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The paper gives an overview of literature on paraquat resistance of weeds and the pro­
posed mechanism of resistance. New results we achieved on horseweed (Conyza canadensis 
/LJ, Cronq.) are discussed in detail.

It was demonstrated that there is no significant constitutive difference related to the para­
quat resistance between untreated susceptible and paraquat-resistant horseweed plants. The 
lower sensitivity of flowering resistant plants may be due to the fact that paraquat content 
in treated leaves of flowering resistant plants was only 25% as compared to those measured 
at rosette stage. Our results confirm that paraquat resistance is not based on elevated level 
and activity of antioxidant enzyme system. The hypothesized role of polyamines in the resis­
tance mechanisms can be excluded. The higher putrescine and total polyamine content of 
paraquat treated resistant leaves can rather be regarded as a general stress response, than as 
a symptom of paraquat resistance. A  paraquat-inducible protein is supposed to play a role 
in the resistance, which presumably functions by binding paraquat to an inactivating site and/ 
or by carrying paraquat to metabolically inactive cell compartment (vacuole, cell wall). From 
model experiments it is concluded that paraquat and diquat preferentially form hydrophylic 
interactions with proteins containing a higher amount of lysine and glutamic acid. Conse­
quently, the reason for paraquat resistance in horseweed is probably a hydrophylic interac­
tion of paraquat with a protein, leading to inactivation of paraquat through forming a conju­
gate and/or sequestration into the vacuole or the cell wall.

Bipyridyls and their mode of action

The two best-known bipyridyl compounds, para­
quat (l,r-dimethyl-4,4'-bipyridinium) and diquat 
(9,10-dihydro-8a,10a-diazoniaphenanthrene), are 
used, generally in the form of haloid salts, as the 
active ingredients of post-emergent, non-selective, 
contact herbicides. These compounds are applied 
in vineyards, orchards and forests for total weed 
control, in horticulture for the weed control of 
seedbeds, and in the field for defoliation and desic­
cation of crops. These compounds are inactivated 
in the soil, as they bind irreversibly to clay miner­
als, so they have no residual effects. The com­
pounds are extremely toxic to vertebrates, and 
thus to man: the LD50 value characterising the oral

Abbreviations: LHCP, light harvesting chlorophyll pro­
tein complex; PqAR, paraquat/atrazine coresistant; 
PqR, paraquat-resistant; PS I, II, photosystem I, II; R, 
resistant; RF, resistance factor; S, susceptible; SOD, su­
peroxide dismutase.

toxicity in rats is 157 mg/kg body weight for para­
quat. The minimum lethal dose by oral ingestion 
in human beings is about 35 mg/kg body weight. 
Because of the high toxicity the use of herbicides 
containing paraquat is severely restricted or 
banned in many European countries. Neverthe­
less, investigations on its effect and resistance 
mechanisms continue with scarcely diminished in­
tensity.

The bipyridyls exert their phytotoxic effect by 
diverting electrons on the reducing side of PS I 
from their normal physiological pathway at the 
FeSx component(s) of the electron transport chain 
(Hiyama et al., 1993), thus forming cation radicals 
and also preventing the formation of NADPH. 
These radicals are extremely reactive and generate 
superoxide anion radicals in the chloroplasts by 
interacting with molecular oxygen present due to 
photosynthetic oxygen evolution. In this process 
the bipyridyl radicals themselves revert to cations. 
The bipyridyl cation radicals and the superoxide 
anion radicals generate hydroxyl radicals in subse-
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quent reactions. The active oxygen species, espe­
cially the hydroxyl (OH*) and superoxide anion 
(O*2-) radicals rapidly peroxidize the fatty acid 
side chains of membrane lipids, leading to a loss 
of membrane integrity.

Occurrence of paraquat resistance in weeds

The first resistant weed biotypes were detected 
12-15 years after herbicides containing bipyridyl 
were introduced in the sixties. In each case para­
quat containing Gramoxone was applied 5 -10  
times a year for 5 -11  years. These plants also ex­
hibited a lower extent of resistance to herbicides 
containing diquat. The resistant weeds include 
both monocots (e. g. Hordeum  glaucum, H. lepori- 
num, Poa annua, etc) and dicots (e. g. Am aranthus  
lividus, Solanum nigrum, S. americanum, Vulpia 
bromoides, etc) and were found over a wide range 
of geographical locations (for further details see 
Preston, 1994). The resistance was independent of 
paraquat pretreatm ent in some plants e.g. 
Rehmannia glutinosa (Gaertn.) Libosch  (Chun et 
al., 1997). Paraquat tolerance was also demon­
strated in Chlam ydom onas reinhardtii mutants 
(Kitayama and Togasaki, 1992; Vartak and Bhar- 
gava, 1999), C henopodium  rubrum  cell cultures 
(Ranade and Feierabend, 1991), Nicotiana taba- 
cum  calli (Furusawa et al., 1984), transgenic to­
bacco (Aono et al., 1995) and Arabidopsis thaliana 
(Kurepa et al., 1997). Among the cultivated plants, 
paraquat tolerance was recorded for, among oth­
ers, pea (Pisum sativum  L., Donahue et al., 1997) 
and a soybean variety (Kim and Hatzios, 1993).

Hypotheses on the mechanism of 
paraquat resistance

The resistance of weeds to herbicides and the 
tolerance of crops is generally based on their abil­
ity to detoxify the herbicides, or on the site of ac­
tion becoming insensitive to the applied active 
agent.

