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Abstract Evolved resistance to the herbicide glypho-

sate has been reported in eleven weed species, including

Lolium multiflorum. Two glyphosate-resistant L. multi-

florum populations were collected, one from Chile (SF)

and one from Oregon, USA (OR), and the mechanisms

conferring glyphosate resistance were studied. Based on

a Petri dish dose–response bioassay, the OR and the SF

populations were two and fivefold more resistant to

glyphosate when compared to the susceptible (S) popu-

lation, respectively; however, based on a whole-plant

dose–response bioassay, both OR and SF populations

were fivefold more resistant to glyphosate than the S

population, implying that different resistance mecha-

nisms might be involved. The S population accumulated

two and three times more shikimic acid in leaf tissue 96 h

after glyphosate application than the resistant OR and

SF populations, respectively. There were no differences

between the S and the glyphosate-resistant OR and SF

populations in 14C-glyphosate leaf uptake; however, the

patterns of 14C-glyphosate translocation were signifi-

cantly different. In the OR population, a greater

percentage of 14C-glyphosate absorbed by the plant

moved distal to the treated section and accumulated in

the tip of the treated leaf. In contrast, in the S and in the

SF populations, a greater percentage of 14C-glyphosate

moved to non-treated leaves and the stem. cDNA se-

quence analysis of the EPSP synthase gene indicated

that the glyphosate-resistant SF population has a proline

106 to serine amino acid substitution. Here, we report

that glyphosate resistance in L. multiflorum is conferred

by two different mechanisms, limited translocation

(nontarget site-based) and mutation of the EPSP

synthase gene (target site-based).
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Abbreviations
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Introduction

Glyphosate was commercialized in 1974, and has

become the leading postemergence, systemic, non-

selective, broad-spectrum herbicide for the control of

annual and perennial weeds (Baylis 2000). Although it

was first used as a non-crop and plantation crop her-

bicide, now it is also used in non-tillage systems and in

glyphosate resistant crops, such as soybean (Glycine

max (L.) Merril.), cotton (Gossypium hirsutum L.),

canola (Brassica napus L.), and maize (Zea mays L.),

for selective weed control (Shaner 2000).
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Glyphosate inhibits the enzyme 5-enolpyruvylshiki-

mate-3-phosphate (EPSP) synthase (EC 2.5.1.19)

(Steinrücken and Amrhein 1980). EPSP synthase is the

sixth enzyme of the shikimic acid pathway, which is

essential for the biosynthesis of aromatic amino acids

in algae, higher plants, bacteria, and fungi (Kishore and

Shah 1988). EPSP synthase catalyzes the conversion

of shikimate-3-phosphate (S3P) and phosphoenolpyr-

uvate (PEP) to yield EPSP and inorganic phosphate

(Pi) (Geiger and Fuchs 2002). Glyphosate is a com-

petitive inhibitor of PEP, as it occupies the binding site

of PEP, mimicking an intermediate state of the ternary

enzyme-substrates complex (Schönbrunn et al. 2001).

It is well established that glyphosate exerts its

herbicidal effect through inhibition of EPSP synthase,

which prevents the biosynthesis of the aromatic amino

acids phenylalanine, tyrosine and tryptophan that are

required for protein synthesis (Siehl 1997). However, a

more rapid and dramatic effect than reduction in aro-

matic amino acid pools, is the increase in shikimic acid

and, to a lesser extend, shikimate-derived benzoic

acids. This increase in shikimic acid has been related to

a decline in carbon fixation intermediates (e.g., ribu-

lose bisphosphate) and a reduction of photosynthesis

(Duke et al. 2003).

Glyphosate was used worldwide for more than

20 years with no reports of evolved resistance in weed

species (Bradshaw et al. 1997). However, in 1996

glyphosate resistance was reported in Lolium rigidum

L. in Australia (Pratley et al. 1996). Today, evolved

resistance to glyphosate has been reported in 11 weed

species in 8 different countries, including L. rigidum in

Australia (Powles et al. 1998; Pratley et al. 1999) and

in the USA (Simarmata et al. 2003), Eleusine indica L.

