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ABSTRACT 

The wild oat biotype UM1 is resistant to the aryloxyphenoxypropanoate 

(AOPP) and cyclohexanedione (CHD) classes of herbicides. When this project 

was initiated, the mechanism of herbicide resistance was unknown, but 

evidence suggested the possible involvement of plasma membrane proteins in 

the resistance mechanism. Comparison of membrane protein profiles of 

untreated resistant (UM1) and susceptible (UMS) plants showed no differences 

between the two biotypes. However, upon herbicide treatment a membrane

associated protein of 47 kDa was greatly reduced in amounts in the 

susceptible, but not resistant, biotype. This response was thought to be linked 

to the resistance mechanism. Further studies showed the resistance 

mechanism to involve an insensitive form of the target enzyme (acetyl GoA 

carboxylase), thereby negating the involvement of the plasma membrane 

protein effects in the resistance mechanism. Further characterization of the 47 

kDa protein indicated that is was the large subunit of RUBISCO. The effect of 

AOPP and CHD herbicides on RUBISCO is not believed to be a secondary 

mode of action of these herbicides, but is related to the general onset of 

senescence induced by herbicide treatment in susceptible biotypes. The 

protein response was also inducible in the resistant biotype by treating with 

other herbicides to which this biotype was sensitive. Although the differential 

membrane protein response was not involved as a resistance mechanism, its 

depletion may be useful for detection of herbicide resistance in weed species. 
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INTRODUCTION 

Aryloxyphenoxypropanoate (AOPP) and cyclohexanedione (CHD) 

herbicides are important herbicides that are used to control grass weeds, 

including wild oat (Avena fatua), in various crops. Repeated use of these 

classes of herbicides over the past 15 years has resulted in the development of 

herbicide resistance in many wild oat populations, including three from 

northwestern Manitoba (designated UM1, UM2, and UM3), one from 

Saskatchewan (UM33) (Heap eta/., 1993), two from Australia (WAF1 and 

SAS1) (Mansooji eta/., 1992), and several from the United States (Seefeldt et 

a/., 1994). 

Possible mechanisms of resistance include altered herbicide uptake, 

translocation, or metabolism, as well as reduced sensitivity of the target 

enzyme. Initial research with the resistant biotype designated UM1 showed no 

difference in herbicide absorption, translocation, and metabolism between the 

resistant and susceptible biotypes (Devine eta/., 1993a). In addition early 

results indicated no difference in herbicide sensitivity of the target enzyme 

acetyl CoA carboxylase O(ACCase) from the resistant and susceptible biotypes 

to AOPP and CHD herbicides. The only difference between the resistant and 

susceptible biotypes was at the plasma membrane level. Root tissue from UM1 



(resistant) and UMS (susceptible) acidified unbuffered bathing solutions. 

Addition of diclofop (an AOPP herbicide) prevented further acidification by 

UM1, but alkanization occurred rapidly with UMS. Removal of the herbicide 

from bathing solution allow~d UM1 to resume acidification of the solution, 

whereas the pH of the UMS bathing solution continued to increase (Devine et 

a/., 1993a). Diclofop also caused rapid depolarization of the cell membrane in 

peeled coleoptile sections in both UM1 and UMS. However, upon removal of 

the herbicide the electrogenic membrane potential of UM1 was quickly 

reestablished, while that of UMS remained collapsed (Devine eta/., 1993a). 

Other resistant weeds, i.e., annual ryegrass (Lolium multiflorum) and 

rigid ryegrass (Lolium rigidum), had different repolarization responses 

compared to their susceptible counterparts, suggesting the AOPP and CHD 

herbicides may act as proton ionophores (DiTomaso, 1993; Holtum eta/., 1994; 

Shimabukuro and Hoffer, 1992). Other findings suggested that the AOPP and 

CHD herbicides do not act as proton ionophores but interact with proteins 

located in or associated with the plasma membrane (DiTomaso, 1993; Holtum 

eta/, 1994; Shimabukuro and Hoffer, 1992). 

More recently, further research has confirmed the UM1 biotype to be an 

ACCase mutant, but the membrane response still remains a question of much 

debate (Devine eta/., 1997; Shukla eta/., 1997a). Therefore, the objectives of 

this research were to examine plasma membrane proteins of the susceptible 

biotypes to determine the basis for the differential responses described above. 

First, plasma membrane protein profiles of UM1 and UM5 were analyzed to 
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identify differences between untreated plants. Second, the effect of herbicide 

treatment on the plasma membrane protein profiles was analyzed to identify 

any inducible difference between UM1 and UMS. Third, the nature of the 

induced membrane protein in UMS was investigated to determine its 

involvement in herbicide resistance. 

3 



CHAPTER2 

LITERATURE REVIEW 

2.1 Wild Oat and its Control in Western Canada 

Wild oat is an important weed in terms of reducing crop yields and 

contamination of crop seed, and is ranked as one of Saskatchewan's most 

abundant weeds (Thomas and Wise, 1987). For example, populations of 118 

wild oat plants m-2 can reduce wheat yields by 39o/o (Kirkland, 1993). To 

address the impact of wild oat on crop yield, a Wild Oat Action Committee was 

established in 1973 by the Canada Weed Committee. Through increased 

research and farmer awareness, the area of cropland treated with herbicides 

for wild oat control increased dramatically in the 5 years following the formation 

of this Committee. 

Between 1978 and 1992, five new selective herbicides were introduced 

for the control of wild oat in field crops. Of these, diclofop-methyl (commercial 

name Hoegrass~ had the greatest impact on crop production across western 

Canada. The ability of diclofop-methyl to control wild oat at early growth 
" 

stages, its effective control of other economically important grass weeds such 
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as green foxtail (Setaria viridis (L.) Beauv.), and its suitability for use in both 

cereal and broadleaf crops contributed greatly to its success. 

Diclofop-methyl was the first aryloxyphenyoxypropanoate (AOPP) 

herbicide to be registered for postemergence control of grass weeds in cereal 

· and broadleaf crops. In 1983, the first cyclohexanedione (CHD) herbicide, 

sethoxydim, was registered under the commercial name Poast™. From 1984 to 

1992 three more AOPP herbicides (fluazifop-butyl, fenoxaprop-ethyl and 

quizalofop-ethyl), and two more CHD herbicides (tralkoxydim and clethodim) 

were registered, bringing the total to seven. As a result of their effectiveness 

and broad range of weed control, AOPP and CHD herbicides have be used 

extensively over the past 1 0 to 15 years. 

2.2 Development of Resistance to AOPP and CHD Herbicides 

Repeated application of diclofop-methyl, sethoxydim and other AOPP 

and CHD herbicides over a 1 0-yr period has resulted in the development of 

resistance to these herbicides in many wild oat populations, including three 

from northwestern Manitoba (designated UM1, UM2, and UM3) and one from 

Saskatchewan (UM33) (Heap eta/., 1993). Field histories indicate that AOPP 

or CHD herbicides were used consistently from 1982 to 1990 in the fields in 

which these resistant biotypes arose; reduced control of wild oat was first 

noticed in 1986. Biotypes UM1, UM2 and UM3 were resistant to both AOPP 

and CHD herbicides, whereas UM33 was resistant to the AOPP but not the 

CHD herbicides. Comparisons of GRso values (dosages required to reduce dry 
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matter accumulation by 50°/o) indicated that the resistant biotypes were four to 

>152 times more resistant to a selection of AOPP and CHD herbicides than a 

susceptible biotype (designated UM5) from Portage La Prairie, Manitoba. 

Within this range there were varying levels of resistance to each herbicide, and 

the biotypes differed in their response to any one herbicide. For example, UM1 

has an R/S GRso ratio (GRso of UM1 /GRso of UM5) of 6 for diclofop-methyl and 

>152 for sethoxydim, whereas UM33 has R/S GRso ratios of >20 and 1 for 

diclofop-methyl and sethoxydim, respectively (Heap eta/., 1993). 

In Australia, a similar scenario exists in regard to the development of 

herbicide resistance in wild oat, with two populations identified as resistant to 

the AOPP and CHD herbicides (Mansooji eta/., 1992). Biotype WAF1 (Avena 

fatua) was confirmed in 1986 as resistant after being exposed to diclofop

methyl annually since 1979. Biotype SAS1 (Avena sterilis ssp. ludoviciana) 

was exposed to three applications of diclofop-methyl and three of fluazifop

butyl between 1981 and 1988. The levels of resistance varied between these 

biotypes, with a very high level of resistance to AOPP herbicides (20 to >1067-

fold) in SAS1 and low resistance to CHD herbicides (2.5 to 3-fold). Biotype 

WAF1 had a low level of resistance to the AOPP herbicides ( <3-fold) and no 

resistance to the CHD herbicides (Mansooji eta/., 1992). 

Resistance to AOPP and CHD herbicides has developed in many other 

weed species, including slender foxtail (Aiopercurus myosuroides) (Moss, 

1990), green foxtail (Heap and Morrison, 1996; Maries eta/., 1993), rigid 

ryegrass (Lolium rigidum) (Heap and Knight, 1986; Tardif eta/., 1993), Italian 

6 



ryegrass (Lolium multiflorum) (Gronwald eta/., 1992), and goosegrass 

(Eieusine indica) {Marshall eta/., 1994). Similar findings exist with these 

resistant weeds in terms of multiple patterns of resistance and cross-resistance 

to AOPP and GHD herbicides. 

2.3 Target Sites and Resistance Mechanisms of the AOPP and CHD 
Herbicides 

Two modes of action have been proposed for the AOPP and GHD 

herbicides: the primary biochemical target is acetyl-GoA carboxylase 

(ACCase), the first enzyme in fatty acid biosynthesis (GronwaJd, 1991; Kobek 

eta/., 1987). The second mode of action is a topic of much debate and involves 

a biophysical mechanism pertaining to the perturbation of the proton gradient 

across the plasma membrane (Devine eta/., 1993a; DiTomaso, 1993, 1994; 

Hausler eta/., 1991; Holtum eta/., 1991; Ratterman and Balke, 1989; Wright, 

1994; Wright and Shimabukuro, 1987). 

