.2). Increasing concentrations of

Ca2+ increased 02 evolution of protoplasts in the presence of paraquat for both

resistant and susceptible biotypes. At 0.05 mM Ca2+, 500 pM paraquat inhibited

02 evolution of protoplasts by aboulTO%.lncreasing the concentration of Ca2+ to

5 mM reduced this inhibition to about 35%. There were no differences between

protoplasts isolated from resistant and susceptible plants in the ability of Ca2+ to

protect against paraquat damage.

5.3.2 Time-course of paraquat accumulation in protoplasts

When protoplasts from resistant and susceptible biotypes were incubated with

100 pM of 1aO-paraquat for varying times, paraquat accumulation in protoplasts

increased in a time-dependent manner and was saturated after 2 min (Fig. 5.3).

Paraquat uptake was very rapid with about half the maximum absorption

occurring within 10 s. The time course of paraquat absorption by protoplasts

isolated from resistant and susceptible plants was similar.

5.3.3 Paraquat uptake into protoplasts

Paraquat absorption by mesophyll protoplasts prepared from resistant and

susceptible leaves of H. glaucum is shown in Fig. 5.4. Protoplasts were
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Figure 5.1: lnhibition of 02 evolution by paraquat in protoplasts prepared from
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Figure 5.2: Effect of varying concentrations of Ca9lz on inhibition of Oz

evolution by paraquat in protoplasts of resistant (O) and susceptible (O) biotypes

of H. glaucum. Dala points represent the means of two experiments +SE.
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Figure 5.3: Time-course of 1aO-paraquat uptake in protoplasts of resistant (O)

and susceptible (O) biotypes of H. glaucum. Protoplasts were incubated with 100

pM 1aO-paraquat and uptake was measured at different time intervals. Each

point represents the mean of three experiments +SE.
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Figure 5.4: Concentration-dependent uptake of paraquat into protoplasts of

resistant (O) and susceptible (O) biotypes of H. glaucum. The protoplasts were

incubated in varying concentrations of 1aO-paraquat for 10 s before

centrifugation through silicon oil. Each point represents the mean of two

experiments, each containing duplicate samples, t SE.
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incubated in varying concentrations of 1aO-paraquat and were separated from

the solution using the silicon oil separation method. Accumulation of 14C'

paraquat into the protoplasts increased with increasing concentrations of

paraquat. However, there were no obvious differences in accumulation of

paraquat into protoplasts of resistant compared to susceptible biotypes other

than a general tendency for more paraquat to accumulate in protoplasts from

resistant plants.

Further experiments were also performed incubating protoplasts with Ca2+ and

putrescine to determine the effect of these cations on uptake of paraquat into the

protoplasts. Divalent cations have been shown to compete with paraquat and

non-competitively inhibit its uptake into plant cells (Hart et al., 1992b; 1993). Both

Ca2+ and putrescine inhibited uptake of 1aO-paraquat into the protoplasts;

however, putrescine was a more effective inhibitor (Fig. 5.5). Addition ol Ca2+

and putrescine together was no more effective at inhibiting paraquat uptake than

the addition of putrescine alone. The addition of cations inhibited paraquat

uptake in protoplasts isolated from both resistant and susceptible biotypes.

5.4. Discussion

Uptake of paraquat has been examined extensively in leaves of resistant and

susceptible plants of H. glaucum (Bishop et al., 1987; Preston et al., 1992b).

However, the presence of the cell wall that binds considerable quantities of

paraquat (Chapter 4) could interfere with such studies. Therefore, protoplasts

were re-examined as a model system to study paraquat absorption by cells.