Gaertn. in Malaysia (Tran et al. 1999; Lee and Ngim

2000), Conyza canadensis L. Cronq. in the USA

(VanGessel 2001; Koger et al. 2004; Main et al. 2004),

L. multiflorum Lam. in Chile (Perez and Kogan 2003),

the USA (Perez-Jones et al. 2005) and Brazil (Heap

2006), C. bonariensis L. Cronq. in South Africa (Heap

2006) and Spain (Urbano et al. 2005), Plantago

lanceolata L. in South Africa (Heap 2006), Euphorbia

heterophylla L. in Brazil (Heap 2006), Sorghum

halepense L. in Argentina (Heap 2006), and Ambrosia

artemisiifolia L. (Sellers et al. 2005), Amaranthus rudis

S. (Zelaya and Owen 2005), and A. palmeri S. Wats

(Culpepper et al. 2006) in the USA.

In previous studies, two different mechanisms, lim-

ited translocation (nontarget site-based) and mutation

of the EPSP synthase gene (target site-based), have

been shown to confer glyphosate resistance in weed

species. On the contrary, metabolism of glyphosate has

not been found to be a mechanism of resistance (Feng

et al. 1999, 2004; Tran et al. 1999; Lorraine-Colwill

et al. 2003). Thus, in several L. rigidum populations

from Australia, glyphosate resistance was directly

correlated with limited translocation (nontarget site-

based resistance) of the herbicide to meristematic tis-

sues (Lorraine-Colwill et al. 2003; Wakelin et al. 2004).

Likewise, impaired glyphosate translocation to other

leaves and roots appeared to be the only mechanism of

resistance in several C. canadensis populations from

the USA (Feng et al. 2004; Koger and Reddy 2005;

Dinelli et al. 2006). On the other hand, mutations of

the EPSP synthase gene causing amino acid changes of

the enzyme (target site-based resistance) have been

shown to confer glyphosate resistance. In E. indica, two

different mutations, a proline to serine and a proline to

threonine substitution at amino acid 106, were found

in glyphosate-resistant populations from Malaysia

(Baerson et al. 2002a; Ng et al. 2003). In L. rigidum,

two different mutations, a proline to threonine and a

proline to alanine substitution at amino acid 106,

were found in glyphosate-resistant populations from

Australia and South Africa, respectively (Wakelin and

Preston 2006; Yu et al. 2007).

Glyphosate resistance in L. multiflorum was first

discovered in Chilean orchards (Perez and Kogan

2003), and later in a filbert orchard in Oregon, USA

(Perez-Jones et al. 2005). However, it is still not clear

what mechanisms of resistance are involved. Here, we

investigate the mechanisms of glyphosate resistance

present in two resistant L. multiflorum populations,

exploring both target site- and nontarget site-based

mechanisms.

Materials and methods

Plant material

Two glyphosate-resistant L. multiflorum populations

were examined in this study. Seeds of the SF popula-

tion were collected from an almond orchard in Region

VI of Chile in 2001, and seeds of the OR population

were collected from a filbert orchard in Oregon, USA,

in 2003. Both sites had been intensively treated with

glyphosate during the last 15 years, with two to three

applications per year at 1.44–1.68 kg ae ha–1. Seeds

were collected only from plants that had survived a

recommended field application of glyphosate and were

grown in the greenhouse. Subsequently, plants at the 3-

leaf stage were treated with glyphosate (Roundup�,

0.36 kg ae l–1, Monsanto, Saint Louis, MO, USA) at

0.84 kg ae ha–1 to increase selection of resistant indi-

viduals. Seeds from surviving plants were collected and
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used in all the experiments. A known susceptible (S)

L. multiflorum population collected in the Willamette

Valley, OR, USA, was included as a control in all the

experiments.

Petri dish dose–response bioassay

The Petri dish experiments were conducted using

100 · 15 mm polystyrene Petri dishes (VWR Interna-

tional Inc, Brisbane, CA, USA) containing one layer of

blue blotter germination paper (Hoffman Manufactur-

ing Inc, Albany, OR, USA) and 5-ml aliquots of differ-

ent glyphosate (Roundup�, 0.36 kg ae l–1) concen-

trations (0, 12.5, 25, 50, 100, 200, and 400 mg ae l–1).

Twenty-five seeds were placed per Petri dish and the

dishes were transferred to a growth chamber set at 20�C

and a 12-h photoperiod. Percent germination was

recorded seven days later, and the LD50 (herbicide

concentration required to inhibit germination by 50%)

was determined for each L. multiflorum population.

Two experiments were conducted with three replica-

tions per glyphosate concentration per population.