On the basis of experiments carried out on para­
quat-resistant (PqR) biotypes of weed species 
originating from various regions and developing 
under differing climatic and herbicide application 
conditions, numerous hypotheses have been 
evolved on possible reasons for resistance. The 
idea that the redox potential relations at the entry 
site of paraquat in the photosynthetic electron

transport chain changed so that the paraquat was 
incapable of accepting electrons was rejected at an 
early stage. No changes could be observed at the 
active site in any of the experiments carried out 
on Lolium  perenne (Harvey et al., 1978), Conyza  
bonariensis (Fuerst et al., 1985) and Hordeum  
glaucum  (Powles and Cornic, 1987). In a resistant 
biotype of Conyza canadensis it was found that the 
active site was just as accessible to paraquat as in 
susceptible ones, i.e. the redox potential on the ac­
ceptor side of PS I did not change (Lehoczki, per­
sonal communication).

The hypothesis that paraquat becomes metabo­
lised in the plant was also rejected, since no para­
quat metabolites had been detected in plants, and 
the same proved to be true of two paraquat-resis­
tant weeds (Lolium  perenne, Harvey et al., 1987; 
Conyza bonariensis, Norman et al., 1993). Data in 
the literature indicate that only certain soil-born 
bacteria (Funderburk and Bozarth, 1967) and 
fungi (Carr et al., 1985) are capable of metabolis­
ing paraquat, while there is one single indirect ex­
perimental evidence of its metabolisation in 
Rehmannia glutinosa (Chun et al., 1997). Convinc­
ing proof of plant metabolisation is difficult to ob­
tain due to the fact that paraquat undergoes spon­
taneous decomposition on plant leaves when 
exposed to UV light. The question of the metabol­
isation of paraquat in plants is thus still open, 
mainly due to methodological problems.

During investigations on the limited mobility of 
paraquat in R plants it was demonstrated with 
four different resistant species that paraquat is 
bound to cellwall components. This adsorption 
proved to be paralleled by the recovery of func­
tional activity, characterised by carbon dioxide fix­
ation and chlorophyll-a fluorescence, after transi­
tory inhibition (Fuerst and Vaughn, 1990).

A more viable hypothesis is that resistance is 
associated with the enhanced activity of antioxida­
tive, protective enzymes (Shaaltiel and Gressel,
1986). Plants are known to possess an antioxidant 
enzyme system capable of eliminating the active 
oxygen forms arising in the chloroplasts under 
physiological conditions. The superoxide anion 
radical is transformed by the superoxide dismutase 
(SOD) enzyme into hydrogen peroxide and mo­
lecular oxygen, and subsequently the hydrogen 
peroxide is eliminated from the chloroplasts by 
the ascorbate-glutathione cycle, consisting of the
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ascorbate peroxidase, dehydroascorbate reductase 
and glutathione reductase enzymes (Foyer and 
Halliwell, 1976). During oxidative stress the activ­
ity of these enzymes is generally enhanced. In ex­
perimentally juvenilised tobacco a certain degree 
of paraquat tolerance and resistance to other oxi­
dative stresses could be achieved by increasing the 
quantity of antioxidant agents and enzymes 
(Barna et al., 1993). However, the enhanced activ­
ity of the enzymes in this cycle could not be de­
tected in most of the paraquat-resistant plants 
(Powles and Cornic, 1987; Carroll et al., 1988). In 
some of these plants, although the enzymes exhib­
ited 1.3-1.6 times higher activity (Shaaltiel and 
Gressel, 1986; Shaaltiel et al., 1988), this was not 
sufficient to explain the resistance factor of 10 ob­
served. Further investigations on paraquat-resis- 
tant Conyza bonariensis 24 hours after sublethal 
treatment with paraquat showed a similar increase 
in activity for numerous antioxidant enzymes such 
as superoxide dismutase, ascorbate peroxidase, de­
hydroascorbate reductase, monodehydroascorbate 
reductase and glutathione peroxidase (Ye and 
Gressel, 2000). It remains doubtful whether this 
mechanism has any decisive role in paraquat resis­
tance, since the paraquat radical reacting with mo­
lecular oxygen reverts to a cation, and is thus able 
to continuously generate superoxide radicals. The 
protecting enzyme cycle, which utilises the 
NADPH pool of the chloroplasts is not capable to 
cope with this situation indefinitely. The opinion 
prevails that the antioxidant enzyme cycle only 
provides a temporary protection, until some other 
type of mechanism(s) ensuring long-term survival 
starts to operate. Experiments carried out on 
plants belonging to five different R biotypes of 
Conyza canadensis L. growing at various sites in 
Hungary proved convincingly that despite the very 
different resistance factors there was neither a dif­
ference in SOD activity (Turcsänyi et al., 1994) nor 
in ascorbate peroxidase, glutathione reductase and 
catalase before or after spraying with paraquat 
(Turcsänyi et al., 1998).

According to another possible explanation para­
quat is prevented from reaching its site of action 
in the chloroplasts of R plants. Experiments car­
ried out using 14C-paraquat indicated that in cer­
tain cases, e.g. in Erigeron philadelphicus (Tanaka 
et al., 1986), H ordeum  glaucum  (Bishop et al.,
1987) and Conyza bonariensis (Fuerst et al., 1985)

the resistance may be caused by the strong inhibi­
tion of translocation. This could contribute to the 
induction of an inducible protective mechanism, 
since less paraquat would reach the cells, putting a 
lighter burden on the protective system. Paraquat 
enters the cell with the aid of a transporter mole­
cule localized in the plasmalemma. This became 
clear when it was demonstrated that the dynamics 
of the concentration-dependent uptake of para­
quat could be divided into a linear component de­
pendent on the permeability of the cell wall and a 
saturable component indicating a transporter 
molecule (Hart et al., 1992b). Putrescine competi­
tively inhibited uptake, which could indicate that 
a polyamine transporter is responsible for the up­
take of paraquat. The most important feature of 
paraquat from the point of view of transport is the 
charge distribution within the molecule which is 
similar to that of putrescine (Hart et al., 1992a). 
Since polyamines can be transported into the vac­
uoles, it is probable that a polyamine transporter 
assists the paraquat to enter the vacuoles (Pis- 
tocchi et al., 1988). In some of the R biotypes the 
binding of paraquat to the cell wall (Fuerst et al., 
1985; Vaughn et al., 1989) or its sequestration in 
the vacuoles (Hart and DiTomaso, 1994; Lasat et 
al., 1997) could be observed. Certain polyamines 
also have a putative role in exclusion mechanisms 
(Preston et al., 1992), based on the fact that putres­
cine competitively inhibited the uptake of para­
quat in the cell membranes of maize root proto­
plasts (Hart et al., 1992a).