Paraquat is a photosystem I electron acceptor that causes rapid membrane

damage by accepting electrons and transferring these electron to oxygen

(Summer, 1980). Therefore, measurement of photosynthetic activity is a useful
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method of estimating paraquat appearance at its active site in the chloroplasts

(Preston et al., 1992b; Preston, 1994; Chase et al., 1998a). In concentration-

dependent experiments, increasing concentrations of paraquat inhibited Oz

evolution by protoplasts from resistant and susceptible plants (Fig. 5.1). However,

a paraquat concentration of 10 mM was needed to completely inhibit Oz

evolution while complete inhibition of photosynthesis in chloroplasts was

obtained by concentrations of paraquat as low as 15 pM (Powles and Cornic,

1987). The results obtained here confirm those of Powles and Cornic (1987) in

that a high concentration of paraquat is needed to inhibit 02 evolution by isolated

protoplasts. Also, complete inhibition of photosynthesis in intact leaves of

resistant biotypes was obtained when the concentration of paraquat inside the

leaf was about 0.8 mM (Bishop et al., 1987). lt seems that protoplasts of H.

glaucum are generally much more resistant to paraquat than are chloroplasts or

leaf slices. The same conclusion was also reached by Norman et al. (1993) for

Conyza bonariensrs. These authors reported that paraquat-induced chlorosis (an

indicator of paraquat sensitivity) was similar between biotypes for chloroplasts

and protoplasts oÍ C. bonariensis. However, leaf sections of the resistant plants

exhibited an 81-fold level of resistance similar tothe 1OO-fold level observed in

whole plants. Chl5s values for protoplasts from resistant and susceptible biotypes

were 72 ¡tM and 71 pM compared with 24.3 ¡tM and 0.3 pM for leaf slices,

respectively (Norman et al., 1 993).

Paraquat is a highly polar divalent cation and its fast penetration into cells is most

likely through active transport across membranes. There have been reports

suggesting that paraquat may be carried across membranes by transport

proteins that normally carry other cations such as polyamines (Byers et al., 1987;

Harl et al., 1992a). Therefore, the low sensitivity of protoplasts to paraquat

compared with chloroplasts and the whole leaf, and its general resistance to this

herbicide may be attributed to protoplasts lacking the cell wall. A structurally
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intact cell wall may be required for a carrier located in the plasmalemma to

effectively transport paraquat from the apoplast into the cytoplasm (Norman et al.,

1993). The low sensitivity of protoplasts may also be due to low permeability of

the plasmalemma to paraquat compared with higher permeability of the

chloroplast envelope. Ca2+ may also be having an impact on binding sites on the

plasmalemma membrane. For example, in carrot protoplasts, it has been

suggested that Ca2+ may compete with spermidine for the same anionic sites

involved in transporting spermidine into the protoplasts (Pistocchi et a1.,1988).

Ca2+ is essential for membrane stability and has been reported to inhibit uptake

of paraquat into root cells of maize (Hart et al., 1993) as well as influencing the

transport processes of polyamines (Antognoni et al., 1995; Pistocchi and Bagni,

1990). lncreasing concentrations of Ca2+ resulted in a reduction in the impact of

paraquat on 02 evolution in protoplasts of both resistant and susceptible plants

(Fig. 5.2). lt has been speculated that Ca2+ concentrations within the cell are

highly regulated, therefore, its inhibitory effect may be the result of its known

effects on ionic channels, ATPases or other enzymes in membranes (Antognoni

et a1.,1993). Ca2+ and putrescine also had an inhibitory effect on accumulation

of paraquat into the protoplasts. Accumulation of 14O-paraquat into protoplasts of

both resistant and susceptible plants was reduced considerably when they were

incubated in the presence of putrescine or mixtures of putrescine and Ca2+ (F¡9.

5.5). This inhibition of paraquat uptake indicates that putrescine and Ca2+ can

interfere with paraquat movement across the plasmalemma. Ca2+ alone had a

lesser effect on inhibition of paraquat uptake. Ca2+ had no measurable impact on

increasing the impact of putrescine on uptake as was reported in carrot

protoplasts (Antognoni etal., 1993). The same interfering effect of putrescine and

Ca2+ on paraquat uptake has been also reported in maize protoplasts and intact

matze roots (Hart et a1.,1992b; 1993).
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Uptake of paraquat by protoplasts appeared to follow saturation-type kinetics