Whole-plant dose–response bioassay

Seeds of both susceptible and glyphosate-resistant L.

multiflorum populations were planted in 267-ml plastic

pots containing commercial potting mix (Sunshine Mix

#1, Sun Gro Horticulture Inc, Bellevue, WA, USA).

Plants were grown in the greenhouse under 25/20�C

day/night temperature and a 16-h photoperiod. Plants

at the 3-leaf stage were sprayed with glyphosate

(Roundup�, 0.36 kg ae l–1) (0.01, 0.05, 0.11, 0.21, 0.42,

0.84, 1.68, and 3.37 kg ae ha–1) using an overhead

compressed air sprayer calibrated to deliver 187 l ha–1.

Shoot biomass was harvested 3 weeks after herbicide

treatment, dried at 70�C for 48 h and weighed. The

GR50 (herbicide rate required to reduce growth by

50%) was determined for each L. multiflorum popu-

lation. Two experiments were conducted with four

replications per glyphosate rate per population. Bio-

mass data are reported as percent of the untreated

control.

Whole-plant shikimic acid bioassay

Shikimic acid extraction was performed according to

Singh and Shaner (1998) with some modifications.

Plants of both susceptible and glyphosate-resistant L.

multiflorum populations were grown in the greenhouse

and treated at the 3-leaf stage with glyphosate at

0.42 kg ae ha–1 as described previously. Plant leaves

(second and third leaf) were harvested for shikimic

acid extraction 24, 48, 72, and 96 h after treatment.

Leaf tissues were chopped and 0.05 g fresh weight

samples were placed in 1.5-ml tubes containing 1 ml

0.25 N HCl. The samples were immediately mixed,

placed at –20�C until frozen, thawed at room temper-

ature, and incubated at 37�C for 45 min. Shikimic acid

was measured spectrophotometrically using the meth-

od of Cromartie and Polge (2000). Three 25-ll aliquots

per sample were mixed with 100 ll 0.25% periodic

acid/0.25% sodium(meta)periodate solution in differ-

ent wells in a 96-well plate . The plate was incubated at

37�C for 30 min to allow shikimic acid oxidation. After

incubation, the samples were mixed with 100 ll 0.6 N

NaOH/0.22 M Na2SO3 and optical density was mea-

sured spectrophotometrically at 380 nm in a VERSA-

maxTM microtiter plate reader (Molecular Devices,

Sunnyvale, CA, USA). Shikimic acid in lg g–1 fresh

weight was determined based on a standard curve. The

standard curve was determined using untreated

plants and known concentrations of shikimic acid

(Acros Organics, Geel, Belgium). One experiment

was conducted with six replications per harvest time

per population.

14C-glyphosate leaf uptake and translocation

Seeds of both susceptible and glyphosate-resistant

L. multiflorum populations were planted in 169-ml

plastic pots containing a 2:1 mixture by volume of turf

sand and potting mix (Premier Pro-Mix BX, Premier

Horticultural Inc, Red Hill, PA, USA). Each pot was

fertilized by adding 1.7 g of controlled released fertilizer

(17-6-12 plus minors, Scotts-Sierra Horticultural Prod-

ucts Co, Marysville, OH, USA) and then the pots were

transferred to a greenhouse under 28/20�C day/night

temperature. Plants at the 3- to 4-leaf stage were treated

with glyphosate (Touchdown HiTechTM, 0.6 kg ae l–1,

Syngenta Crop Protection Inc, Greensboro, NC, USA)

at 1.2 kg ae ha–1 as described previously. The nonionic

surfactant X-77 (Loveland Industries Inc, Greeley, Co,

USA) at 0.2% v/v was added to the herbicide solution. A

2.5 cm section on the adaxial surface at the middle of the

third leaf of each plant was covered with aluminum

foil and did not receive the overall spray application.

The plants were left to air dry for 30 min before radio-

label treatment. Five 0.2-ll drops of radiolabeled 14C-

glyphosate (phosphonomethyl-14C; 0.0814 GBq mmol–1

specific activity, Sigma, Saint Louis, MO, USA) solution

were applied to the nontreated section of the third leaf

of each plant, using a 10-ll syringe with a repeating

dispenser (Hamilton Company, Reno, NV, USA).