2.3.1 ACCase involvement in herbicide activity and resistance 

ACGase is a complex enzyme that catalyzes the two partial reactions of 

carboxylation and transcarboxylation during the first step in fatty acid 

biosynthesis, conversion of acetyl-GoA to malonyl-GoA (Harwood, 1988). 

Kinetic evidence suggests that the transcarboxylation part of the reaction is 

inhibited by AOPP and CHD herbicides (Rendina and Felts, 1988). 

Inhibition of ACCase results in a reduction in total lipid biosynthesis, 

which reduces the amounts of phospholipid available for the repair and 
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formation of plant cell membranes. These membranes require a constant 

supply of phospholipids, especially during cell division and expansion, 

supporting the findings that the primary sensitive sites to AOPP and CHD 

herbicides are the rapidly developing and differentiating cells in meristematic 

tissues (Shimabukuro, 1990). 

Two forms of ACCase have been identified in higher plants, a plastidic 

herbicide-insensitive form and a nuclear encoded herbicide-sensitive form 

(Konishi and Sasaki, 1994). The herbicide-insensitive ACCase is the major 

plastidic form in dicots, whereas the herbicide-sensitive nuclear encoded 

ACCase is the major form in grasses (Konishi and Sasaki, 1994). The 

selectivity of AOPP and CHD herbicides between grasses and broadleaf 

species is therefore explained by the different sensitivities of monocot and dicot 

ACCase to these herbicides. 

Many grass species, normally controlled by the AOPP and CHD 

herbicides, have developed resistance through alterations in the nuclear gene 

coding for ACCase. Decreased sensitivity of the altered ACCase to AOPP and 

CHD herbicides has is found in herbicide-resistant biotypes of rigid ryegrass 

(Tardif et al., 1993), Italian ryegrass (Gronwald eta/., 1992; Betts eta/., 1992), 

green foxtail (Maries eta/., 1993; Shukla eta/., 1997b), goosegrass (Leach et 

a/., 1995) and wild oat (Maneechote eta/., 1994; Seefeldt eta/., 1996; Shukla 

eta/., 1997a). 

The levels of resistance and cross-resistance to AOPP and CHD 

herbicides vary between biotypes, suggesting that different mutations have 
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occurred independently. For example, at the whole plant level, wild oat biotype 

UM1 had R/S GRso ratios of 4 to clethodim and >152 to sethoxydim with ratios 

ranging from 6 to 19 to other AOPP and CHD herbicides, whereas UM33 had 

R/S GRso ratios of >20 and >74 to diclofop-methyl and fenoxaprop-p-ethyl, 

respectively, and only R/S GRso of 1 to sethoxydim (Heap eta/., 1993). At the 

ACCase level, green foxtail biotype UM8 demonstrated comparable levels of 

resistance to fenoxyprop, diclofop, fluazifop, sethoxydim, tralkoxydim, and 

clethodim, whereas green foxtail biotype UM131 was highly resistant to 

sethoxydim, less resistant to fenoxaprop and diclofop and only marginally 

resistant to clethidim (Maries eta/., 1993; Shukla eta/., 1997b). The ACCase 

of annual ryegrass biotype SLR 3 from Australia was most resistant to diclofop, 

slightly less resistant to haloxyfop and even less resistant to fluazifop, 

sethoxydim and tralkoxydim (Tardif eta/., 1993), whereas biotype SLR31 was 

most resistant to fluazifop with less resistance to other AOPP and CHD 

herbides (Tardif and Powles, 1994). 

Initial analysis of ACCase from the resistant wild oat biotype UM1, which 

expressed very high levels of resistance to sethoxydim and lower levels of 

resistance to the AOPP herbicides, indicated that resistance was not due to an 

insensitive form of ACCase (Devine eta/., 1993a). However, more recent 

research has shown that UM1 does contain a mutant ACCase that is less 

sensitive to AOPP and CHD herbicides (Maries, 1995; Shukla eta/., 1997a). 
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2.3.2 Involvement of membrane effects in herbicide activity and 
resistance 

The plasma membrane proton gradient is established by a membrane

bound H+-translocating proton pump (H+-ATPase) that is driven by ATP 

hydrolysis (Shimabukuro, 1990). The free energy available is the difference 

between the membrane potential (Em), measured in mV, and the proton 

gradient between the inside and outside of the membrane (the potential across 

the membrane in normal cells is negative on the inside and positive on the 

outside). The proton gradient and membrane potential are i nterconvertible and 

when one is affected the other will also undergo some change; e.g., changes in 

Em often reflect the activity of the electrogenic proton pump. In addition to 

regulating intracellular pH, the H+-ATPase pump regulates the active transport 

of many solutes across the membrane. Consequently, any chemical that 

perturbs the transmembrane proton gradient may significantly affect many 

aspects of the physiology of a plant. 

Devine eta/. (1993a) found roots of both resistant and susceptible wild 

oat biotypes acidified an unbuffered bathing solution under herbicide-free 

conditions. Upon the addition of diclofop or fenoxaprop, acidification stopped 

in the resi~tant biotype, and alkalinization of the bathing solution occurred with 

the susceptible biotype. When the herbicides were removed the resistant 

biotype resumed acidification, whereas the pH of the bathing solution of the 

susceptible biotype continued to increase. In contrast, roots of susceptible 

rigid ryegrass seedlings acidified an external solution, but at a higher rate than 
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the resistant biotypes (DiTomaso, 1993; Hausler eta/., 1991 ). These 

differences in external medium acidification suggest there may be differences 

in proton movement through the plasma membranes of resistant and 

susceptible biotypes. 

AOPP and CHD herbicides rapidly depolarize the plasma membrane 

potentials of resistant and susceptible grass species (Devine eta/., 1993a; 

Hausler eta/., 1991; Holtum eta/., 1991; Shimabukuro and Hoffer, 1992; 

Wright and Shimabukuro, 1987). Cells of etiolated rigid ryegrass coleoptiles 

began depolarizing within 5 to 10 min when exposed to 50 uM diclofop acid, 

and the electrochemical potentials decreased from -120 to -30 mV within 40 

min (Holtum eta/., 1991 ). DiTomaso (1993) found similar responses with root 

cortical cells of rigid ryegrass. The effect was not restricted to diclofop; 

haloxyfop and sethoxydim also caused various degrees of depolarization 

depending on the biotype of rigid ryegrass (Hausler eta/., 1991 ). Upon 

removal of the herbicides from the bathing solutions, the resistant biotypes of 

wild oat, annual ryegrass, and rigid ryegrass are able to repolarize the plasma 

membrane, whereas the susceptible biotypes are unable to do so (Devine et 

a/., 1993; Hausler eta/., 1991; Holtum eta/., 1991; Shimabukuro and Hoffer, 

1992; Wright and Shimabukuro, 1987). 

The AOPP and CHD herbicides dissipate transmembrane proton 

gradients by increasing the permeability of the plasma membrane to protons 

without directly affecting the activity of the plasma membrane H+ -ATPase 

(Devine eta/., 1993b; DiTomaso, 1993; Ratterman and Balke, 1988; Wright 
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and Shimabukuro, 1987). The rapidity of the cell's response to both diclofop

methyl (15-20 min) and diclofop acid (2-5 min) indicates the AOPP and CHD 

herbicides may act as proton ionophores (Wright and Shimabukuro, 1987). 

Proton ionophores are uncouplers that allow protons to move freely across a 

membrane, either by forming a proton selective pore or by acting as lipophilic 

weak acids (Wright, 1994). The weak acid characteristics of the AOPP and 

CHD herbicides lend support to the proton ionophore hypothesis. However, 

DiTomaso (1993} argued that the AOPP and CHD herbicides do not act as 

proton ionophores because they do not elicit the same response as the known 

mobile protonophore, CCCP (carbonyl cyanide m-chlorophenylhydrazone}; 

CCCP did not depolarize the membranes of susceptible corn (Zea mays) roots 

to the same extent as diclofop. 

The repolarization response in resistant biotypes does not require an 

insensitive ACCase or enhanced metabolism of the herbicides (Holtum eta/., 

1994; Matthews eta/., 1990). Rigid ryegrass biotype SLR31 is resistant to 

diclofop-methyl, but its ACCase is susceptible (Holtum eta/., 1991 ). In 

contrast, wild oat biotype UM1 is resistant to the AOPP and CHD herbicides 

due to a less sensitive ACCase (Maries, 1995; Shukla eta/., 1997a). However, 

both SLR31 and UM1 demonstrated the ability to repolarize their plasma 

membranes upon removal of diclofop-methyl from the bathing solution (Devine 

et al., 1993a; Holtum eta/., 1991 ). These results suggest that the membrane 

response is not specifically related to ACCase sensitivity but may reflect a 

direct or indirect effect of the herbicides on the plasma membrane. 
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The dep'?larization/repolarization responses discussed here are specific 

to the AOPP and CHD herbicides. Other herbicides (i.e., triazines, triazoles, 

trazinones, phenylureas, or sulfonylureas) do not depolarize the plasma 

membrane in the same way (Holtum eta/., 1991), and resistance to these 

herbicides is not correlated with repolarization of the plasma membrane. 

These findings support the involvement of the membrane response in 

resistance mechanisms to the AOPP and CHD herbicides only. 

Depolarization and repolarization kinetics depend upon the specific 

herbicide, its concentration, the weed biotype, and the pH of the bathing 

solution in which the tissue is incubated (Holtum eta/., 1994). Maximum 

depolarization and repolarization occurred when the pH of the external solution 

was between 5.5 and 6, with the optimum at 5. 7 (DiTomaso, 1993; Holtum et 

a/., 1994; Wright and Shimabukuro, 1987). Below pH 5.5 neither resistant nor 

susceptible biotypes of rigid ryegrass recovered from depolarization, and 

around pH 6.0 the membranes of both biotypes repolarized (DiTomaso, 1993). 