(Fig. 5.4), suggest¡ng that the transport process was carrier mediated. Carrier-

mediated transport of paraquat has been shown for cells of some plants and

animal tissue (Hart et a\.,1992a; Smith and Wyatt, 1981). A large amount of 1aC-

paraquat accumulated during the first 20 s of incubation (Fig. 5.3). This indicates

that the initial rate of paraquat uptake into protoplasts is rapid. Hart ef a/. (1993)

reported that most of the paraquat accumulated into protoplasts of maize

suspension cultures occurred during the first 10 s of incubation. This fast uptake

of paraquat across the plasmalemma may be due to the initial electrochemical

potential gradient for paraquat transport across the plasmalemma which is

substantial (Hart et a1.,1993).

The proposed sequestration mechanism of resistance is not demonstrated to be

the result of any change in plasmalemma membranes in resistant biotypes as

there were no or little differences in response to paraquat between protoplasts

from the two biotypes. However, given the general tolerance of protoplasts to

paraquat, particularly in the presence of Ca2+, questions must be raised about

the general suitability of protoplasts for these studies. Other methods may be

required to clarify the role of the plasmalemma in paraquat resistance.

Lasat et al. (1997) have proposed an alternative hypothesis that resistance in H.

glaucum is due to sequestration of paraquat in the vacuole. The numerous

attempts to isolate intact vacuoles from H. glaucum leaves were unsuccessful.

Therefore, this hypothesis could not be tested explicitly.
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Chapter 6

General discussion



Paraquat has been widely used in agriculture for more than 30 years for weed

control prior to crop sowing and to control weeds in perennial cropping systems.

As a result of the intensive use of paraquat, resistance has appeared in

populations of 27 species of weeds. All previously-reported cases of paraquat

resistance have been observed in perennial cropping operations where weeds

have evolved resistance following intense selection pressure from up to several

applications of paraquat per year (reviewed by Preston, 1994). ln Australia, all

previously reported paraquat resistant populations have been found in lucerne

crops in southern Australia following a long history of once annual paraquat use.

ln 1994 failure of paraquat to control Hordeum glaucumlrom two fields devoted

to continuous cereal cropping was reported. These fields had a long history of

use of paraquat and diquat to control weeds in a zeÍo tillage system. Both

populations of H. glaucum proved highly resistant to paraquat (Chapter 2). This is

the first report, world-wide, of paraquat resistance in a weed species from the

most common usage of paraquat, zeÍo- and minimum-tillage annual cropping.

The occurrence of paraquat resistant biotypes in this zero-tillage system is a

direct consequence of farmers being dependent strongly on such herbicides for

weed management in these systems. The populations of H. glaucum examined

here demonstrate that paraquat resistance is not restricted to perennial cropping

systems, but can occur anywhere paraquat is used intensively. The paraquat

resistant biotypes are controlled by herbicides with different modes of action such

as fluazifop-p-butyl, or glyphosate (Chapler 2).

The mechanism of resistance to paraquat in H. glaucum is unknown but is

correlated with reduced translocation of paraquat (Preston et al., 1992b). lt has

previously been established that paraquat resistance in H. glaucum and H.

leporinum demonstrates a dependence on temperature (Purba et al., 1995). The

resistant populations are much less tolerant of paraquat at higher temperatures
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compared to low temperatures. The reduction in resistance at high temperatures

was demonstrated to be the result of increased translocation of paraquat (Purba

et al., 1995). This temperature dependence of paraquat resistance appears

restricted to grass species as no temperature dependence was observed in

resistant populations of Arctotheca calendula (Purba and Preston, unpublished

results) or Conyza bonariensis (Preston, unpublished results). This temperature

dependence of paraquat resistance provides a useful test of similarity of

mechanisms of resistance. The two biotypes of H. glaucum trom zero-till cropping

demonstrated temperature dependence of paraquat resistance as previously

known paraquat resistant biotypes from lucerne crops did (Chapter 2). ln

essence, the paraquat resistance mechanism is relatively ineffective at high

temperatures in all resistant biotypes of H. glaucum.