Approximately 500 Bq of 14C-glyphosate was applied to

each plant in 1 ll (5 · 0.2-ll) of treatment solution.
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Plants were harvested 24, 48, and 72 h after treatment

and divided into five sections: treated section, above

treated section (tip of the treated leaf), below treated

section and rest of leaves (untreated leaves), stem, and

roots. The treated leaf was washed with 5 ml of an

acidified (pH 1.5) washing solution (0.1 M HCl plus

methanol, 50:50 by volume) in a 20-ml glass vial for 15 s

to remove unabsorbed herbicide. The acid washing

regime was used to effectively remove poorly soluble

salts of glyphosate that might form on the leaf surface as

described by Hall et al. (2000). A 1-ml subsample of the

washing solutions was mixed with 15-ml of Ready

SafeTM (Beckman Coulter Inc, Fullerton, CA, USA)

cocktail and radioactivity was quantified using an LS

6000 SC liquid scintillation counter (Beckman Coulter

Inc) to determine 14C-glyphosate leaf uptake. Plant

sections were oven dried at 70�C for 24 h, weighed, and

combusted for 2 min in an OX-300 biological sample

oxidizer (R.J. Harvey Instruments Corp, Hillsdale, NJ,

USA). Evolved 14CO2 was trapped in 14C-cocktail

solution purged with N2 (R.J. Harvey Instruments

Corp) and radioactivity was measured by liquid scintil-

lation as described previously. 14C-glyphosate present in

the different sections of the plants is expressed as per-

centage of total absorbed radioactivity. One experiment

was conducted with six replications per harvest time per

population.

Phosphorimaging

Visualization of 14C-glyphosate translocation was per-

formed using a Fujifilm BAS-2500 phosphorimager

(Fujifilm Corporation, Tokyo, Japan). The plants used

for phosphorimaging were treated with glyphosate and
14C-glyphosate, respectively, as described for the 14C-

glyphosate leaf uptake and translocation experiment.

Plants were harvested 72 h after treatment and the soil

was gently washed from the roots. The treated leaf of

each plant was washed with 10 ml of the acidified

washing solution for 30 s to remove unabsorbed her-

bicide. Then, the plants were blotted dry, pressed, oven

dried at 70�C for 24 h, and exposed to a phosphorim-

ager plate for 24 h before scanning for radioactivity. A

total of three plants were scanned for each population.

EPSP synthase gene sequencing

Total RNA was extracted from leaf tissue of both

susceptible and glyphosate-resistant L. multiflorum

populations using a RNeasy� isolation kit (Qiagen Inc,

Valencia, CA, USA). First strand complementary

DNA (cDNA) synthesis was performed from total

RNA using a SuperscriptTM III first strand synthesis

system (Invitrogen Corp, Carlsbad, CA, USA) and the

oligo(dT)20 primer. A pair of primers (sense: 5¢-AGCT

GTAGTCGTTGGCTGTG-3¢; antisense: 5¢-GCCAA

GAAATAGCTCGCACT-3¢) was designed based on

the EPSP synthase gene sequence of L. multiflorum

(GeneBank Accession number DQ153168) to amplify

a 564 kb fragment of the epsps gene containing codon

106. Polymerase chain reaction (PCR) was conducted

in a 50-ll reaction using a Primus96 plus thermocycler

(MWG Biotech Inc, High Point, NC, USA). The

reaction mixture contained 1· PCR buffer, 0.2 lM of

each primer, 0.2 mM of each deoxynucleotide, 1 unit

of Taq DNA polymerase (Fermentas Inc, Hanover,

MD, USA), and 50–100 ng of template cDNA. The

cycling program consisted of one denaturation step of

3 min at 94�C, 35 cycles of 30 s at 94�C, 30 s at 55�C,

and 1 min at 72�C, followed by a final extension step of

10 min at 72�C. The amplified cDNA fragments were

cloned using a TOPO� TA cloning kit (Invitrogen

Corp), purified using a QIAquick� PCR purification

kit (Qiagen Inc), and sequenced using an automatic

ABI PRISM� 3771 DNA sequencer (Perkin–Elmer

Applied Biosystem, Foster City, CA, USA) with

fluorescence dye-labeled dideoxynucleotides. RNA

extraction and amplification of the EPSP synthase gene

was performed on four plants from each L. multiflorum

population. To exclude PCR errors, four clones per

PCR product were sequenced and aligned.