Dependence on pH may be due the AOPP and CHD herbicides being weak 

acids, which suggests that differences in pH at the cell wall/plasma membrane 

interface may cause the differential membrane response between resistant and 

susceptible rigid ryegrass biotypes (DiTomaso, 1993; Dotray eta/., 1993). The 

diclofop-induced membrane response may involve a site-specific interaction 

between the herbicide and the plasma membrane, causing disruption of proton 

flow across the membrane (Holtum eta/., 1994; Shimabukuro and Hoffer, 

1992). 
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Pretreatment of rigid ryegrass root tips with PCMBS (p

chloromercuribenzenesulfonic acid), a nonpermeant sulfhydryl-group blocker, 

prevented diclofop-induced depolarization (Shimabukuro and Hoffer, 1992). 

Similar observations were made by DiTomaso (1993) under static conditions, 

but when a flow-though system was used there was no inhibition, suggesting 

that the flow-through system allowed more rapid removal of PCMBS and 

therefore quickly returned the cells to normal. Acidification of the external 

solution was prevented when roots of resistant and susceptible biotypes of rigid 

ryegrass were immersed in a bathing solution containing PCMBS; upon 

removal of PCMBS from the bathing solution, acidification was re-established 

but not to the same extent as prior to PCMBS exposure (DiTomaso, 1993). 

These results suggest that diclofop-induced depolarization may involve a 

protein on the outside of the plasma membrane with which both diclofop and 

PCMBS interact (Wright, 1994) or alterations of the pH at the cell wall/plasma 

membrane interface influencing the concen~ration of protonated diclofop 

(DiTomaso, 1991 ). Devine eta/. (1993b) and Holtum eta/. (1991) have 

suggested that recovery from depolarization in resistant biotypes may indicate 

rapid compartmentalization of the herbicide. Studies with wild oat plasma 

membrane vesicles and protopasts indicated a 15-30°/o reduction in uptake of 

diclofop-methyl in the resistant compared to the susceptible tissue (Devine et 

a/., 1993b). However, no evidence has been obtained to show that the 

herbicides do not enter the plastids in potentially phytotoxic quantities. 
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In summary, the role of these membrane responses in herbicide 

resistance, and the precise mechanism of depolarization and repolarization, 

are topics of much debate (Devine eta/., 1993b; DiTomaso, 1994; Holtum et 

a/., 1994; Shimabukuro and Hoffer, 1994; Wright, 1994). Although the 

membrane response is evident under laboratory conditions, it is unclear 

whether or not the effect occurs in plants sprayed with typical herbicide doses. 

The major mode of action of the AOPP and CHD herbicides appears to be 

inhibition of ACCase and subsequent fatty acid biosynthesis. The rapid 

(minutes) membrane response suggests that it may play a role in controlling or 

determining the amount of herbicide entering the plant cells, thus affecting the 

concentrations of herbicides available to inhibit ACCase. However, the 

antagonistic effects of auxinic compounds with AOPP herbicides (Shimabukuro 

eta/., 1982; 1989), the pH dependence of the membrane response, and the 

inhibition of depolarization by PCMBS suggest that there is some interaction at 

the plasma membrane level that is different between the resistant and 

susceptible biotypes. 

2.4 Other Resistance Mechanisms 

Other mechanisms that may confer resistance include alterations in 

herbicide uptake, translocation, or metabolism. Although there is no evidence 

for decreased uptake or translocation of herbicides in weeds that have 

developed resistance to AOPP and CHD herbicides (Devine eta/., 1992; 

Maneechote eta/., 1994; Shimabukuro and Hoffer, 1991) there is some support 
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for altered met~bolism. Certain cereal crops, such as wheat and barley, 

survive AOPP and CHD herbicide application by irreversible metabolism of the 

herbicides to inactive compounds through hydroxylation and conjugation 

(Romano eta/., 1993; Shimabukuro eta/., 1979). In susceptible grass weeds 

(e.g., wild oat) the herbicides are also metabolized through conjugation to 

inactive compounds, but in a reversible reaction (Shimabukuro and Hoffer, 

1991 ). 

Resistance to AOPP/CHD herbicides has been shown to be due to 

enhanced herbicide metabolism in biotypes of annual ryegrass (Preston eta/., 

1996), slender foxtail (Menendez and DePrado, 1993), blackgrass (Hallet a/., 

in press), and wild oat (Maneechote eta/., 1997) . Wild oat biotype UM1 

metabolizes diclofop-methyl at the same rate as the susceptible biotype UMS 

(Devine eta/., 1993a); therefore, more rapid herbicide metabolism is not the 

resistance mechanism in this biotype. 

2.5 Conclusion 

At the time this project was initiated results had indicated that the wild 

oat biotype UM1 was not an ACCase mutant, but that the mechanism of 

resistance was associated with an unknown difference between the plasma 

membranes of the resistant and susceptible biotypes (Devine eta/., 1993a). 

Consequently, the objective of this project was to investigate possible 

differences in the plasma membrane, with a focus on the analysis of membrane 

proteins. Previous research had suggested a site-specific interaction of AOPP 
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and CHD herbi~ides with the plasma membrane, implying that there may be a 

protein(s) in or associated with the membranes that differed between resistant 

and susceptible biotypes (Shimabukuro and Hoffer, 1992). Also, the 

inheritance of ACCase resistance in UM1 was found to be controlled by a 

single gene (Murray eta/., 1995), which also supports only one mechanism of 

resistance. Therefore, the primary goal of this project was to analyze plasma 

membrane protein profiles of resistant and susceptible biotypes in untreated 

plants to identify any differences that may be linked to the differential 

membrane effects. Secondly, plasma membrane protein profiles were 

compared after herbicide treatment of the susceptible and resistant biotypes, 

to identify any inducible protein response that may give insight into the 

differential membrane effects of the herbicides. Finally, the herbicide-induced 

protein difference was further analyzed to determine its role in resistance and 

whether it may be used as a marker to identify resistance/susceptibility in the 

field. 
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3.1 Plant material 

CHAPTER3 

MATERIALS AND METHODS 

Wild oat seed was obtained from the Swan River area of Manitoba (UM-

1, resistant) and the University of Manitoba Research Farm in Portage La 

Prairie, Manitoba (UM-5, susceptible). To overcome dormancy and ensure 

even germination the seeds were soaked for 3 h in a solution of 0.001 °/o 

gibberellic acid. Rinsed seeds were planted at approximately 30 seeds per 4-L 

pot in Redi-earth™ potting mix containing 10 g of 14-14-14 fertilizer. The 

potting mix was overlaid with 2.5 em of vermiculite and thoroughly moistened. 

Controlled-environment conditions were maintained at 22/18° C day/night 

temperatures in a 16-hr photoperiod at 325 uEm-2s-1 and with 60°/o RH. The 

plants were grown under the above conditions until they were ready for 

herbicide treatment or membrane isolation. At appropriate sampling times the 

plants were transported to the laboratory for extraction purposes. Green leaf 

material was cut 2 em from the soil surface and older or browning tissue 

removed. Leaf tips were also removed, leaving mainly the young meristematic 

tissue. The cut plant material was held at 4°C, for no more than 30 min, until 

extractions were performed. 
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3.2 Comparison of Plasma Membrane Proteins in Resistant and 
Susceptible Wild Oat Biotypes 

The purpose of this experiment was to test the hypothesis that there 

were differences in plasma membrane proteins between the resistant and 

susceptible wild oat biotypes. This involved isolating plasma membranes from 

wild oat using a two-phase separation system and subsequent analysis of 

protein profiles by SDS-PAGE. Triton X-114 temperature-induced two-phase 

partitioning was used to separate integral and peripheral membrane proteins 

for easier characterization of the protein profiles. The exact procedures used 

are outlined below. 

3.2.1 Two-phase partitioning for plasma membrane isolation 

Plasma membrane vesicles were prepared by two-phase partitioning 

(Gallet eta/., 1989; Larsson eta/., 1987). The procedure consisted of 

mechanical homogenization of leaf tissue in a buffered osmoticum followed by 

filtration and differential centrifugation to remove cell debris and the larger 

organelles. The plasma membrane vesicles remaining in the supernatant were 

separated from other microsomal membranes based on their different surface 

properties (charge and hydrophilic/hydrophobic properties) rather than particle 

size and density. An aqueous two-phase partitioning involving polyethylene 

glycol 3350 (PEG) and dextran T500 (Dextran) was used to isolate plasma 

membrane vesicles as described below and outlined in Figure 3.1. 
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Figure 3.1 Methods flow chart showing different stages of plasma 
membrane purification. 
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PEG and dextran are water-soluble, high molecular weight polymers 

that do not mix above a certain concentration, but form separate phases, each 

composed of more than 85°/o water (Sandelius and Morre, 1990). Plasma

membrane derived vesicles partition preferentially to the PEG-rich upper 

phase, while membrane vesicles originating from other membranes partition in 

the lower phase or the interface. To purify the plasma membrane fraction of 

the upper phase, this phase was repartitioned against a fresh lower phase 

three times (Figure 3.2). 

For 120 g of leaf tissue, 400 ml of extraction buffer {Appendix A.1) was 

used. With other weights of tissue the volume of extraction buffer was 

adjusted accordingly. Leaf tissue was divided into three parts with the first 

third cut into 2.5-cm strips and added to a Waring blender containing the 

extraction buffer and 5 mM ascorbic acid. OTT and PVPP were added to final 

concentrations of 2 mM and 0.6°/o, respectively. The tissue was homogenized 

at high speed for 8 sec. The two remaining thirds were cut into the blender 

and homogenized for 15 and 18 sec, respectively. After all tissue had been 

homogenized once, PMSF was added to a final concentration of 1 mM. 