Data in the literature on the inheritance of para­
quat resistance mention a number of possibilities 
for various species, ranging from recessive inheri­
tance (Ceratopteris richardii, Hickok and Schwarz,
1989) through dominant (C onyza bonariensis, 
Erigeron philadelphicus, Itoh and Miyahara, 1984) 
and semidominant (Arctotheca calendula, 
H ordeum glaucum, Islam and Powles, 1988; Purba 
et al., 1993) to polygenic inheritance (Lolium  per- 
enne, Poa annua, Fuerst and Vaughn, 1990). Ge­
netic studies also indicated that plants with low 
resistance factors (below 10), such as Poa annua 
and Lolium  perenne, showed polygenic inheri­
tance, while weeds with higher resistance factors, 
such as H ordeum  leporinum, H. glaucum  and A rc­
totheca calendula, had semidominant inheritance 
associated with a single gene (Islam and Powles, 
1988; Purba et al., 1993).
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Characteristics of paraquat-resistant biotypes of 
Conyza canadensis (L.) Cronq.

Due to unclear nomenclature in the scientific 
literature with respect to horseweed we have to 
emphasize that Conyza canadensis (L.) Cronq. as 
the correct scientific name has been used since 
1976 (Cronquist, 1976). The first paraquat-resis­
tant C onyza canadensis plants found in Hungary 
developed in an atrazine-resistant population 
(Pölös et al., 1987). Later, horseweed populations 
resistant only to paraquat were also found. For 
quantitative characterisation of the resistance the 
paraquat resistance factor (RF) is determined as 
the concentration ratio resulting in 50% inhibition 
in R and S plants (Isor/Isos)- In the rosette stage 
the RF value of plants resistant only to paraquat 
was 180 expressed as the change in Fv/Fm, charac­
teristic of the quantum efficiency of PS II. In para- 
quat-atrazine coresistant (PqAR) plants, RF val­
ues varied between 210 and 650, depending on the 
prehistory of the plant (Szigeti et al., 1988, 1994). 
In the flowering stage RF values as high as 1000 
were reported (Turcsänyi et al., 1998). When 
treated with diquat, the RF value of the PqR bio­
type, resistant only to paraquat, was 47, while that 
of the PqAR biotypes found at various sites in 
Hungary exhibited resistance factors of between 
50 and 110 (Szigeti et al., 1994). These data indi­
cate that the simultaneous resistance to atrazine 
and paraquat always results in a higher resistance 
factor with respect to bipyridyls.

It was found that in the rosette stage of develop­
ment, RF depended greatly on the parameters 
used for the RF determination [C 0 2 fixation, Fv/ 
Fm, ratio of fluorescence decrease: Rfd = (Fm-Fs)/ 
Fs], on the treatment conditions, on previous treat­
ments and on the site of origin of the plants. The 
effect recorded is also substantially influenced by 
light intensity used during the bipyridyl treatment 
(Lehoczki et al., 1992). Light plays an important 
role in inducing the resistance mechanism, and is 
also a criterion for the initial uptake of paraquat 
(Väradi et al., 2000). Light conditions applied in 
the experiments must thus be taken into consider­
ation when comparing our data or data from the 
literature. Also the stage of development should 
not be ignored when determining the RF or com­
paring biotypes, since the resistance factor is gen­
erally higher in the flowering stage, as observed in

the case of Conyza bonariensis (Amsellem et al.,
1993). This rise in the RF value could be due to a 
higher sensitivity of S plants during flowering. In 
the case of susceptible pea plants analysis of sev­
eral functions indicated that the damage caused by 
paraquat in older leaves was twice as great as that 
observed in younger ones (Donahue et al., 1997). 
Our latest studies show that in C onyza canadensis 
the difference in sensitivity as a function of devel­
opmental stage may be due to the fact that para­
quat content in leaves of flowering R plants was 
only 25% as compared to that measured during 
the rosette stage (Fig. 1.).

Time after treatment (hours)

Fig. 1. Paraquat content of paraquat-resistant (PqR) 
Conyza canadensis leaves of different developmental 
(rosette and flowering) stage after spraying with 1.5 m M  
paraquat and washing of the leaves.

Effect of paraquat treatment on the chloroplast 
structure, photosynthetic functions and the activity 
of certain antioxidant enzymes in R plants

Under laboratory conditions the effect of para­
quat depended to a great extent on whether the 
intact plants were sprayed or detached leaves were 
floated. Therefore, it is always important to em­
phasise the mode of treatment employed. Certain 
phenomena associated with resistance, such as the 
strong inhibition of physiological functions as the 
result of paraquat treatment and their subsequent 
recovery, can only be observed in sprayed plants, 
not on leaves treated by floating. In the latter, on 
the other hand, a pronounced stimulation of car­
bon dioxide fixation was observed (Pölös et al.,
1988). The technique used for treatment must 
therefore be taken into consideration when evalu­
ating the results.
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The reduction in the chlorophyll content, as a 
secondary effect of bipyridyls, exhibited strong 
time- and concentration dependence in S leaves 
treated by floating on paraquat solution (Pölös et 
al., 1988). The reduction in chlorophyll content is 
due to oxidative pigment decomposition induced 
by the superoxide anion radicals generated by 
paraquat and by the hydroxyl radicals formed. The 
capacity of natural protective mechanisms is not 
sufficient to eliminate the superoxide continuously 
generated by paraquat. Nevertheless, the chloro­
phyll content of R plants did not decrease signifi­
cantly after a 24-h treatment up to a concentration 
of 0.1 mM paraquat. In R plants the mechanism 
ensuring resistance hinders chlorophyll destruc­
tion by preventing the formation of active oxygen 
species. In S plants treated by spraying, chloro­
phyll destruction could not be measured because 
the leaves lost their turgor and withered in the 
light at room temperature even before a decrease 
in chlorophyll content. U nder similar conditions 
the chlorophyll content of R plants did not change 
(Pölös et al., 1988).