Statistical analysis

Dose–response curves for the Petri dish and whole-

plant bioassays were obtained by a non-linear regres-

sion using the log-logistic equation (Streibig 1988;

Streibig et al. 1993; Seefeldt et al. 1995):

y ¼ C þ D� C

1þ x=LD50

� �b
;

where y represents percentage germination or shoot

biomass (percentage of control) at herbicide concen-

tration or rate x, C is the mean response at very high

herbicide concentration or rate (lower limit), D is the

mean response when the herbicide concentration or

rate is zero (upper limit), b is the slope of the line at

LD50 or GR50, and LD50 and GR50 are the herbicide

concentration required for 50% percentage germina-

tion inhibition, and the herbicide rate required for 50%

growth reduction, respectively. The regression param-

eters for each L. multiflorum population were obtained

using Sigma Plot� (version 9.0, SPSS Inc, Chicago, IL,

USA) and compared to test significant differences
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using a sum of square reduction test. The level of

resistance was determined by calculating the ratio of

the LD50 or GR50 of the glyphosate-resistant popula-

tions to the ones of the susceptible population. Analysis

of variance for the Petri dish and whole-plant dose–

response bioassays showed no significant interaction

between experiments and treatments; therefore, data

from repeated experiments were combined. Statistical

analyses among the three L. multiflorum populations in

the 14C-glyphosate leaf uptake and translocation

experiments were performed using PROC MIXED in

SAS (version 9.1, SAS Institute Inc, Cary, NC, USA).

The LSMEANS statement was used to generate treat-

ment averages, standard errors, and 95% confidence

intervals (CI).

Results

Petri dish dose–response bioassay

Percent germination in each L. multiflorum population

decreased as glyphosate concentration increased (Fig. 1).

However, the dose–responses from the glyphosate-

resistant OR and SF populations were different from

the S population. Thus, the LD50’s for the OR (LD50 =

73.81 ± 6.87 mg ae l–1) and the SF (LD50 = 160.32 ±

3.77 mg ae l–1) populations were two and fivefold

greater than for the S (LD50 = 32.03 ± 1.72 mg ae l–1)

population (Table 1).

Whole-plant dose–response bioassay

Shoot biomass in each L. multiflorum population

decreased as glyphosate rate increased (Fig. 2). How-

ever, there was a different dose–response between the

glyphosate-resistant OR and SF populations and the S

population. Based on the whole-plant dose–response

bioassay, both OR and SF (GR50 = 0.3 ± 0.31 kg ae

ha–1) populations are fivefold more resistant to

glyphosate than the S population (GR50 = 0.06 ±

0.01 kg ae ha–1) (Table 2).

Whole-plant shikimic acid bioassay

When plants were treated with glyphosate at

0.42 kg ae ha–1, more shikimic acid accumulated in leaf

tissue of the S population compared to the glyphosate-

resistant OR and SF populations (Fig. 3). At 96 h after

glyphosate treatment, the S population accumulated

approximately two and three times more shikimic acid

than the OR and SF populations, respectively.

14C-glyphosate leaf uptake and translocation

On average, 94% of the radioactivity applied as 14C-

glyphosate was recovered. Leaf uptake of 14C-glypho-

sate between the S and the glyphosate-resistant OR and

SF populations was not different. At 72 h after treat-

ment, the percentage of leaf uptake of 14C-glyphosate

for the S, the OR, and the SF populations was 39, 35, and

37%, respectively (Fig. 4). Although leaf uptake was

similar in all three L. multiflorum populations, the

patterns of 14C-glyphosate translocation were different.

There was a difference in the proportion of 14C-

glyphosate translocated from the treated leaf section to

the rest of the plant in the OR population compared to

the S and SF populations. At 24 h after treatment,

51.5% of the 14C-glyphosate absorbed by the plant

moved above the treated section (tip of the treated leaf)

in the OR population, in contrast to 29.1 and 38.2% in

the S and SF populations, respectively (Table 3). A

greater percentage of 14C-glyphosate absorbed by the

plant moved to non-treated leaves in the S and SF

populations compared to the OR population. A similar

pattern was observed 48 and 72 h after treatment.

Translocation of 14C-glyphosate to roots among the

three L. multiflorum populations was not different,

while a greater percentage of 14C-glyphosate moved to

the stem in the S and SF populations compared to

the OR population (Table 3). The differences in 14C-

glyphosate translocation among the L. multiflorum

populations were confirmed with the phosphorimaging.