Previous studies have demonstrated that paraquat resistance in H. glaucum is

not the result of altered activity of the herbicide at its target site, photosystem I

(Powles and Cornic, 1987). Decreased cuticular penetration of paraquat and

reduced import of paraquat into the chloroplast were also eliminated as possible

mechanisms of resistance in H. glaucum (Bishop ef al., 1987i Powles and Cornic,

1987). Enhanced activities of superoxide dismutase or other oxygen radical

detoxifying enzymes have been proposed as a mechanism of resistance to

paraquat in other species (Shaaltiel and Gressel, 1986), but have been

eliminated as a potential resistance mechanism in H. glaucum (Powles and

Cornic, 1987). Previous work has also established that paraquat does not appear

at the active site within the chloroplast as readily in the resistant population of H.

glaucum (Prestonet al., 1992b) despite similar absorption of paraquat through

the leaf cuticle (Bishop etal., 1987). Therefore, it seems that the main reason for

resistance to paraquat lies in a reduction in the movement of paraquat from

intercellular spaces in the leaf to the chloroplast. Paraquat may be prevented

from entering to the cell by either enhanced apoplastic binding to cell wall
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mater¡al, decreased uptake into cells, and/or sequestration in the vacuole. These

possible mechanisms of resistance were examined in this thesis.

Research with animal and plant tissue has established that paraquat may enter

animal and plants cells on a transporter that normally transports polyamines such

as putrescine (Smith and Wyatt, 1981; Hart et al., 1992a). The work of Hart et al.

(1992a) has established that polyamines and paraquat are competitive inhibitors

with a high polyamine concentration restricting the transport of paraquat, and

vice versa. From this research, it is possible to hypothesise that, in plants,

paraquat may be transported across cell membranes by a polyamine transporter.

A possible resistance mechanism could be a change in the polyamine

transporter that reduces the etficiency of the paraquat transporter, thereby

restricting paraquat entry into the cell. Equally, if the plant had significantly higher

constitutive or induced levels of polyamines in the apoplast, this would restrict

paraquat entry into the cell. lt was not possible to study the polyamine transporter

as it has not yet been characterised. However, it was possible to establish if there

are higher polyamine levels in leaves of paraquat resistant plants. lt is apparent

from Chapter 3 that constitutive putrescine contents are generally higher in

resistant biotypes compared to susceptible biotypes ol H. glaucum and H.

leporinum although there was considerable variation amongst biotypes (Chapter

3). Higher constitutive putrescine content has also been reported in leaves of

some paraquat-resistant biotypes of Conyza canadensis and Conyza

bonariensrs and suggested to play a role in paraquat resistance in these species

(Szigeti et a1.,1996; Ye ef a1.,1997). The application of paraquat to both resistant

and susceptible plants of H. glaucum and H. leporinum resulted in an increase in

putrescine content of leaf tissue (Chapter 3). Paraquat induced putrescine

contents to higher levels in resistant compared to susceptible plants.
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While increased putrescine content in the apoplast would tend to decrease

paraquat uptake in resistant biotypes of H. glaucum and H. leporinum. This does

not appear to be a primary paraquat resistance mechanism in Hordeum spp.

There was a poor correlation between constitutive leaf putrescine content and

the degree of resistance to paraquat measured by GRso (Chapter 3). ln addition,

induction of putrescine was also observed following application of oxyfluorfen, a

herbicide of different mode of action that also imposes oxygen radical stress and

to which the paraquat resistant biotypes are not resistant (Chapter 3).

The higher putrescine content in resistant b¡otypes may be due to a change in

the carrier responsible for influx of putrescine into the cell or vacuole, or efflux

from the cell or vacuole. A change in the carrier might lead to increased

accumulation of both putrescine and paraquat either in the vacuole or outside the

cell. Other factors are also likely to influence this higher putrescine content in

resistant biotypes. These include a change in the activity of polyamine

biosynthetic enzymes, which usually increase in response to ditferent stress

(Flores and Galston, 1982a; Young and Galston, 1983). For example, it was

recently reported that a greater activity of polyamine biosynthetic enzymes

resulted in production of more putrescine in a paraquat resistant biotype of C.

bonariensrs (Ye et al., 1997). Another possibility is that the mutation providing

resistance to paraquat imposes some other stress on the resistant plants, which

respond by increasing putrescine contents.