The ultrastructure of the chloroplasts in un­
treated S and R plants did not show any significant 
difference (Pölös et al., 1988). In S leaves treated 
by floating in 10 paraquat or diquat for 24 h 
the grana membranes dilated, the envelope mem­
branes became disorganised and osmiophilic glo- 
buli could be observed in its place. The envelope 
membranes of the chloroplasts in PqR leaves 
treated with bipyridyls remained intact, although 
the intrathylakoidal space was enlarged. In the 
thylakoid membranes of S plants treated with 
paraquat the quantity of oligomer LHCP II de­
creased and this reduction probably led to a 
change in the association between LHCP II and 
the PS II reaction centre complex. This is con­
firmed by the lowering of the Mg2+-induced 
changes of the short wavelength fluorescence in­
tensity and increase in the relative quantum 
requirement values. The decrease in LHCP II also 
correlated well with the reduction in the A3-trans- 
hexadecanoic acid (16:1) content (Szigeti et al., 
1992). This observation is in agreement with the 
view that A3-transhexadecanoic acid is an impor­
tant factor in the stabilisation of LHCP II (Remy 
et al., 1984; Krol et al., 1989). The chloroplast thy­
lakoid membranes of PqR plants contained rela­
tively less CPI and CPla (the chlorophyll-protein

complexes of PS I) and less 70 kD apoprotein, and 
exhibited less intense fluorescence than the S 
plants at 730 nm. All these results suggest damage 
to the chloroplast membranes of S plants after 
treatment and the relative intactness of the plastid 
membranes of R plants.

After spraying with paraquat the PqR plants ex­
hibited transitory inhibition of their photosynthetic 
functions (in vivo C 0 2 fixation, 0 2 production) 
amounting up to 60%. Within two hours of treat­
ment the inhibition no longer increased and there­
after gradually decreased, although the level of 
functional activity of the untreated control was not 
reached after 72 hours (Lehoczki et al., 1992).

The difference between plants treated by float­
ing or spraying could perhaps be attributed to the 
fact that constant contact with the solution ensures 
continual supplies of paraquat even after the pro­
tective mechanism has been activated. In the 
course of the treatment by floating the S leaves 
also exhibited different behaviour, since the de­
struction of the leaf was much slower than after 
spraying, taking 18-24 h, in contrast to 4 h. This 
can be explained by the fact that the leaves did 
not suffer water loss, which may be an important 
factor in the case of sprayed intact plants.

The in vivo  C 0 2 fixation characterising the func­
tioning of the whole photosynthetic apparatus was 
far more sensitive to paraquat treatment in both S 
and R biotypes than the Fv/Fm parameter. This 
means that the superoxide anion radicals gener­
ated by paraquat not only damage certain proteins 
in the electron transport chain, but probably also 
affect proteins participating in carbon dioxide fixa­
tion, or having some influence on it.

The C 0 2 fixation of R leaves treated with para­
quat by floating fluctuated around the initial value 
for the first three hours after treatment, then it 
was gradually stimulated, by as much as 80% de­
pending on the paraquat concentration (Pölös et 
al., 1988). Similar observations were published on 
other plants, irrespective of paraquat resistance. 
Some authors explain this phenomenon as a stimu­
lation of the ribulose-l,5-bisphosphate-carboxyl- 
ase activity through changes in the transthylakoi- 
dal ApH due to the acceleration of the 
photosynthetic electron transport chain by para­
quat (Salvucci et al., 1987).

The C 0 2 fixation of intact R plants treated by 
spraying showed recovery after a transitory inhibi­
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tion, and approached the initial level again after 
approx. 72 h. As the result of spraying with 50 [.im  

diquat this same transitory inhibition and subse­
quent recovery could be observed in the R bio­
type, although the recovery was slower than in the 
case of paraquat. The initial quenching of Fv after 
spraying and the intense inhibition of C 0 2 fixation 
indicate that even in R plants paraquat and diquat 
are rapidly able to enter the chloroplasts and exert 
their electron-diverting effect, which is then grad­
ually eliminated by a mechanism activated after 
the treatment. The induction of the eliminating 
mechanism is reflected in the transitory nature of 
the inhibition. Two hours after the treatment the 
decrease in the photosynthetic function was found 
to stop, and a gradual recovery was observed (Szi­
geti et al., 1994). This indicates that resistance is 
not due to a constitutive exclusion of the paraquat 
from its site of action, but to the functioning of an 
inducible eliminating mechanism. The functional 
recovery of paraquat-R plants after spraying could 
also be detected through changes in the oxidation 
of P700 (Szigeti and Lehoczki, 1992).

The possibility of an increase in SOD activity as 
part of the resistance mechanism was excluded by 
the simultaneous application of the Cu-chelator 
N,N-diethyldithiocarbamate (DDC) and paraquat 
(Darkö et al., 1994; Turcsänyi et al., 1998). DDC is 
the in vivo inhibitor of Cu/ZnSOD (Heikkila et 
al., 1976). However, even after combined spraying 
with these two compounds, the R plants function­
ally recovered, which was not expected in the pres­
ence of the chelator if Cu/ZnSOD played a deci­
sive role in the resistance mechanism. In the 
presence of 0.5 m M  menadione the functional ac­
tivity of PqR plants, characterised by Fv/Fm, de­
creased to the same extent as that of S plants 
(Räcz et al., unpublished results). These results in­
dicate that in our paraquat-resistant horseweed 
biotypes the antioxidant enzyme system is not in­
volved in the resistance mechanism.