Homogenization was repeated four times at 20-sec intervals with a 5-sec break 

between intervals. The homogenate was filtered through two layers of 

miracloth and divided into 16 centrifuge tubes. Centrifugation at 10000 x g for 

15 min at 4°C was performed to pellet cellular debris and chloroplasts. The 

supernatant was transferred to a new tube and centrifuged at 50000 x g for 35 

21 



Add pellet resuspended in 
microsomal resuspension 
buffer 

phase 
mixture 

Add fresh 

• U1' 

upper phase t----t 
(U1') L1' 

90% of upper phase is transferred to the next 
lower phase 

L2 L3 

U2' 

L2' L3' 

L4 

U3' 

L4' 

Pooled 
Upper 
Phases 

Figure 3.2 Method of two-phase separation of plasma membranes from 
other cellular membranes. 

22 



min at 4°C. The pellet (microsomal fraction) remaining was resuspended in 400 

ul of microsomal resuspension buffer (Appendix A.2). The tubes were rinsed 

with another 400 ul and the samples pooled. Total sample volume was 

brought up to 18 ml for 120 g of starting material and divided equally (4.5 ml) 

between each of four tubes containing 13.5 g of phase mixture (Appendix A.3). 

OTT was added to a final concentration of 0.5 mM and the tubes mixed well by 

inversion. To separate the mixture into an upper and lower phase, the tubes 

were centrifuged at 1500 g for 10 min at 4 °C. After the spin, approximately 

90°/o of the upper phase was removed from the tube, without disturbing the 

interface, and transferred to fresh lower phase. Fresh upper phase was added 

to the first lower phase and OTT added to a final concentration of 0.5 mM. The 

fresh upper and lower phases were obtained from separation of the phase 

system (Appendix A.4 ). The phase mixtures were mixed vigorously and 

centrifuged for 5 min. This phase separation was performed several times, 

with the upper phases being exposed to a total of four lower phases (Figure 

3.2). 

The final upper phases (U4 and U4') were diluted at least two-fold with 

KCI buffer (Appendix A.8) and EOTA and OTT added to final concentrations of 

2 mM and 1 mM, respectively. Plasma membranes were collected by 

centrifugation at 100000 x g for 30 min at 4°C. The plasma membrane pellets 

were resuspended in 1 00 ul Tris buffer (Appendix A.1 0) for further protein 

analysis, and stored at -80°C. 
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3.2.2 Microsomal membrane isolation 

The microsomal pellet obtained from the second centrifugation (50000 x 

g) (Figure 3.1) was resuspended in Tris buffer with 2 mM DTI, 1 mM PMSF, 

and no EDTA, divided into 100 ul aliquots and stored at -80°C. When 

microsomal extractions were performed, smaller amounts of tissue (5 g) were 

used instead of 120 g. This required using a much smaller blender and only 

34 ml of extraction buffer. 

3.2.3 Temperature-induced two-phase separation of integral and 
peripheral membrane proteins 

Triton X-114 is a non-ionic detergent that is used to solubilize membranes 

and allows separation of proteins based on hydrophobicity. During solubilization, 

Triton X-114 surrounds the hydrophobic domain of proteins, leading to the 

formation of soluble protein-detergent mixed micelles (Helenius and Simons, 1975; 

Tanford and Reynolds, 1976). The more hydrophobic a protein is, the greater the 

size of micelles formed. Partitioning of the integral and peripheral proteins occurs 

as the Triton X-114 undergoes phase separation as the temperature increases 

above 20°C. At 4°C, dilute solutions of Triton X-114 form clear micellar solutions 

but as the temperature increases above 20°C the micellar molecular weight 

increases and the solution turns turbid. At this temperature, called the cloud point, 

a microscopic phase separation occurs in the solution. Phase separation 

proceeds as temperature increases until two separate phases, detergent-depleted 

and detergent-enriched, are formed. This temperature-induced phase partitioning 
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is convenient for the separation of hydrophobic and hydrophilic proteins. The 

hydrophilic proteins remain in the aqueous, detergent-poor, phase whereas the 

hydrophobic proteins are associated with the micelles in the lower detergent-rich 

phase. 

Fractionation of membrane proteins was accomplished using a 

temperature-induced phase separation in preconditioned Triton X-114 (Appendix 

B) according to the method of Bordier (1981 ), with minor modifications. Membrane 

preparations from plasma membrane or microsomal membrane extractions were 

adjusted to 1 °/o preconditioned Triton X-114, 1 mM OTT, 1 mM PMSF and 2 mg 

protein mr1 in Tris buffer to a final volume of 400 LA in 1 ml microcentrifuge tubes. 

The samples were mixed vigorously, placed on ice for 30 min, then spun in a 

microcentrifuge for approximately 5 min to remove precipitated starch (Bricker and 

Sherman, 1982). The next steps in the two-phase separation are outlined in 

Figure 3.3. The supernatant was transferred to a new tube and held at 30°C for 

10 min. The cloudy mixture was centrifuged for 5 min to yield a heavy, detergent

enriched lower fraction (Triton phase) and a light, detergent-depleted upper 

fraction (aqueous phase). The upper aqueous phase was transferred to a new 

tube containing 40 LA of preconditioned Triton X-114, 1 mM OTT, and 1 mM PMSF. 

The lower Triton phase was washed with fresh Tris buffer (300 LA), 1 mM OTT, and 

1 mM PMSF. Phase partitioning was repeated on all fractions at least twice. In 

total, the aqueous and Triton phases were washed three times with fresh Triton 

and aqueous phases, respectively. The first two aqueous phases (A3 and A3') 

were pooled and labelled 
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as the peripheral proteins, and the first Triton phase (T1 ') was labelled as integral 

proteins. All other samples were disgarded. For protein determination, both 

phases were brought to the same concentrations of Tris buffer and Triton. 

3.2.4 Protein estimations 

Protein concentrations were originally estimated using the method of 

Bearden (1978); however, Triton X-114 can affect the Bearden reagent, 

resulting in a switch to the method of Bradford (1976). Bovine serum albumin 

was used to generate the standard curves. 

3.2.5 SDS-PAGE analysis of proteins 

Proteins were analysed by SDS-PAGE using the Mini-PROTEAN II and 

PROTEAN II XI gel electrophoresis units (BioRad) connected to a MODEL 

1000/500 BioRad power supply, according to the manufacturers' instructions. 

The discontinuous gel system consisted of a 4o/o stacking gel and 7.5-12°/o 

resolving gel. Reagents and gel preparation were as described by Laemmli 

(1970) (Appendix C). In latter experiments the dye front, along with lower 

molecular weight proteins, were run off the bottom of the gel in order to get 

better separation of the higher molecular weight proteins (49 kDa). 

The amounts of protein run on a gel depended on the gel size, 

thickness, sample concentration, and origin of the proteins. For large gels, 50-

100 ug of protein were loaded per lane, whereas for mini gels the amount of 

protein was 10-30 ug per welL Sample buffer (Appendix C.3) was added to the 
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samples, the tubes were then heated at 80°C for 10 min, centrifuged for 

approximately 3 min (max speed of microcentrifuge), and the sample was loaded 

on to the gel. Electrophoresis running conditions consisted of 100 V for 

approximately 2 h (mini gel) or 18 rnA for approximately 16 h (large gel). For some 

of the gels the dye front was allowed to run off in order to separate the larger 

molecular weight proteins. This results in removal of lower molecular weight 

proteins (less than 20 kDa) from the gels. 

The low molecular weight protein standards used were obtained from 

Pharmacia and consisted of phophorylase b (94 kDa), albumin (67 kDa), 

ovalbumin (43 kDa), carbonic anhydrase (30 kDa), trypsin inhibitor (20.1 kDa), 

and alpha-lactalbumin (14.4 kDa). Prestained molecular weight markers from 

BioRad were used to monitor gel electrophoresis but were not used for 

determining the molecular weight of proteins. The prestained SDS-PAGE 

standards consisted of myosin (200 kDa), B-galactosidase (118 kDa), bovine 

serum albumin (78 kDa), ovalbumin (47.1 kDa), carbonic anhydrase (31.4 

kDa), soybean trypsin inhibitor (25.5 kDa), lysozyme (18.8 kDa) and aprotinin 

(8.3 kDa). The binding of dye to the protein changes the molecular weights as 

shown by the increased molecular weight of the prestained molecular weight 

markers. Both sets of standards were diluted with sample buffer, aliquoted and 

stored at -20°C. 

Protein bands were visualized by three different staining methods, 

depending on the purpose of the gel. The methods used were: silver stain, 
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Coomassie stain, or a combination of silver and Coomassie. The latter method 

was used most often because of its increased sensitivity. 

For the silver stain procedure the gels were place in fix solution 

(Appendix 0.1) and shaken gently for at least 2 h (large gels) or 30 min (mini 

gels). Two rinses followed the fixing step: three rinses with wash 1 solution 

(Appendix 0.2) and three water rinses. Both rinses took 15 min, each with 

gentle agitation. The final water rinse was replaced with dichromate fix 

(Appendix 0.3) and the gel was allowed to soak for 10 min without shaking. 

Following three water rinses (15 min), silver stain solution (Appendix 0.4) was 

added. The gels were stained for 15 to 20 min then rinsed with water for 1 

min. Developer (Appendix 0.5) was added immediately and the gels were 

allowed to develop under gentle agitation with fresh developer added as 

needed. As a desired band intensity was reached, the developer was replaced 

with a 3°/o glacial acetic acid solution for 15 min, followed by two water rinses. 

A silver stain kit from BioRad was also used in the later experiments, following 

techniques described by the manufacturer. 

The Coomassie stain procedure involved two steps: immersing the gels 

in Coomassie Stain (Appendix 0.6) for at least 30 min and rinsing with Destain 

(Appendix 0.7) until the desired band intensity was reached. This method was 

simple but required more time to reach the desired band intensity; e.g., longer 

staining for more sensitivity, and with longer staining, the destaining time was 

extended. 
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For the combination staining, gels were stained first in coomassie stain, 

destained, and then silver stained. This allowed colour differentiation of 

proteins and enhanced sensitivity of the stain. The destaining step of the 

coomassie stain replaced the fixing step required during the silver stain 

procedure; thus, the silver stain was performed immediately after the gel was 

destained. 