In Chapter 4, the possibility of enhanced binding of paraquat to cell wall

components was examined as a possible reason for exclusion of paraquat from

the cell. Increased binding in the resistant biotype would lead to sequestration of

herbicide outside of the cell and, therefore, there would be less paraquat

available to enter to the active site in the chloroplasts. The study of paraquat

binding to cell walls in vivo and rn vitro has demonstrated that considerable
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quant¡ties of applied paraquat become tightly bound to cell walls. Paraquat

binding increased considerably following removal of cell contents by mechanical

isolation. This increased binding may occur because the amount of free space or

the number of binding sites available to paraquat was increased following

destruction of the plasma membrane. Paraquat was also found to bind to the

membrane fractions and cell wall associated proteins (Chapter 4). However,

there were no significant differences between resistant and susceptible biotypes

in binding to membrane, cell wall, or the cell wall associated proteins. The results

obtained in Chapter 4 are in agreement with other reports that differential

paraquat binding to the cell wall does not account for resistance in other species

(Norman et a1.,1993; Preston et al., 1994; Lasat et al., 1996).

Paraquat, due to its negative charge, binds strongly to the cell wall and is not

easily exchangeable without the presence of strong competition from other

cations. High concentrations of other divalent cations were required to release

bound paraquat. Paraquat, benzyl viologen, and putrescine were the most

effective competing cations. However, not all of the paraquat bound can be

exchanged with the solution. About 20% of the bound paraquat remained

strongly bound to the cell walls even when the concentration of other divalent

cations was high (Chapter 4). This may be the result of paraquat being

irreversibly trapped and bound to the cell walls and not able to exchange with

other cations in the solution. The kinetics of 14O-paraquat binding were similar in

resistant and susceptible biotypes (Chapter 4) and displayed two different types

of binding sites.

Paraquat binding to the cell wall is a major obstacle for translocation of this

herbicide to its site of action. A considerable quantity of paraquat applied to

plants will not reach the active site in chloroplast because of binding to cell walls.

This has to be considered in any uptake or etflux experiment because the cell
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wall binding will interfere with the ability to determine uptake of paraquat into

cells and distribution within cell organelles. ln an attempt to determine the

distribution of paraquat within cell organelles by efflux experiments, Hart et al.

(1992) and Lasat et al. (1997) attributed the slowest eluting phase to the vacuole.

However, considering the large and tight binding of paraquat to cell walls, this

slow effluxing phase must be, at least in part, due to binding of paraquat to the

cell wall.

The presence of the cell wall, which binds considerable quantities of paraquat

(Chapter 4), could interfere with paraquat uptake. Therefore, protoplasts were

used as a model system to study paraquat absorption by cells. Protoplasts

appear to be a convenient and more homogeneous system than intact leaves for

such studies. Intact tissue constitutes a complex system where the cuticle and

cell cohesion hamper the study of solute transport (March and Tremolieres,

1 e85).

Measurement of photosynthetic activity was used as a useful method for

estimating paraquat appearance at its active site in the chloroplasts of

protoplasts. As described in Chapter 1, the presence of paraquat in the

chloroplast in the light results in production of a paraquat radical that reacts with

02 producing superoxide. This reduces net 02 evolution. Protoplasts of H.

glaucum are generally much more resistant to paraquat than were chloroplast or

leaf slices (Chapter 5; Powles et al., 1987; Preston et al., 1992b). ln Conyza

bonariensrs, Norman et al. (1993) observed the same effect when they showed

that a high concentration of paraquat was needed to bleach chlorophyll of

protoplasts compared to leaf slices. One possible reason for this general

tolerance of protoplasts is that calcium is a non-competitive inhibitor of paraquat

uptake (Preston etal.,1992a; Hart ef a/., 1993). When the calcium concentration

was reduced, paraquat was considerably more effective at inhibitinQ 02 evolution
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by protoplasts (Chapter 5). At low concentrations ol Ca2+, protoplasts of both

susceptible and resistant H. gtaucurn were equally sensitive to paraquat. Ca2+ is

needed to maintain membrane integrity and some of the increased sensitivity at

low concentrations of Ca2+ may be due to deterioration of membranes.