Depending on their site of origin, the RF value 
of PqAR plants with respect to diquat ranged 
from 50 to 120, while it was 47 for PqR plants. 
Consequently, an increase in the activity of the an­
tioxidant enzyme system can not be responsible 
for resistance. If this were true, resistance to 
diquat should be similar in extent to the paraquat 
resistance, since both herbicides are equally capa­
ble of generating superoxide anion radicals.

So what type of substance is synthesised in R 
plants sprayed with paraquat, which is capable to 
stop inhibition, excluding or metabolising(?) the 
active agent, and thus restoring photosynthetic 
functions?

Darkö et al. (1994) found that even R horse- 
weed plants were destroyed if they were simulta­
neously treated with cycloheximide and paraquat. 
In the concentration applied, cycloheximide alone 
was not lethal to the plants. The in vivo effect of 
cycloheximide, which inhibits protein synthesis of 
the eukaryotic type, is based on the fact that by 
binding to the 80S ribosome it inhibits the translo­
cation of the new protein. It can thus be concluded 
that the recovery of the functions in PqR plants 
might be caused by a nuclear-coded protein. The 
existence, the characteristics and the role of the 
hypothesized protein is still open, since it is not 
clear from the results achieved to date how the 
protein participates in the probable exclusion of 
paraquat; as a transporter, as a binding protein, or 
possibly as a metabolising enzyme. The first results 
of attempts to detect and identify the protein indi­
cated that a 32-kD protein appeared in the cytosol
6 h after paraquat treatment in the leaves of the 
PqR biotype and could still be detected 30 days 
later. W hether this protein arose due to de novo 
synthesis or as the degradation product of another 
protein is still unclear.

Binding of paraquat and diquat to various 
biomolecules in model systems

Considering the results achieved with other 
plants (Fuerst et al., 1985; Vaughn et al., 1989), it 
seemed reasonable to determine whether resis­
tance was due to inactivation of paraquat or 
diquat, to their transport to another cell compart­
ment, or to their possible binding to certain sub­
stances.

The binding of both compounds to cellulose was 
reduced by K+ and Na+ ions; the binding strength 
decreased logarithmically with the increase in the 
ion concentration. Ca2+ and Mg2+ ions had a sim­
ilar effect, but this was ten times stronger than in 
the case of monovalent cations (Cserhäti and Szi­
geti, 1991). According to the literature the cell 
wall bound 70-80%  of the paraquat in the cell.
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regardless of the degree of resistance (H art et al., 
1992b). The role of cellulose, as the main cell wall 
component, in resistance is thus unlikely, despite 
its ability to bind bipyridyls.

As the phase transition parameters of various 
phospholipids containing polar groups of varying 
polarity (dimyristoyl phosphatidylcholine, DMPC; 
dipalmitoyl phosphatidylethanol-amine, DPPE; 
dipalmitoyl phosphatidic acid, DPPA), as deter­
mined by differential scanning calorimetry, were 
not influenced by either paraquat or diquat, the 
interaction of bipyridyls with phospholipids can be 
excluded in both the action mechanism of the bi­
pyridyls and in the resistance mechanism (Szogyi 
et al., 1989). The interaction observed between 
paraquat and phospholipids has been confirmed 
by other authors (Toreggiani et al., 1997).

Both paraquat and diquat are capable of bind­
ing to cationic and anionic adsorptive centres. In 
a reversed phase thin layer chromatography sys­
tem it was demonstrated that they bind preferen­
tially to the polar (basic or acidic) side chains of 
amino acid residues. The configuration of the 
amino acids ( l  or d )  has no role in this hydrophilic 
interaction (Cserhäti et al., 1988). The two sub­
stances have a tendency to interact with proteins, 
as confirmed by differential scanning calorimetry. 
The phase transition temperature of the model 
proteins, lysozyme and papain, was significantly 
increased by both compounds even in a 1 : 1 0 0  mo­
lar ratio (Szogyi et al., 1989). It thus appears prob­
able that if a protein with these properties is pre­
sent in R plants, it must be capable of binding 
paraquat and diquat, and/or of transporting them 
into a metabolically inactive compartment, or pos­
sibly inactivating them enzymatically. If a protein 
interacts with paraquat in R plants, the dibasic or 
dicarboxylic amino acid residues of this protein, 
e.g. glutamic acid or lysine, will actually take part 
in the process (Cserhäti et al., 1988).

The interaction of paraquat and diquat with pro­
teins is considerably influenced by the presence 
and concentration of divalent ions if the ions have 
to compete with the bipyridyls for adsorptive 
binding sites in the given chromatographic system. 
They must behave in the same way in vivo, and 
this is associated with the fact that the two bipyri­
dyls behave as divalent cations (Cserhäti and Szi­
geti, 1991).

Possible role of polyamines in resistance

On the basis of data in the literature it seemed 
likely that certain polyamines played a role in 
paraquat resistance mechanisms based on exclu­
sion (Preston et al., 1992). Since the exclusion 
mechanism in the PqR biotypes of Conyza cana­
densis was not originally present, but proved to be 
of an inducible nature, it was important to deter­
mine the polyamine content.

These determinations proved that the putres- 
cine and total polyamine contents, of untreated 
leaves of plants of the PqR and PqAR biotypes 
was 3 -4  times higher than that of S plants (Szigeti 
et al., 1996b). O ther authors made similar observa­
tions on paraquat-resistant Conyza bonariensis 
(Ye et al., 1997).