After staining, the gels were photographed with a Polariod camera 

and/or Gel Documentation System (Ultra Violet Products Ltd.) then dried. 

Depending on the number of gels to be dried, two different methods were used. 

In both cases, gels were soaked in Drying Solution {Appendix D.6) for at least 

30 min (mini gels) or overnight (large gels). The first method of drying involved 

the Bio-Rad Model 583 Gel Dryer where gels were sandwiched between two 

layers of cellophane, or one layer of cellophane and one layer of heavy filter 

paper, and dried for 2.5-3 hours, depending on the size of the gels. The 

vacuum source was a Leybold Trivac Type D4B. Two moisture traps 

separated the dryer and the vacuum to prevent condensation reaching the 

vacuum pump. 

The second method used to dry gels was performed when only one or 

two gels were to be dried. The gels were sandwiched between two layers of 

cellophane backing and clipped on a glass plate for support. The gels were 

allowed to dry naturally at room temperature. This method worked well with 

mini gels; they dried in only one day, no cracking occurred, and there was no 

reliance on a vacuum or other equipment. 

30 



3.3 Effect of Herbicide Treatment and Leaf Maturity on Microsomal 
Membrane Proteins in Resistant and Susceptible Biotypes of Wild 
Oat 

To determine the effect of herbicide treatment on microsomal membrane 

proteins in wild oat biotypes UM1 and UMS, the plants were subjected to 

herbicide treatment as specified below. At various time intervals following 

treatment, membrane extractions were performed and membrane proteins 

analysed. The effect of herbicides on young meristematic tissue was also 

compared to the response in older leaf tissue. 

3.3.1 Response to herbicide treatment 

Plants were sprayed at the 2- to 3-leaf stage using a custom-made 

spray chamber set to deliver 100 L ha-1 through an 8001 nozzle at 30 kPa. A 

maximum of 12 pots was sprayed at one time. Commercial formulations of 

herbicides were sprayed at the following rates: 0, 294, 588, and 1472 g ha-1 

sethoxydim (Poast™; BASF Canada Inc.) and 0, 681, 1950, and 3408 g ha-1 

diclofop-methyl (Hoegrass ™; AgrEvo Canada Inc.), corresponding to 0, 1 X, 2X 

and 5X the recommended use rates, respectively. lmazamethabenz-methyl 

(Assert™; Cyanamid Canada Inc.) was also applied at 0 and 480 g ha-1 (1X 

rate). Merge (BASF Canada Inc.) was used at 1.0 L ha-1 with all rates of 

sethoxydi m. 

Samples were taken from plant tissue at various times after herbicide 

treatment. To determine the effect of herbicide treatment on membrane 

proteins in young vs. older leaves, the plant tissue was divided into actively 
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growing meristematic tissue (youngest leaf) and older, more mature leaves, 

then subjected to microsomal membrane isolation. Protein profiles of 

microsomal membranes and crude fractions were analysed by SDS-PAGE. 

3.4 Characterisation Of The Protein That Was Depleted by Herbicide 
Treatment in UM5 

Different plant extracts were analysed to determine the cellular location 

of the protein that was depleted by herbicide treatment in biotype UM5. To 

determine whether this protein was extra- or intra-cellular, the apoplastic 

solution between the cell wall and plasma membrane was isolated. Further, 

extractions of microsomal membranes from root tissue were done to determine 

if the protein was also present within root tissue. Western blot analysis and 

non-denaturing acrylamide gel electrophoresis were also performed to help 

characterise the protein. 

3.4.1 Identification of protein location within plant tissues 

Microsomal membrane proteins were extracted from root tissue of 

herbicide-treated and untreated wild oat plants. Roots from intact plants were 

washed thoroughly and subjected to the microsomal membrane extraction 

procedure as described for leaf material in section 3.2.2. 

Proteins located in the extracellular space between the cell wall and 

plasma membrane, the apoplastic space, were isolated through modifications 

to the procedures used by Terry and Bonner (1980) and Hon eta/. (1994). 

Wild oat leaves from 2-week-old plants were cut under water into 4-cm 
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sections and packed gently in a 3 ml syringe plugged with glass wool, without 

bending the tissue. The syringe was rinsed with water for 1 min by connecting 

it with a rubber hose to the tap and allowing a lower pressure flow to run 

through to wash cellular proteins from the cut ends. The leaves were then 

vacuum infiltrated with water for 5 min using a vacuum pump (Leybold Travis 

Type 048). The pressure was released slowly (5 min) and extra water 

removed from the syringe by applying light suction. The syringes were placed 

in 15 ml Corex tubes and centrifuged at 140 x g or 3400 x g for 10 min in a 

Beckman JA-17 rotor. The apoplastic extract was collected from the bottom of 

the Corex tubes, TCA precipitated, and proteins dissolved in 40 ul of sample 

buffer and electrophoresed by SDS-PAGE. Extracts from the 140 x g spin that 

contained green color were discarded. For controls, leaf tissue was frozen at -

80°C for 30 min, thawed at room temperature, and centrifuged as described 

above. 

To quickly precipitate the proteins from the apoplastic solution, 100 ul of 

TCA was placed in the bottom of the corex tube prior to centrifugation. The 

TCA and apoplastic solution was transferred to a 1 ml microcentrifuge tube, 

incubated on ice for 10 min, and precipitated protein was pelleted by 

centrifugation for 5 min. The supernatant was removed with a drawn-out 

pasteur pipet and the pellet rinsed with 500 ul ice-cold acetone, vortexed, and 

respun for 5 min. A second acetone rinse was performed, after which the 

pellet was allowed to dry at room temperature for 10 min. Sample buffer was 

then added to resuspend the proteins for SDS-PAGE analysis. 
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3.4.2 Determination of protein identity through western blot analysis and 
native gels 

Membrane proteins from SDS-PAGE mini gels were transferred to 

nitrocellulose (0.2 urn) (Bio-Rad) at 80 V for 1 hour using BioRad mini transfer 

unit filled with transfer buffer {Appendix E.4). Prestained molecular weight 

markers were used to monitor the transfer. Ponceau S Concentrate (Sigma) 

was used to non-permanently stain the nitrocellulose in order to quickly 

monitor the protein bands and to remove the lanes with the low molecular 

weight markers. The nitrocellulose was rinsed with water to remove the 

Ponceau S Concentrate and the lanes containing low molecular weight 

markers were permanently stained with Coomassie Stain for further molecular 

weight determination of the protein bands. The remaining nitrocellulose 

containing the proteins of interest was blocked overnight using 1 0°/o skim milk 

powder in TBST {Appendix C.S) under gentle agitation at room temperature. 

Following a 10 min rinse in TBST, the primary antibody was added. 

Unpurified and purified antibodies against wheat RUBISCO (large subunit) 

were obtained from Dr. S. Hemmingsen (Plant Biotechnology Institute, 

Saskatoon). The unpurified antibodies were those isolated directly from the 

host rabbit, whereas the purified antibodies were obtained by elution of 

antibodies bound to the large subunit of electrophoresed wheat RUBISCO 

blotted to nitrocellulose. The dilutions used for primary antibodies were 1 :1000 

and 1 :50 in 10 ml TBST for the unpurified and purified antibodies, respectively. 
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Following a 1-h incubation of the primary antibodies, a second rinse in TBST 

(1 0 min) was done. 

The secondary antibody, lgG-goat anti-rabbit-alkaline phosphatase, was 

added at a 1:10000 dilution in 7.5 ml TBST and allowed to incubate for 1 h. 

After a third 10 min rinse in TBST, the nitrocellulose membranes were placed 

on clean filter paper and allowed to air dry for 3 min at room temperature. 

Signal development using alkaline phosphatase (Appendix C.6) was performed 

until the desired band intensity was reached. To stop development, the 

membranes were washed with 0.5 M EDTA in water for 5 min, then allowed to 

air dry on filter paper. Native gels (7.5°/o) were prepared similar to SDS

PAGE minus the SDS in the gel solutions and reagents and substitution with 

an equal amount of water. The running conditions, blotting to nitrocellulose 

and Western blotting procedures were the same as for the SDS-PAGE. 

Molecular weight markers used were ferritin (440 kDa) and catalase (232 kDa). 

The sample buffer contained OTT as a reducing agent instead of 

mercaptoethanol. 
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CHAPTER4 
RESULTS 

4.1 Comparison Of Plasma Membrane Proteins In Resistant 
And Susceptible Wild Oat Biotypes 

Isolation of plasma membrane vesicles from wild oat leaf tissue by the 

two-phase method yields vesicles that are relatively free of contamination by 

other cellular membranes {Renault eta/., 1997). SDS-PAGE analysis of protein 

profiles from purified plasma membrane vesicles {upper phase) and other 

cellular membranes {lower phase) indicated no obvious differences between the 

resistant and susceptible biotypes {Figure 4.1 ). Although the two membrane 

fractions {upper phase and lower phase) appear to exhibit quite different protein 

profiles there is some similarity; for example both have proteins of 47 to 50 kDa 

in size. 

SDS-PAGE of plasma membrane proteins resulted in skewed bands due 

to the high lipid content and the hydrophobicity of intracellular proteins. Two 

methods were used to increase the clarity of protein separation. First, 

dissolving the membranes in 0.1 °/o Triton X-1 00, diluting to 0.01 °/o, and heating 

the samples to a maximum of 80 °C rather than boiling, improved the results. 
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M = molecular weight markers 
1 = UM1 (resistant biotype) 
5 = UM5 (susceptible biotype) 

Figure 4.1 SDS-PAGE of upper (plasma membrane) and lower phase (other 
cellular membrane) proteins after separation by two-phase 
partitioning of UM1 and UM5 wild oat plants at the 2- 3 leaf 
stage. 
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However, the best results were obtained following further separation of integral 

and peripheral membrane proteins by Triton X-114 partitioning. 