As shown in Fig. 5, more 14C-glyphosate remained in

the treated leaf and moved upwards to the tip of the leaf

in the OR population compared to the S and SF popu-

lations.

Fig. 1 Percent germination of glyphosate-susceptible (S) and
glyphosate-resistant (OR and SF) L. multiflorum populations as
affected by glyphosate concentration. Symbols and lines repre-
sent actual and predicted growth responses, respectively. Vertical
bars represent ± standard errors of the mean
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EPSP synthase gene sequencing

cDNA sequence analysis of the EPSP synthase gene in

both glyphosate-resistant OR and SF populations

revealed several nucleotide substitutions resulting in

silent mutations. However, in the SF population, two

nucleotide changes of codon 106 in the first and third

positions (from cytosine to thymine and from adenine

to guanine) resulted in a proline to serine amino acid

substitution (Fig. 6).

Discussion

Both Petri dish and whole-plant dose response bioas-

says were successful in identifying the glyphosate-

resistant L. multiflorum populations. Based on the

Petri dish bioassay, the OR and the SF populations

were two and fivefold more resistant to glyphosate

when compared to the S population, respectively;

however, based on the whole-plant bioassay, both OR

and SF populations were fivefold more resistant to

glyphosate than the S population. This difference be-

tween the Petri dish and the whole-plant dose–re-

sponse bioassays might be due to different mechanisms

of resistance that are involved in the L. multiflorum

populations.

The Petri dish bioassay is a simple, quick and inex-

pensive method that has been used before to identify

glyphosate-resistant populations in L. multiflorum

(Perez and Kogan 2003) and L. rigidum (Neve et al.

2004). However, the whole-plant bioassay provides a

more realistic level of herbicide resistance because the

plant growth stage, time and rate of application are

comparable with a field situation. In a situation when

several weed populations are to be tested for glypho-

sate resistance, the Petri dish bioassay can be effec-

tively used. However, the results obtained should be

always confirmed with a whole-plant bioassay.

Shikimic acid accumulation in leaf tissue 96 h after

glyphosate treatment was two and three times greater

in the S population than in the OR and SF populations,

respectively. The greater accumulation of shikimic acid

in the S population further confirms that the OR and

SF populations are glyphosate-resistant. However, the

low levels of shikimic acid accumulation in the

glyphosate-resistant populations indicates that either

glyphosate is not totally excluded from its target site

(EPSP synthase) in vivo, or that EPSP synthase can be

partially inhibited by glyphosate. Shikimic acid also

accumulated in leaf tissue after glyphosate treatment in

other glyphosate-resistant weed species such as L. ri-

gidum (Baerson et al. 2002b; Simarmata et al. 2003;

Table 1 Nonlinear regression parameter estimates and standard errors for the Petri dish dose–response bioassay of Fig. 1

Population D (±SE) C (±SE) b (±SE) LD50 (±SE) (mg ae l–1) R2

S 95.97 (3.92) 0.54 (2.31) 3.66 (0.54) 32.03 (1.72) 0.99
OR 95.24 (6.68) 0.68 (5.06) 3.24 (0.76) 73.81 (6.87) 0.99
SF 98.58 (0.99) 0.85 (3.07) 3.27 (0.23) 160.32 (3.77) 0.99

The model fitted corresponded to: germination (%) = C + [(D – C)/1 + (x/LD50)b)]

Fig. 2 Shoot biomass of glyphosate-susceptible (S) and glypho-
sate-resistant (OR and SF) L. multiflorum populations as
affected by glyphosate rate. Symbols and lines represent actual
and predicted growth responses, respectively. Vertical bars
represent ± standard errors of the mean

Table 2 Nonlinear regression parameter estimates and standard errors for the whole-plant dose–response bioassay of Fig. 2

Population D (±SE) C (±SE) b (±SE) GR50 (±SE) (kg ae ha–1) R2

S 102.93 (7.28) 8.66 (6.65) 1.91 (0.40) 0.06 (0.01) 0.99
OR 103.46 (4.98) 10.63 (1.72) 1.48 (0.21) 0.30 (0.31) 0.99
SF 103.46 (4.98) 10.63 (1.72) 1.48 (0.21) 0.30 (0.31) 0.99

The model fitted corresponded to: dry weight (% of untreated control) = C + [(D – C)/1 + (x/GR50)b)]
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Wakelin and Preston 2006), E. indica (Tran et al. 1999)

and C. canadensis (Mueller et al. 2003). On the other

hand, shikimic acid did not accumulate in leaf tissue

after glyphosate treatment in engineered glyphosate-

resistant crops such as soybean (Singh and Shaner

1998) and cotton (Pline et al. 2002), where glyphosate

insensitive EPSP synthase is highly overexpressed

(Padgette et al. 1996).