In the early nineties it was found that a mutant 
of Escherichia coli with decreased polyamine syn­
thesis had increased sensitivity to paraquat treat­
ment (Minton et al., 1990). This increased sensitiv­
ity disappeared after treatment with exogenously 
added putrescine and spermidine. The present au­
thors made an analogous observation, when they 
found that 1 0 0  [.im  exogenous putrescine substan­
tially reduced the strong inhibitory effect of para­
quat in detached S leaves (Fv = 0.12 —* 0.31) (Räcz 
et al., 2 0 0 0 ), which could be based on the radical- 
scavenging effect of polyamines (Drolet et al., 
1986). The protective effect of polyamines against 
paraquat toxicity was demonstrated on sunflower 
leaf discs by other authors, who attributed this ef­
fect to the antioxidant nature of polyamines (Be­
navides et al., 2000). The variable fluorescence of 
PqAR and PqR leaves showed hardly any change 
(0.83-0.81) even at higher concentrations of para­
quat (1 m M ), and exogenous putrescine had no ef­
fect on these values. This observation can be ex­
plained by the higher polyamine contents of R 
biotypes.

Investigations on changes in the level of polya­
mines after combined spraying with paraquat and 
cycloheximide indicated that in the presence of 
cycloheximide paraquat caused irreversible dam­
age despite the fact that the contents of putrescine 
and total polyamine rose to three times the initial 
value (2100 nmol/g fresh weight) (Szigeti et al., 
1996a).

No direct correlation was found, however, be­
tween the higher polyamine content induced in
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maize leaves by a long period (30 days) of chilling 
treatment ( 8  °C) and the level of paraquat resis­
tance or the characteristic symptoms observed 
following spraying (the recovery of physiological 
functions) (Szigeti et al., 1996a). Although prelimi­
nary treatment with abscisic acid increased the 
polyamine content in the model plant, it had no 
influence on paraquat sensitivity (unpublished 
data). The rise in putrescine and total polyamine 
levels in R Conyza  plants treated with paraquat 
appears to be a general stress response, rather 
than a specific reason for or symptom of resis­
tance. At the same time, the higher polyamine 
content may be involved in the induction of pro­
tein synthesis, the specific cause of which is, how­
ever, paraquat itself (Räcz et al., 2000).

Examinations on the distribution of free polya­
mines (including the most characteristic -  putres-
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Gressel J. (1993), Developmental variability of photo- 
oxidative stress tolerance in paraquat-resistant Con­
yza. Plant Physiol. 103, 1097-1106.
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cine) between the cell fractions indicated that in 
untreated S and PqR plants the bulk of polya­
mines was localised in the cytosol fraction (nearly 
80%). Four h after paraquat treatment the putres­
cine content increased in each fraction without 
preferential enhancement in any on of them, sug­
gesting that the intracellular compartmentation of 
the polyamines is unaffected by the treatment, i.e. 
polyamines do not take a direct part in determin­
ing the direction of paraquat transport (Räcz et 
al., 2 0 0 0 ).

Acknow ledgem ents

Determination of paraquat content in plants 
was carried out by E. Hidvegi, which is gratefully 
acknowledged.

Chun J.-C., Kim S. E. and Ma S.-Y. (1997), Inactivation 
of paraquat by an aqueous extract of Rehmannia glu­
tinosa. Pestic. Sei. 50, 5 -1 0 .

Cronquist A. (1976), Conyza. In: Flora Europea, Vol. 
4. (Tutin T. G., Heywood V. H., Burges N. A., Moore
D. M., Valentine D. H., Walters S. M. and Webb D. A. 
eds.). Cambridge Univ. Press, Cambridge, N. Y., p. 
120.

Cserhäti T. and Szigeti Z. (1991), Ions modify the 
strength of interaction of diquat and paraquat with 
proteins and cellulose. Z. Naturforsch. 46c, 428-432.

Cserhäti T., Szögyi M. and Szigeti Z. (1988), Interaction 
of amino acids with the herbicides diquat and para­
quat studied by charge transfer chromatography. 
Chromatographia 26, 305-310.

Darkö E., Lehoczki E. and Szigeti Z. (1994), Nuclear 
coded protein can be involved in the mechanism of 
paraquat resistance. Biol. Plant. 36 (Suppl.), S342.

Donahue J. L., Okpodu C. M., Cramer C. L., Grabau
E. A. and Alscher R. G. (1997), Responses of antioxi­
dants to paraquat in pea leaves. Relationship to resis­
tance. Plant Physiol. 113, 249-257.

Drolet G., Dumbroff E. B., Legge R. L. and Thompson 
J. E. (1986), Radical scavenging properties of polya­
mines. Phytochemistry 25, 367-371.

Foyer C. H. and Halliwell B. (1976), The presence of glu­
tathione and glutathione-reductase in chloroplasts: A 
proposed role in ascorbic acid metabolism. Planta 133, 
15-21.

Fuerst E. P., Nakatani H. Y., Dodge A. D., Penner D. 
and Arntzen C. J. (1985), Paraquat resistance in Con­
yza . Plant Physiol. 77, 984-989.



Z. Szigeti et al. • Invited Trends Article: Paraquat Resistance in Weeds 327

Fuerst E. P. and Vaughn K. C. (1990), Mechanism of 
paraquat resistance. Weed Technol. 4, 150-156.

Funderburk H. H. jr. and Bozarth G. A. (1967), Review  
of the metabolism and decomposition of diquat and 
paraquat. J. Agric. Food Chem. 15, 563-567.

Furusawa I., Tanaka K., Thanutong P., Mizuguchi A., 
Yazaki M. and Asada K. (1984), Paraquat-resistant to­
bacco calluses with enhanced superoxide dismutase 
activity. Plant Cell Physiol. 25, 1247-1254.