SDS-PAGE of plasma membrane integral and peripheral proteins 

separated by Triton X-114 partitioning showed that the majority of the 

peripheral proteins were contained within the first aqueous phase, and the 

integral proteins mainly within the first Triton phase (Figure 4.2). The aqueous 

and Triton phases contained complementary protein profiles, with no bands 

being common to both phases (band at 67 kDa is remant of mercaptoethanol in 

sample buffer). Proteins of molecular weight 47 and 50 kDa were found in the 

aqueous phase but were absent in the Triton X-114 phase. 

Comparisons of the peripheral and integral protein profiles of plasma 

membranes from UM1 and UMS showed no differences between the biotypes 

(Figure 4.3). Two bands around 47 and 50 kDa were quite prominent in the 

aqueous phase of both UM1 and UMS extracts, as mentioned previously. 

4.2 Effect Of Herbicide Treatment On Membrane Proteins In 
Resistant And Susceptible Wild Oat Biotypes 

Treatment with sethoxydim at 1470 g ha-1 had no effect on plasma 

membrane proteins in UM1 but resulted in depletion of a 47 kDa protein in 

UMS, two days after herbicide treatment (Figure 4.4). Similarly, the 47 kDa 

protein was depleted/reduced in amount in the microsomal (Figure 4.5) and 

crude (Figure 4.6) fractions of sethoxydim-treated susceptible plants. 

Sethoxydim treatment at 294 g ha-1 (1 X rate) and diclofop-methyl at 681 g ha-1 
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Aqueous Phase Triton Phase 
A 1 A2 A3 A4 M T1 T2 T3 M 

96 

67 

43 

30 

M = molecular weight markers 
A 1, A2, A3, A4 = aqueous phases (see Figure 3.3) 
T1, T2, T3 = Triton phases (see Figure 3.3) 

Figure 4.2 Triton X-114 temperature-induced two-phase separation of 
plasma membrane proteins from UMS. 
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43 
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20.1 

Peripheral Integral 
155M 15 5 

M = molecular weight markers 
1 = UM1 (resistant biotype) 
5 = UM5 (susceptible biotype) 

0 

Figure 4.3 SDS-PAGE of integral and peripheral proteins from UM1 and UM5 
plasma membranes. 
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Figure 4.4 

96 

43 

30 

Treated 
1 5 

M = molecular weight markers 
1 = UM1 (resistant biotype) 
5 = UM5 (susceptible biotype) 

SDS-PAGE of plasma membrane peripheral proteins of UM1 and 
UM5 two days after treatment with 1470 g ha-1 of sethoxydim. 
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(a) 

Control Treated 
M 1 5 1 5 

(b) 

96 

67 

43 

30 

Control Treated 
M 5 1 5 1 

M =molecular weight markers 
1 = UM1 (resistant biotype) 
5 = UM5 (susceptible biotype) 

Figure 4.5 SDS-PAGE of microsomal membrane proteins after treatment with 
1470 g ha-1 of sethoxydim. (a) Aqueous phase proteins from Triton 
X-114 two-phase partitioning of microsomal membrane fractions. 
(b) Microsomal membranes without further separation by Triton X-
114. 
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(a) 0 hours 

UMS UM1 
MYOYO 

(b) 24 hours 

UMS UM1 
MYOYO 

c) 

M = molecular weight markers 
Y = young leaf tissue 
0 = old leaf tissue 

48 hours 

UMS UM1 
MYOYO 

Figure 4.6 SDS-PAGE of crude fraction proteins from young meristematic 
tissue and older leaf tissue treated with 1470 g ha-1 of sethoxydim 
at times 0, 24 h, and 48 h after herbicide treatment. 
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(1 X rate) also reduced the amount of the 47 kDa protein in microsomal 

membranes 2 days after treatment (figures not shown). 

The amount of the 47 kDa protein started to decline within 24 h after 

herbicide treatment in the young meristematic tissue, while in older leaf tissue 

the response was not noticeable until 48 h after treatment (Figure 4.6). The 

increased effect on young tissue correlates with the greater activity of the 

AOPP and CHD herbicides on growth inhibition in meristematic tissue. In fact, 

the first visible symptoms of AOPP and CHD herbicide damage in susceptible 

wild oat was cessation of growth of newly emerging leaves (Figure 4. 7). 

4.3 Characterisation Of The Protein That Was Depleted By 
Herbicide Treatment in UMS 

Extraction of proteins in the apoplastic fluid between the cell wall and 

plasma membrane and separation by SDS-PAGE showed the presence of at 

least two proteins of approximately 47- 50 kDa (Figure 4.8). The quantity of 

the 47- 50 kDa proteins increased as the tissue was subjected to higher 

centrifugation speeds (1 000 rpm) and when the tissue was frozen. Increasing 

the centrifugation speed and freezing tissue prior to centrifugation caused cells 

to break open, resulting in extraction of both intracellular and apoplastic 

proteins. 

Comparisons of root and leaf microsomal fractions from UM1 and UM5 

treated with 1470 g ha-1 indicated that the prominent 47 and 50 kDa protein 

bands were absent in root tissue {Figure 4.9). The fact that the 47 and 50 kDa 
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96 
67 

43 

30 

20 

1000 5000 

M = molecular weight markers 
1 = UM1 (resistant biotype) 
5 = UM5 (susceptible biotype) 

Figure 4.8 SDS-PAGE of leaf proteins extracted with the apoplastic fluid. 
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Figure 4.9 

Leaf Roots 
C T C T 
1515M1515 

M = molecular weight markers 
1 = UM1 (resistant biotype) 
5 = UM5 (susceptible biotype) 
C =controls 
T =treated tissue 

SDS-PAGE of microsomal proteins from leaf and root tissue of 
UM1 and UM5 plants treated with 1470 g ha-1 sethoxydim. Gel 
was sliced in order to stain the left half for a longer period of time. 

47 



proteins were only found in shoot tissue suggested that they may be 

derived from chloroplasts. 

Western blot analysis of microsomal membrane proteins with unpurified 

RUBISCO antibodies (Figure 4.1 0) suggested that the 47 kDa to 50 kDa 

protein bands may be subunits of the RUBISCO complex. Other proteins, with 

molecular weights of approximately 43, 32, 26, 24, and 16, also reacted with 

the unpurified RUBISCO antibody. The cross-reactivity of the antibody to the 

different proteins may be the result of nonspecificity of the antibody or the other 

proteins may be modifications or degradation products of the subunits of 

RUBISCO. 

Purified antibodies to the large subunit of RUBISCO were obtained and 

used as a probe in Western blots of the crude and microsomal fractions of UM1 

and UM5 untreated and treated plants (Figure 4.11 ). The purified antibody was 

specific to the 47 and 50 kDa bands, thereby supporting the proteins as 

belonging to the large subunit of RUBISCO. The crude fraction also contained 

bands of lower molecular weight that reacted with the antibody, suggesting 

they may be degradation products of the RUBISCO large subunit. Again, the 

only difference between UM1 and UM5 was the reduction in the 47 kDa band 

within 2 days after herbicide treatment in UM5. Further analysis showed the 

reduction in amount of the 47 kDa band in UM5 occurred in as little as 24 hr 

after herbicide treatment (Figure 4.12). 
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UM5 UM1 

C =control 
T =treated 
M = molecular weight markers 

96 

67 

43 

30 

20.1 

14.4 

Figure 4.10 Western blot analysis of the microsomal membrane proteins from 
UM1 and UM5 treated with 1470 g ha·1 of sethoxydim using an 
unpurified RUBISCO antibody. 
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(a) Crude 
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96 

67 
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30 

(b) 

M = molecular 
weight markers 

C =control 
T =treated 
PM= prestained 

molecular weight 
markers 

Crude 
UM1 UM5 

C T C T 

Microsomal 

UM1 UM5 

C T C T PM 

Microsomal 
UM1 UM5 

C T C T PM 

200 

118 
78 

47.1 

31.4 

25.5 
18.8 

200 

118 
78 

47.1 

31.4 

25.5 

Figure 4.11 Western blot analysis of crude and microsomal proteins from 
UM1 and UM5 plants treated with 1470 g ha·1 of sethoxydim 
using purified RUBISCO antibodies. Figure (a) is the Ponceau S 
stained nitro-cellulose membrane after blotting, and (b) is the 
Western blot using purified RUBISCO antibodies. 
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47.1 
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UM5 UM1 
0 24 48 96 0 24 48 96 

Figure 4.12 Western blot analysis of microsomal proteins from young leaf 
tissue of UM1 and UM5 using purified RUBISCO antibodies at 
times 0, 24, 48 and 96 h after treatment with 1470 g ha-1 
sethoxydim. 
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Treatment of UM1 and UMS with imazamethabenz-methyl (Assert), an acetolactate 

synthase (ALS) inhibitor, resulted in growth inhibition (Rgure 4.13) 

Analysis of the crude fractions on native gels revealed that when 

mercaptoethanol was used in the sample buffer no bands were present (Figure 

4.15a); substitution with OTT resulted in a crisp band presumed to be RUBISCO. 