No differences were found between the S and the

glyphosate-resistant OR and SF populations in 14C-

glyphosate leaf uptake; however, the patterns of 14C-

glyphosate translocation were significantly different. In

the OR population, a greater percentage of 14C-

glyphosate absorbed by the plant moved above the

treated section and accumulated in the tip of the

treated leaf. Similar results were found in several

glyphosate-resistant L. rigidum populations from

Australia, in which the resistant plants accumulated

more glyphosate in the leaf tip compared with sus-

Fig. 3 Shikimic acid accumulation in shoots of glyphosate-
susceptible (S) and glyphosate-resistant (OR and SF) L.
multiflorum populations following the application of glyphosate
at 0.42 kg ha–1. Vertical bars represent ± standard errors of the
mean

Fig. 4 14C-glyphosate leaf uptake of glyphosate-susceptible (S)
and glyphosate-resistant (OR and SF) L. multiflorum popula-
tions. Vertical bars represent standard errors of the mean

Table 3 Percentage of
absorbed 14C-glyphosate
translocated from a leaf
section to other parts of the
plant in glyphosate-
susceptible (S) and
glyphosate-resistant (OR and
SF) L. multiflorum 24, 48, and
72 h after treatment

Hours after
treatment

Population 14C-glyphosate (% of absorbed)

Treated
section

Tip of the treated
leaf

Untreated
leaves

Stem Roots

24 S 22.4 29.1 20.0 17.0 11.5
OR 25.9 51.5 3.5 10.4 8.7
SF 33.2 38.2 10.4 8.7 9.5

95% CI ± 6.04
48 S 26.0 33.2 15.7 17.2 7.8

OR 27.3 44.8 8.8 9.2 9.9
SF 30.3 35.1 10.6 11.2 12.7

95% CI ± 6.25
72 S 38.2 15.6 18.4 20.6 7.3

OR 28.2 41.3 7.7 11.0 11.7
SF 23.6 23.8 18.7 15.3 18.6

95% CI ± 6.07

Fig. 5 Phosphorimaging visualization of 14C-glyphosate translo-
cation of glyphosate-susceptible (S) and glyphosate-resistant
(OR and SF) L. multiflorum populations. The arrows indicate
the site of application of 14C-glyphosate
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ceptible plants (Lorraine-Colwill et al. 2003; Wakelin

et al. 2004). Likewise, in a glyphosate-resistant L. ri-

gidum population from South Africa, more glyphosate

remained in treated leaves and less glyphosate trans-

located to young leaves compared to susceptible plants

(Yu et al. 2007). In contrast, in the S and in the SF

populations, a greater percentage of 14C-glyphosate

moved to non-treated leaves and the stem. Because

glyphosate tends to be actively phloem transported and

accumulates in meristematic tissue (Sprankle et al.

1975; McWhorter et al. 1980; Arnaud et al. 1994), the

different translocation pattern in the OR population

and other L. rigidum populations is associated with

glyphosate resistance. 14C-glyphosate translocation

patterns between the SF and the S populations were

similar at 48 h but different at 24 and 72 h after

treatment. In the S population, the percentage of 14C-

glyphosate located in the treated section of the leaf

increased from 24 to 72 h, while this percentage in the

SF population decreased. This increase observed in the

S population is due to a decrease in the translocation of

the herbicide due to its phytotoxic effect, while it is still

being absorbed passively through the cuticle of the

leaf. Because glyphosate does not tend to accumulate

in the tip of the treated leaf in the SF population, a

different mechanism of glyphosate resistance must be

involved.

cDNA sequence analysis of the EPSP synthase gene

indicated that the glyphosate-resistant SF population

has a proline 106 to serine amino acid substitution.