Hart J. J. and DiTomaso J. M. (1994), Sequestration and 
oxygen radical detoxification as mechanism of para­
quat resistance. Weed Sei. 42, 277-284.

Hart J. J., DiTomaso J. M., Linscott D. L. and Kochian 
L. V. (1992a), Transport interactions between para­
quat and polyamines in roots of intact maize seed­
lings. Plant Physiol. 99, 1400-1405.

Hart J. J., DiTomaso J. M., Linscott D. L. and Kochian 
L. V. (1992b), Characterization of the transport and 
cellular compartmentation of paraquat in roots of in­
tact maize seedlings. Pestic. Biochem. Physiol. 43, 
212- 222 .

Harvey B. M., Muldoon R. J. and Harper D. B. (1978), 
Mechanism of paraquat tolerance in perennial rye­
grass. I. Uptake, metabolism and translocation of 
paraquat. Plant Cell Environ. 1, 203-209.

Heikkila R. E., Cabbat F. S. and Cohen G. (1976), In 
vivo  inhibition of superoxide dismutase in mice by 
diethyldithiocarbamate. J. Biol. Chem. 251, 2182-  
2185.

Hickok L. G. and Schwarz O. J. (1989), Genetic charac­
terization of a mutation that enhances paraquat toler­
ance in the fern Ceratopteris richardii. Theor. Appl. 
Genet. 77, 200-204.

Hiyama T„ Ohinata A. and Kobayashi S. (1993), Paraquat 
(methylviologen): Its interference with primary photo­
chemical reactions. Z. Naturforsch. 48c, 374-378.

Islam A. K. M. R. and Powles S. B. (1988), Inheritance 
of resistance to paraquat in barley grass Hordeum  
glaucum Steud. Weed Res. 28, 393-397.

Itoh K. and Miyahara M. (1984), Inheritance of paraquat 
resistance in Erigeron philadelphicus L. Weed Res. 
(Japan) 29, 301-307.

Kim S. and Hatzios K. K. (1993), Differential response 
of two soybean cultivars to paraquat. Z. Naturforsch. 
48c, 379-384.

Kitayama K. and Togasaki R. K. (1992), Characteriza­
tion of paraquat-resistant mutants of Chlamydomonas 
reinhardtii. in: Research in Photosynthesis, Vol. III. 
(N. Murata, ed.). Kluwer Acad. Publ., The Nether­
lands, pp. 487-490.

Krol M., Huner N. P. A., Williams J. P. and Maissan E. E. 
(1989), Prior accumulation of phosphatidylglycerol 
high in trans-A3-hexadecanoic acid enhances the in vi­
tro stability of oligomeric light harvesting complex
II. J. Plant Physiol. 135, 75 -80 .

Kurepa J., Smalle J., Van Montagu M. and Inze D.
(1997), Polyamines and paraquat toxicity in Arabi- 
dopsis thaliana. Plant Cell Physiol. 39, 987-992.

Lasat M. M., DiTomaso J. M., Hart J. J. and Kochian 
L. V. (1997), Evidence for vacuolar sequestration of 
paraquat in roots of a paraquat-resistant Hordeum  
glaucum biotype. Physiol. Plant. 99, 255-262.

Lehoczki E., Laskay G., Gaal I. and Szigeti Z. (1992), 
Mode of action of paraquat in leaves of paraquat-re­

sistant Conyza canadensis (L.) Cronq. Plant Cell En­
viron. 15, 531-539.

Minton K. W., Tabor H. and Tabor C. W. (1990), Para­
quat toxicity is increased in Escherichia coli defective 
in the synthesis of polyamines. Proc. Natl. Acad. Sei. 
U SA  87, 2851-2855.

Norman M. A ., Fuerst E. P., Smeda R. J. and Vaughn 
K. C. (1993), Evaluation of paraquat resistance mech­
anisms in Conyza. Pestic. Biochem. Physiol. 46, 2 3 6 -  
249.

Pistocchi R., Keller F., Bagni N. and Matile P. (1988), 
Transport and subcellular localization of polyamines 
in carrot protoplasts and vacuoles. Plant Physiol. 87, 
514-518.

Powles S. B. and Cornic G. (1987), Mechanism of para­
quat resistance in Hordeum glaucum. I. Studies with 
isolated organelles and enzymes. Aust J. Plant Physiol. 
1 4 ,8 1 -8 9 .

Pölös E., Mikuläs J., Szigeti Z., Laskay G. and Lehoczki
E. (1987), Cross-resistance to paraquat and atrazine in 
Conyza canadensis. British Crop Prot. Conf. -  Weeds, 
pp. 909-916, BCPC Publ., Surrey, UK.

Pölös E., Mikuläs J., Szigeti Z., Matkovics B., Hai D. Q., 
Pärducz A. and Lehoczki E. (1988), Paraquat and at­
razine coresistance in Conyza canadensis Cronq. (L.). 
Pestic. Biochem. Physiol. 30, 142-154.

Preston C. (1994), Resistance to Photosystem I disrupt­
ing herbicides. In: Herbicide Resistance in Plants. 
(S. B. Powles and J. A. M. Holtum, eds.). Lewis Publ, 
Boca Raton, FL, U SA, pp. 61-81 .

Preston C., Holtum J. A. M. and Powles S. B. (1992), D o  
polyamines contribute to paraquat resistance in 
Hordeum glaucum? In: Research in Photosynthesis, 
Vol. III. (N. Murata, ed.). Kluwer Acad. Publ., D or­
drecht, The Netherlands, pp. 571-574.

Purba E., Preston C. and Powles S. B. (1993), Inheri­
tance of bipyridyl herbicide resistance in Arctotheca 
calendula and Hordeum leporinum. Theor. Appl. 
Genet. 87, 598-602.