Experiments with 1aO-paraquat demonstrated that paraquat absorption by

protoplasts was initially rapid. No differences were observed in absorption of

paraquat between protoplasts of susceptible and resistant H. glaucum (Chapter

5). As no differences were observed in 1aO-paraquat absorption by protoplasts or

in paraquat inhibition of Oe evolution between protoplasts of resistant and

susceptible H. glaucum, it could be argued that resistance is not the result of a

change in a plasmalemma membrane transporter for paraquat. However, given

the general tolerance of protoplasts to paraquat, particularly in the presence of

Ca2+, other methods such as isolation of plasmalemma vesicle may be required

to clarify the role of the plasmalemma in paraquat resistance.

Following the present study, there remain two possible mechanisms that could

account for paraquat resistance in H. glaucum. These are exclusion of paraquat

from the cell as proposed by Preston et al. (1992a; 1992b) or sequestration of

paraquat in the vacuole as proposed by Lasat et al. (1997).

The plasmalemma exclusion hypothesis was proposed based on reduced

inhibition of photosynthetic activity by paraquat in leaves and leaf slices (Preston

et al., 1992a; 1992b). This hypothesis is supported by reduced basipetal

translocation of paraquat (Preston etal., 1992b; Purba et al., 1995) and similar

acropetal translocation (Purba et al., 1995). This type of hypothesis is also

supported by the generally recessive genetics of resistance in H. glaucum and H.

leporinum (lslam and Powles, 1988; Purba et al., 1993b). Protoplast uptake

experiments (Chapter 5) do not support th¡s hypothesis; however, given the
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general high tolerance of protoplasts to paraquat, these experiments need to be

interpreted with care.

The vacuolar sequestration hypothesis is based on measurement of efflux of

paraquat from intact roots of susceptible and resistant H. glaucum (Lasat et al.,

1997). These studies demonstrated three phases of efflux of paraquat, which

were attributed to efflux from the apoplast, cytoplasm and vacuole. The large tight

binding of paraquat to cell walls (Chapter 4) means that these attributions may

contain a phase that comes from the cell wall. The vacuolar sequestration

hypothesis is supported by reduced basipetal translocation of paraquat (Preston

et al., 1992b; Purba et al., 1995); however, it would be expected that acropetal

translocation might also be reduced, which does not happen (Purba et al., 1995).

The protoplast uptake experiments (Chapter 5) do not support vacuolar

sequestration as absorption should be greater in the resistant protoplasts.

However, the questions raised about protoplasts above also apply here. The

initial inhibition of photosynthesis followed by a rapid recovery following

appfication of paraquat to leaves of Conyza bonariensrs (Shaaltiel and Gressel,

1987) and Conyza canadensrs (Lehoczki et al., 1992) would support a vacuolar

sequestration hypothesis. However, this phenomena is not seen with either

resistant H. glaucum or H. leporínum (Preston et al., 1992b). Mornet et al. (1997)

demonstrated that paraquat could be absorbed by intact vacuoles of barley,

however, high external concentrations of paraquat (4 mM) were required to

obtain significant uptake. Lastly, vacuolar sequestration, if mediated by a pump,

would be expected to be the result of a partially dominant gene.

f n concfusion, the mechanism of resistance to paraquat in H. glaucum appears to

be sequestration of paraquat away from the site of action. lncreased apoplast

binding does not seem to be involved in the process, although paraquat binds

strongly to the cell wall. A change in a paraquat transporter is most likely the
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mechan¡sm of res¡stance. As yet it is unclear whether sequestration occurs in the

apoplast or the vacuole. Experiments with plasmalemma and tonoplast vesicles

isolated from resistant and susceptible biotypes will further help to locate the

mechanism of resistance.
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