This same amino acid substitution is present in the

mutated glyphosate-resistant EPSP synthase encoded

by the aroA locus in Salmonella typhimurium (Stalker

et al. 1985) and is known to confer moderate levels of

glyphosate resistance. In petunia, an EPSP synthase

carrying the proline 106 to serine amino acid substi-

tution was constructed by site-directed mutagenesis

and expressed in Escherichia coli. The analysis of the

purified enzyme showed an approximately 7.5-fold in-

crease in Ki(app)(glyphosate) (from 0.4 to 3.0 lM)

resulting in decreased glyphosate binding (Padgette

et al. 1991). In E. indica, EPSP synthase from a resis-

tant population having the proline 106 to serine amino

acid substitution was expressed in E. coli and com-

pared with EPSP synthase from a susceptible popula-

tion. The kinetic characterization of the E. coli-

expressed EPSP synthase variants showed a 16-fold

increase in Ki(app)(glyphosate) (from 47.8 to 759 nM)

indicating reduced sensitivity to glyphosate (Baerson

et al. 2002a). Target site-based glyphosate resistance

was confirmed in E. indica by determining the

glyphosate concentration required to inhibit EPSP

synthase by 50% (IC50). The IC50 values for the resis-

tant and the susceptible populations were determined

to be approximately 16.0 and 3.0 lM, respectively

(Baerson et al. 2002a).

Here, we have found that glyphosate resistance in L.

multiflorum is conferred by two different mechanisms,

limited translocation (nontarget site-based) and muta-

tion of the EPSP synthase gene (target site-based).

The biochemical and/or physicochemical basis of the

nontarget site-based mechanism (i.e., limited trans-

location) are still unclear. Glyphosate and its salts (e.g.,

isopropylamine and potassium) are highly polar, water-

soluble molecules with low lipophilic character that

probably penetrate the overall lipophilic cuticle via

diffusion through a hydrophilic pathway (hydrated

cutin and pectin strands) into the apoplast (Caseley

and Coupland 1985; Hess 1985; Franz et al. 1997).

Absorption of glyphosate by plant cells through the

plasma membrane into the symplast is a slow process

and involves a passive diffusion mechanism, and also

an active transport mechanism (phosphate carrier)

(Caseley and Coupland 1985; Sterling 1994; Franz et al.

1997). It seems that in the glyphosate-resistant OR

population, and in several glyphosate-resistant L. rigi-

dum populations, glyphosate is either trapped in the

apoplast, or the mechanisms of absorption through the

plasma membrane are malfunctioning, promoting

movement of the herbicide through the xylem with the

transpiration stream to the tip of the leaf. Lorraine-

Colwill et al. (2003) suggested the existence of a cel-

lular pump in the resistant plants that can pump

glyphosate out of the cells, but this theory is yet to

be proved. Wakelin and Preston (2006) suggested

that perhaps the mechanism by which glyphosate is

S gatgccaaggaggaagtcaagctcttcttgggcaacgctggaactgcaatgcggccattgacggctgctgtagtagct 
 D  A  K  E  E  V  K  L  F  L  G  N  A  G  T  A  M  R  P  L  T  A  A  V  V  A 

OR gatgccaaggaggaagtaaagctcttcctggggaacgcaggaactgcgatgcggccattgacggcagctgtagtagct
 D  A  K  E  E  V  K  L  F  L  G  N  A  G  T  A  M  R  P  L  T  A  A  V  V  A 

SF gatgccaaggaggaagtcaagctcttcttgggcaacgctggaactgcaatgcggtcgttgacggcggctgtagtagct
 D  A  K  E  E  V  K  L  F  L  G  N  A  G  T  A  M  R  S  L  T  A  A  V  V  A
------------------------------------------------------106---------------------

Fig. 6 Partial and deduced amino acid sequence alignment of
the EPSP synthase gene of glyphosate-susceptible (S) and
glyphosate-resistant (OR and SF) L. multiflorum populations.

The boxed codon shows a proline (P) to serine (S) substitution at
amino acid 106 (amino acid number based on Arabidiopsis
thaliana sequence)
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retained in the symplast is malfunctioning in the

resistant plants. Thus, the biochemical and/or physi-

cochemical basis of the nontarget site-based mecha-

nism controlling limited glyphosate translocation to

meristematic tissue and increased movement of the

herbicide to the tip of the leaves are still to be deter-

mined. On the other hand, the molecular basis of the

target site-based mechanism is well understood. There

is adequate evidence in the literature that demon-

strates that a proline 106 to serine amino acid substi-

tution of EPSP synthase decreases glyphosate binding

and confers moderate levels of glyphosate resistance.
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