Cutting out the band and running on SDS-PAGE resulted in profile similar in 

molecular weight to the 47 and 50 kDa protein (Figure 4.15b). Blotting of the native 

gel to a nitrocellulose membrane and using the unpurified RUBISCO enzyme 

indicated the large band could be part of the RUBISCO complex (Figure 4.16). There 

was no indication of a reduction in amount of RUBISCO present after herbicide 

treatment as all lanes have similar intensity of the band. 
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(a) UM1 (b) UM5 

118 
78 

47.1 

31.4 

25.5 

lmazameth. Sethoxydim 
PM 24 48 96 24 48 96 

lmazameth. Sethoxydim 
PM 24 48 96 24 48 96 

PM = prestained molecular weight markers 
24, 48, 96 = hours after herbicide treatment 

Figure 4.14 Western blot analysis of microsomal proteins from leaf tissue of 
UM1 and UM5 treated with 480 g ha-1 imazamethabenz-methyl 
and 1470 g ha-1 sethoxydim 24, 48, and 96 hours after treatment. 
The antibody used was the unpurified RUBICSO antibodies. 
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(a) PAGE (b) SOS-PAGE 

Mercapt. on Excised Band M 

Band Excised 

M = molecular weight markers 

Figure 4.15 (a) PAGE of crude fraction proteins from untreated UM5 plants 
with mercaptoethanol or OTT included in the sample dye. (b) 
SOS-PAGE of excised band from (a) mixed with sample buffer. 
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UM5 UM1 
Control Treated Control Treated 

Figure 4.16 Western blot of PAGE of crude fractions from UM1 and UM5 
untreated and treated plants (2 days after treatment with 1472 g 
ha-1 sethoxydim) using unpurified RUBISCO antibodies. 
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CHAPTERS 

DISCUSSION AND CONCLUSION 

Early studies with the herbicide-resistant wild oat biotype UM1 

suggested the resistance mechanism involved site-specific interactions 

between the herbicide and the plasma membrane (Devine eta/., 1993a,b). 

Other findings supporting such a specific interaction included reduced 

herbicide uptake in protoplasts and plasma membrane vesicles in UM1 

compared to the susceptible biotype (UMS) (Devine eta/., 1993b). However, 

no differences in plasma membrane lipid content were detected between the 

resistant and susceptible biotypes (Renault et al., 1997). The repolarization of 

the plasma membrane in resistant biotypes of wild oat and rigid ryegrass upon 

removal of the herbicide from the bathing solution, but not in susceptible 

biotypes (Holtum et al., 1991; Devine eta/., 1993a), also supported a 

differential interaction of the herbicide at the plasma membrane. 

Indications that the herbicide-induced membrane response may involve 

a site-specific interaction between the herbicide and a protein in the plasma 

membrane included the observation that PCMBS prevented diclofop-induced 

depolarization in rigid ryegrass root tips (Shimabukuro and Hoffer, 1992) and 
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acidification of the solution surrounding rigid ryegrass roots (DiTomaso, 1993). 

In particular, the herbicide effect on the plasma membrane responses was 

thought to involve proteins associated with or integrated into the plasma 

membrane (Devine eta/., 1993a; Shimabukuro and Hoffer, 1992). In light of 

these results, an investigation of membrane proteins in the plasma membranes 

of the resistant and susceptible wild oat biotypes was warranted. 

Analysis of plasma membrane proteins from the resistant and 

susceptible biotypes indicated no difference in protein profiles in untreated 

plants (Figure 4.1 ). Analysis of protein profiles of plasma membrane proteins 

was difficult due to the high lipid content of the samples. Pretreatment with 

Triton X-1 00 enhanced separation of these proteins; however, the best results 

were obtained using Triton X-114 temperature-induced two-phase separation 

to isolate integral (Triton phase) and peripheral (aqueous phase) proteins 

(Figure 4.2). Analysis of the Triton and aqueous phases from UM1 and UMS 

showed no difference in protein profiles of untreated susceptible and resistant 

plants. However, following herbicide treatment a consistent difference was 

observed; a 47 kDa protein was greatly reduced in amount in the herbicide

treated susceptible plants within 48 hours, but was not depleted in the resistant 

biotype (Figure 4.4). Based on this, it was concluded that herbicide resistance 

in biotype UM1 was probably not related to a constitutive difference in plasma 

membrane protein content. 
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During the course of this study the resistant biotype was confirmed as an 

ACCase mutant (Maries, 1995; Shukla eta/., 1997a). The fact that resistance 

is conferred by one gene (Murray eta/., 1995) and the resistance mechanism is 

a mutant ACCase, the 47 kDa plasma membrane protein response is, 

therefore, not involved in the resistance mechanism. Rather, it appears to be a 

more general response to injury or senescence of the leaf tissue. Depletion of 

the 47 kDa protein by factors other than the AOPP and CHD herbicides (i.e., by 

the ALS inhibitor imazamethabenz) suggests that these herbicides do not 

specifically induce this protein degradation, but that it occurs due to the onset 

of senescence or general tissue degradation. 

Senescence may be defined as the ordered degradation of cell 

constituents (Huffaker, 1990), of which the degradation of the 47 kDa protein is 

one example. To further study effect on this protein, the response in young 

leaves was compared to that in older leaves. The response was greater (i.e., 

protein degradation occurred faster) in younger than in older leaves. The 

herbicidal target of AOPP and CHD herbicides is young leaves and 

meristematic tissue, so the quicker response in young tissues may be attributed 

to greater effect on lipid synthesis in younger, growing tissue than in older 

tissue. 

Further analysis and characterisation of the protein showed that it was 

not an integral membrane protein. The fact that it sequesters into the 

peripheral protien fraction suggests that the protein may be associated with the 
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plasma membrane or it may be a possible contaminant. Several factors 

support the contamination theory and suggest the 47 kDa protein is part of the 

large subunit of the RUBISCO complex. These include the molecular weight, 

which is close to the known molecular weight of the large subunit from other 

plant species (50 to 54 kDa}; the absence of this protein from root tissues 

(Figure 4.9), and its abundance in the cell. In addition, Western analysis with 

purified antibodies against RUBISCO obtained from Dr. S. Hemmingsen (PBI} 

revealed that both the 47 kDa and 50 kDa bands were indeed part of the 

RUBISCO complex (Figure 4.11 and Figure 4.12). Therefore, in wild oat plants 

the RUBISCO large subunit may exist in more than one form represented by 

two prominent bands at 47 and 50 kDa. The two forms may be different 

degradation products of the large subunit, similar to those found by Miyadai et 

a/. (1990), who studied degradation of RUBISCO in wheat leaves. Only the 47 

kDa band is depleted upon herbicide treatment with AOPP and CHD herbicides 

which suggests the 47 kDa protein may be in a form that is easier to degrade or 

is more affected by the senescence induced by the herbicides. 

RUBISCO is often found as a contaminant in subcellular fractionations 

because of its abundance in the cell and its ability to associate with the 

membranes due to the hydrophobicity of the large subunit. RUBISCO is a 

chloroplastic enzyme that catalyzes the formation of two molecules of 3-

phosphoglycerate from carbon dioxide and ribulose 1 ,5-bisphosphate during 

C02 fixation in plants. RUBISCO makes up almost 50°/o of the chloroplast 
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protein and is composed of two subunits (large and small). The large subunits 

are encoded by chloroplastic DNA while the small subunits are encoded by 

nuclear DNA. 

Huffaker (1990) reported that RUBISCO is one of the first proteins to 

undergo degradation during senescence. The degradation of RUBISCO at the 

onset of plant senescence is slow, but once senescence has started the 

degradation proceeds much more rapidly (Mae eta/., 1983; Huffaker, 1982). In 

Ca species, most protein loss during senescence is attributed to degradation of 

RUBISCO (Wittenbach, 1978; Friedrich & Huffaker, 1980). 

One question to be addressed is why the RUBISCO large subunit was 

found as a contaminant of the plasma membrane fraction. Although the plasma 

membrane preps were relatively free of contamination from other membranes, 

they are not 1 OOo/o free (Renault eta/., 1997). Even a small amount of an 

abundant protein such as RUBISCO could have an impact on the protein 

content of the plasma membrane vesicles. During isolation of plasma 

membrane vesicles the cells are completely disrupted, causing many proteins 

to come in contact with the plasma membrane fraction. Some of these proteins 

remain associated with the membrane if they are even slightly hydrophobic. 

The appearance of the RUBISCO large subunit in the plasma membrane 

fraction could be due its slight hydrophobicity and known characteristic to bind 

unspecifically to thylakoid membranes. Other sources of protein contamination 

of the plasma membrane fraction may be from cellular proteins that become 
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trapped inside the vesicles during plasma membrane isolation; upon Triton X-

114 separation, these would be located in the peripheral protein fraction. It has 

been shown previously that RUBISCO does associate with/contaminate plasma 

membrane preparations (Keegstra and Yousif, 1986; Kjellbom and Larssoon, 

1984). Also, the abundance of RUBISCO in plant cells, comprising 50°/o of leaf 

protein (Bushnell eta/., 1993), supports the trapping of some of the protein 

inside the vesicles upon plasma membrane isolation. 

In conclusion, the disappearance of 47 kDa protein can be attributed to 

the natural process of degradation that plants undergo during the onset of 

senescence. This protein response is not directly linked to the ACCase

inhibiting herbicides, but is a more general reaction to herbicide treatment. 

This in itself may be an initial step in producing simple detection methods for 

distinguishing herbicide-resistant from herbicide-susceptible plants in the field. 

Further research is needed in order to examine in more detail the exact effect 

on RUBISCO subunits through 2-D gels, protein labelling and response with 

various other herbicides. The feasibility of using RUBISCO degradation as a 

method of determining susceptibility to ACCase-inhibiting, and other, 

herbicides would then be the next step. 

Although no differences were found in plasma membrane proteins 

between the susceptible and resistant wild oat biotypes, there still may be 

differences in membrane proteins that were not detected. For example, there 

could be a slight difference in binding properties of a protein that may not 
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change its charge or molecular weight and, therefore, could have gone 

undetected. SDS-PAGE may not be sensitive enough to identify such small 

differences in minor proteins. Two methods that increase the sensitivity for 

identifying differences between proteins are 2-D gels electrophoresis and 

radio-labelling of protiens. Additional work is needed to further explore plasma 

membrane proteins, of these resistant and susceptible biotypes, so as to 

explain the differential membrane response between the resistant and 

susceptible biotypes and the link between the effect of herbicides on 

membrane function and overall herbicidal activity. 
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APPENDIX A 

BUFFERS FOR MEMBRANE EXTRACTIONS 

A.1 Extraction buffer 

0.5M 
50mM 
5mM 

sorbitol 
HEPES {pH 7.5 with 1 M KOH) 
EDTA, sodium salt 
water to appropriate volume 

Mix well and store in 400 or 200 ml aliquots at -20 degrees C. 