Räcz I., Läsztity D., Darkö E., Hidvegi E. and Szigeti 
Z. (2000), Paraquat resistance of horseweed (Erigeron 
canadensis L.) is not caused by polyamines. Pestic. Bi­
ochem. Physiol. 68, 1 -10 .

Ranade S. and Feierabend J. (1991), Comparison of 
light-induced stress reactions in susceptible and para- 
quat-tolerant green cell cultures of Chenopodium ru­
brum L. J. Plant Physiol. 137, 749-752.

Remy R., Tremolieres J. and Ambard-Bretteville F.
(1984), Formation of oligomeric light-harvesting chlo- 
rophyll-a/b protein by interaction between its mono­
meric form and liposomes. Photobiochem. Photobio- 
phys. 7, 267-276.

Salvucci M. E., Portis A. R., Heber U. and Ogren W.
(1987), Stimulation of thylakoid energization and ri- 
bulose-bisphosphate carboxylase/oxygenase activa­
tion in Arabidopsis leaves by methyl viologen. FEBS 
Lett. 221, 215-220.

Shaaltiel Y., Glazer A., Bocion P. F. and Gressel J.
(1988), Cross tolerance to herbicidal and environmen­
tal oxidants of plant biotypes tolerant to paraquat, 
sulfur dioxide, and ozone. Pestic. Biochem. Physiol. 
31, 13-23 .

Shaaltiel Y. and Gressel J. (1986), Multienzyme oxygen 
radical detoxifying system correlated with paraquat



328 Z. Szigeti et al. ■ Invited Trends Article: Paraquat Resistance in Weeds

resistance in Conyza bonariensis. Pestic. Biochem. 
Physiol. 26, 22-28.”

Szigeti Z., Darkö E., Nagy E. and Lehoczki E. (1994), 
Diquat resistance of different paraquat-resistant C on­
yza  canadensis (L.) Cronq. biotypes. J. Plant Physiol. 
144, 686-690.

Szigeti Z., Darkö E., Szalai G., Räcz I., Läsztity D. and 
Lehoczki E. (1996a), Paraquat resistance and polya­
mine content in Conyza canadensis grown and treated 
at different temperatures. Plant Physiol. Biochem. 34 
(Spec, issue), 303, S20-24  (Abstr.)

Szigeti Z. and Lehoczki E. (1992), P700 measurements 
on different paraquat-resistant horseweed biotypes. 
Plant Physiol. Biochem. 30, 115-118.

Szigeti Z., Pölös E. and Lehoczki E. (1988), Fluores­
cence properties of paraquat-resistant Conyza  leaves. 
In: Application of Chlorophyll Fluorescence. (H. K. 
Lichtenthaler, ed.). Kluwer Acad. Publ. Dordrecht, 
The Netherlands, pp. 109-114.

Szigeti Z., Räcz I., Darkö E., Läsztity D. and Lehoczki E. 
(1996b), Are either SOD and catalase or the polya­
mines involved in the paraquat resistance of Conyza  
canadensis. J. Environ. Sei. Health, Part B. 31 ,310-315 .

Szigeti Z., Särväri E. and Lehoczki E. (1992), Chloro­
phyll proteins and lipids in paraquat treated sensitive 
and resistant Conyza canadensis leaves. Z. Natur- 
forsch. 47c, 400-405.

Szögyi M., Cserhäti T. and Szigeti Z. (1989), Action of 
paraquat and diquat on proteins and phospholipids. 
Pestic. Biochem. Physiol. 34, 240-245.

Tanaka Y., Chisaka H. and Saka H. (1986), Movement 
of paraquat in resistant and susceptible biotypes of 
Erigeron philadelphicus and E. canadensis. Physiol. 
Plant. 66, 605-608.

Toreggiani A ., Francioso O. and Bonora S. (1997), 
Calorimetric, UV spectroscopic study of the interac­
tion of paraquat with phospholipids. Agrochimica 41, 
33-41 .

Turcsänyi E., Darkö E., Borbely G. and Lehoczki E.
(1998), The activity of oxyradical-detoxifying enzymes 
is not correlated with paraquat resistance in Conyza 
canadensis (L.) Cronq. Pestic. Biochem Physiol. 60, 
1- 11.

Turcsänyi E., Suränyi Gy., Lehoczki E. and Borbely Gy.
(1994), Superoxide dismutase activity in response to 
paraquat resistance in Conyza canadensis (L.) Cronq. 
J. Plant Physiol. 144, 599-606.

Väradi Gy., Darkö E. and Lehoczki E. (2000), Changes 
in the xanthophyll cycle and fluorescence quenching 
indicate light-dependent early events in the action of 
paraquat and the mechanism of resistance to paraquat 
in Conyza canadensis (L.) Cronq. Plant Physiol. 123, 
1459-1469.

Vartak V. and Bhargava S. (1999), Photosynthetic per­
formance and antioxidant metabolism in a paraquat- 
resistant mutant of Chlamydomonas reinhardtii L. 
Pestic. Biochem. Physiol. 64, 9 -1 5 .

Vaughn K. C., Vaughan M. A. and Camilleri P (1989), 
Lack of cross-tolerance of paraquat-resistant hairy 
fleabane (Conyza bonariensis) to other toxic oxygen 
generators indicates enzymatic protection is not the 
resistance mechanism. Weed Sei. 37, 5 -1 1 .

Ye B. and Gressel J. (2000), Transient, oxidant-induced 
antioxidant transcript and enzyme levels correlate 
with greater oxidant-resistance in paraquat-resistant 
Conyza bonariensis. Planta 211, 50 -61 .

Ye B„ Müller H. H., Zhang J. and Gressel J. (1997), Con­
stitutively elevated levels of putrescine and putres- 
cine-generating enzymes correlated with oxidant 
stress resistance in Conyza bonariensis and wheat. 
Plant Physiol. 115, 1443-1451.