A.2 Microsomal resuspension buffer 

0.33 M 
9.0mM 
5.0mM 
5.0mM 
0.5mM 

sorbitol 
KCI 
K-phosphate pH 7.8 
EDTA 
OTT 

A.3 Phase mixture 

Final Stock 
Concentration Concentration 
6.4 °/o w/w Dextran T 500 20 °/o 
6.4°/o w/w PEG 3350 40 °/o 
0.33 M sorbitol solid 
9mM KCI 2M 
5 mM K-phosphate {pH 7.8) 0.2 M 

water to a final weight of 13.5 g 

Amount to 
each tube 
5.76g 
2.88g 
0.81 g 
0.75 ul 
33.5 ul 

Make stock solutions up beforehand. Add ingredients as listed then mix 
tubes vigorously and place at 4 ° C overnight. 
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A.4 Phase system 

Final Stock 
Concentration Concentration 
6.4 °/o w/w Dextran T 500 20 °/o 
6.4 °/o w/w PEG 3350 40 °/o 
0.33 M sorbitol solid 
9 mM KCI 2M 
5 mM K-phosphate {pH 7.8) 0.2 M 

water to a final weight of 250 g 

Amount to add 
to funnel 
80.00 g 
40.00 g 
15.33 g 
1.125 ml 
6.25ml 

Make stock solutions up beforehand. Prepare in a separatory funnel 
and place at 4 ° C to allow temperature to equilibrate. Mix vigorously 
and allow to settle overnight. Collect upper and lower phases and store 
separately at 4 ° Cor freeze at -20 ° C. 

A.5 20 % Dextran T500 

200 g Dextran T500 
water to a final weight of 1 000 g 

Prepare in a 1 L flask. Mix overnight at 4 ° C. Aliquot and freeze at -20° 
C if not using immediately or store at 4 ° C if using within 2 days. 

A.6 40 °k PEG 3350 

400 g PEG 3350 
water to a final weight of 1 000 g 

Prepare at room temperature and freeze aliquots at -20 ° C or store at 4 
° C for immediate use. 

A. 7 0.2 M K-phosphate {pH 7 .8) 

6.97g 
to pH 7.8 

K2HP04 dibasic 
KH2P04 monobasic 
water to 200 mls 

Dissolve K-phosphate dibasic in water and add the monobasic K
phosphate until pH 7.8 is reached. Store aliquots at -20 ° Cor 4 ° C (for 
immediate use). 
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A.S K-CI Buffer 

50mM 
0.3M 
0.25 mM 
0.5mM 

K-Phosphate {pH 7.5) 
sorbitol 
MgCI2 
CaCI2 
water to appropriate volume 

Mix well and store aliquots at -20 ° C. 
Prior to use, add OTT and EDTA to final concentrations of 1 mM and 2 
mM, respectively. 

A.9 Microsomal resuspension buffer 

sorbitol 
KCL 

0.33M 
9mM 
5mM K-Phosphate {pH 7.8) 

water to appropriate volume 

Mix well and store aliquots at -20 ° C. 

A.1 0 Tris buffer 

150 mM NaCI 
10 mM Tris-HCI {pH7.4) 
2 mM EDTA 
1 mM OTT 
water to appropriate volume 
Make fresh on the day of extraction and store at 4 ° C. 
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APPENDIXB 

PRECONDITIONING OF TRITON X-114 (Bordier, 1981) 

8g 
6.4mg 
392ml 

Triton X-114 
butylated hydroxytoluene in 
Tris Buffer (Appendix A.1 0) 

Mix at 4°C for at least 12 hours or overnight. After dissolution at 4°C incubate the 
clear solution at 30°C for 8 hours. Triton X-114 will condense and the mixture 
separates into a large aqueous phase {upper phase) depleted in detergent and a 
smaller phase (lower phase) enriched in detergent. Discard the upper phase and 
mix the lower phase with an equal volume of fresh Tris Buffer at 4°C overnight. 
Allow the mixture to condense and separate at 30°C again. The second Triton X-
114 lower phase is conditioned a third time then aliquoted and stored at 4°C. The 
final concentration of the preconditioned Triton x-114 measured at 275 nm should 
be approximately 12°/o. 
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APPENDIXC 

REAGENTS FOR GEL PREPARATION AND WESTERN BLOTS 

C.1 Acrylamide/Bis (30o/o T, 2.67°kC) 

146.0 g 
4.0 g 

Acrylamide 
N' N-bis-methylene-acrylamide 
distilled water to 500 ml 

Filter and stored at 4°C in a dark bottle. 

C.2 Sample Buffer (SDS reducing buffer) 

62.5 mM 
10°/o 
2 °/o 
5 °/o 
0.02 °/o (w/v) 

Tris-HCI, pH 6.8 
glycerol 
SDS 
8-mercaptoethanol or 1 00 mM OTT 
bromophenol blue 

C.3 Running Buffer {pH 8.3) 

25mM 
192 mM 
0.1 °/o 

Tris base 
glycine 
SDS 

C.4 Transfer Buffer {pH 8.3) 

25mM 
192 mM 
20 °/o (v/v) 

C.5 TBST 

Tris base 
glycine 
methanol 

50 mM Tris-HCI pH 7.9 
150 mM NaCI 
0.05 °/o (v/v) Tween 20 

C.6 Alkaline Phosphatase 

66 ul NBT 
33 ul BCIP 
10 ml alkaline phosphatase buffer {Appendix E.7) 
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C.7 Alkaline Phosphatase Buffer 
100 mM NaCI 
5 mM MgCI2 
100 mM Tris-HCI pH 9.5 
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APPENDIX D 

STAINING AND DRYING SOLUTIONS 

D.1 Fix Solution 

50 °/o Methanol 
12 °/o Acetic Acid 

water 
Note: The quality of methanol and water affect the staining results. 

D.2 Wash 1 Solution 

1 0 °/o Methanol 
5 °/o Acetic Acid 

water 

D.3 Dichromate Fix 

3.4mM 
3.2mM 

K-dichromate 
Nitric acid 
water 

Make this solution fresh for every silver stain. 

D.4 Silver Stain 

12 mM AgN03 
water 

Make fresh each day. 

D.5 Developer 

0.28M 
500 ul 

Na2C03 
37°/o Formaldehyde 
water to 1 L 

Can be stored for a few days. 
Note: Formaldehyde reduces ionic silver to metallic form releasing 
formic acid which is buffered by Na2C03. 
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0.6 Drying Solution 

20 °/o Methanol 
24 °/o Glycerol 
60 °/o Water 

0.7 Coomassie Stain 
0.2 °/o Coomassie blue R250 
20 °/o Methanol 
10 °/o glacial acetic acid 

0.8 Oestain 

1 0 °/o Methanol 
10 °/o glacial acetic acid 
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APPENDIX E 

CHEMICAL NAMES AND SOURCES 

Acrylamide BioRad 
bis-methylene-acrylamide (N,N'-methylene-bis-acrylamide) BioRad 
ammonium persulfate BioRad 
2-mercaptoethanol BDH 
TEMED (NNN'N'-Tetramethylethylenediamine) BDH 
Glycerol (glycerin) Fisher Scientific 
Tris base (Trizma base) (Tris[hydroxymethyl]ami no methane) Sigma 
Bromophenol blue (3' ,3" ,5' ,5" -tetrabromophenol Sigma 

sulfonephthalein) 
Glycine (glycine aminoacetic acid) 
Sorbitol ( D-sorbitol) 
KOH {potassium hydroxide) 
HE PES (N-[2-hydroxyethyl]piperazine-N'-

[2-ethanesulfonic acid]) 

BioRad 
Sigma 
BDH 
Sigma 

EDTA, sodium salt (ethylenediaminetetraacetic acid) Sigma 
KCI {potassium chloride) BDH 
DTI (DL-dithiothreitol) Sigma 
Dextran T500 Pharmacia 
PEG 3350 {polyethylene glycol) Sigma 
K2HP04 dibasic {potassium phosphate) Fisher Scientific 
KH2P04 monobasic {potassium dihydrogen orthophosphate) BDH 
Methanol BDH 
Acetic acid (glacial acetic acid) BDH 
Potassium dichromate BDH 
Nitric acid BDH 
NaCI (sodium chloride) Sigma 
AgN03 (silver nitrate) BDH 
Na2C03 (sodium carbonate anhydrous) BDH 
37°/o Formaldehyde 
Triton X-114 (octylphenoxypolyethoxyethanol) 
butylated hydroxytoluene 
diclfop-methyl 
sethoxydim 
i mazamethabenz 
Merge 
Coomassie brilliant blue R250 
Gibberellic acid 
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Sigma 

AgrEvo 
BASF 
Cyanamid 
BASF 
BioRad 
Sigma 



Ponceau S Concentrate Sigma 
PVPP (polyviny1polypyrrolidone) Sigma 
BCIP (5-bromo-4-chloro-3-indolyl phosphate) Sigma 
Tricine (N-tris[hydroxymenthyl]methylglycine) Sigma 
TCA (trichloroacetic acid) Sigma 
Triton X-1 00 (t-octoylphenoxypolyethoxyethanol) Sigma 
SDS (sodium dodecyl sulphate) BDH 
PMSF (phenylmethylsulfonyl fluoride) Sigma 
NBT (nitro blue tetrazolium) (2,2'-di-p-nitophenyl-5,5' Sigma 

-diphenyl-3,3'-[3,3'-dimethoxy-4,4'diphenylene] 
ditetrazolium chloride) 

Tween 20 
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