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a b s t r a c t

In Argentina, glyphosate is the most widely used herbicide. A population of perennial ryegrass, subjected
to two glyphosate applications per year during twelve years, was putatively identified as glyphosate-
resistant based on the poor control achieved at commercial glyphosate doses. The aim of the current
research was to evaluate the sensitivity to glyphosate of the offspring of the putatively resistant pop-
ulation. A susceptible population was included as control to assess germination, chlorophyll content,
survival, and shikimic acid concentration under different glyphosate treatments. After glyphosate
treatment, the germination percentage and plumule growth were significantly higher in the putatively
resistant population compared to the susceptible one. Relative to the non-treated control, resistant
seedlings did not show differences in chlorophyll content 7d and 10d post-application regardless of
glyphosate treatments. In the resistant plants, a 10.8-fold greater dose of glyphosate was necessary to
match the control efficiency on the susceptible ones. At 30d post-application, 40% of the resistant plants
that were severely injured at 15 days started re-growth regardless of glyphosate dose. Leaf laminae of
susceptible plants accumulated significantly higher shikimic acid compared to the resistant plants at 72 h
post-application.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Glyphosate [N-(phosphonomethyl) glycine] is a broad spectrum
herbicide; after absorption, the active substance is transported
through phloem to tissues that are metabolic sinks for sucrose
(McAllister and Haderlie, 1985). The target enzyme of glyphosate is
5-enolpyruvilshikimate-3-phosphate sinthetase (EPSPs; EC.
2.5.1.19), which catalyzes the reaction of shikimate-3-phosphate
and phosphoenolpyruvate (PEP) to yield 5-enolpyruvilshikimate-
3-phosphate (Franz et al., 1997). Glyphosate treatments trigger the
inhibition of this enzyme, the accumulation of shikimic acid and
other precursors of the chorismate pathway (Pline et al., 2002), the
depletion of aromatic amino acid pools (Franz et al., 1997), and the
decrease of photosynthesis (Ribeiro et al., 2008). Plants develop
a general chlorosis before death. How glyphosate-induced inhibi-
tion of the shikimate pathway actually kills plants is not entirely
clear (Duke and Powles, 2008).
.ar, marcosyanniccari@gmail.
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The first glyphosate-resistant biotype was reported in Australia
(Pratley et al., 1996), in a population of Lolium rigidumGaud. Several
other glyphosate-resistant biotypes have been reported in USA
(Perez-Jones et al., 2005), Spain, France, South Africa, Israel, Italy
(Heap, 2011) and new cases appeared in Australia (Owen and
Powles, 2010). Biotypes of Lolium multiflorum resistant to glyph-
osate were also recorded in Chile (Perez and Kogan, 2003), USA
(Perez-Jones et al., 2005), Spain, France, Brazil and Argentina (Heap,
2011). Some mechanisms endowing evolved glyphosate resistance
in Lolium populations have been reported: target-site glyphosate
resistance is due to an alanine substitution at Pro-106 (Yu et al.,
2007) and the restricted glyphosate-translocation mechanism
(Preston et al., 2009). However, others mechanisms of resistance
are still not completely understood, despite the efforts of several
research groups (Pérez et al., 2004; Owen and Zelaya, 2005).

In Argentina, glyphosate is most widely used herbicide
(Kleffmann and Partner, 2008), mainly for weed control during
fallow and in herbicide-resistant crops. The widespread use of
glyphosate has shifted the species composition of weeds in these
crops toward naturally tolerant species (Puricelli and Tuesca, 2005).
Moreover, the repeated use of glyphosate leads to the selection of
glyphosate-resistant weed biotypes (Hakansson, 2003; Nandula
et al., 2005). In this regard, Vila-Aiub et al. (2008) point out that
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the evolution of glyphosate resistance has clearly taken place in
those agroecosystems where glyphosate exerts a strong and
continuous selection pressure on weeds.

In Coronel Dorrego (South of Buenos Aires province) a pop-
ulation of Lolium spp. was putatively identified as glyphosate-
resistant based on the poor control at commercial glyphosate doses
(Vigna M. and Istilart C. from INTA, personal communication). This
problem population arose in a field with a history of twelve years
under no-tillage agriculture, with weed control based on three
applications of glyphosate per year at doses of 360e720 g ae ha�1.
Other active substances applied in this field were metsulfuron-
methyl and dicamba, clodinafop-propargyl, fenoxaprop-P-ethyl,
iodosulfuron-methyl-sodium and metsulfuron-methyl in wheat
crops, and 2,4-D during fallow. The crop rotations in this field
involved wheat-soybean and soybean-sunflower.

The aim of this work was to evaluate the sensitivity to glyph-
osate in the offspring of the putatively resistant population by
means of phenotypic and physiological characteristics and
biochemical tests.

2. Materials and methods

Bioassays were carried out in La Plata (Lat. 34� S, Long. 58� W)
during 2008 and 2009, each experiment was repeated three times.

2.1. Plant material

The putatively resistant plants were identified as Lolium perenne
L. by Dr. Néstor Bayón from the Botanical Garden and Arboretum
‘Carlos Spegazzini’ (LPAG) (Yanniccari, 2009). Herbarium specimens
were prepared and deposited (Yanniccari1-4). In 2007, seeds from
putatively glyphosate-resistant plants and from perennial ryegrass
growing in a neighboring pasture (no history of glyphosate selec-
tion) were sampled in Coronel Dorrego. Seven plants of each type,
chosen at random and harvested individually, were provided by the
experimental station Barrow (MAA e INTA) for the current trials.

2.2. Dose-response bioassay of germination

This bioassay was based on the evaluation of seed germination
percentage in the presence of different glyphosate concentrations.
Thirty seeds were tested in Petri dishes (9 cm diameter) containing
a sheet of filter paper and 5 ml of the following glyphosate (iso-
propylamine salt of glyphosate, Roundup�, 360 g ae L�1, Monsanto
Argentina) solutions: 0, 10, 20, 40, 80 and 160 mg ae L�1 as in Perez
and Kogan (2003). For each treatment there were three replicate
Petri dishes in a completely randomized design. This experiment
was carried out in a growth chamber with 75 mmol m�2 s�1 of
photosynthetically active radiation, in a 12:12 h light/darkness
regime and temperatures of 25 �C/15 �C day/night. After 7 days, the
percentage of germinated seeds was recorded and plumule length
was measured from the point of attachment to the seed to the tip of
the coleoptile.

2.3. Dose-response bioassay of plant growth and survival

Resistant and susceptible populations were compared after
treatment with different glyphosate doses. Seeds of each pop-
ulation were sown in pots of 100 cm�3 (contained in plastic
trays) with sterile soil, emerged seedlings were thinned to two
per pot. The plants were grown in a greenhouse and pots were
sub-irrigated daily to field capacity. Fertilizer (12:10:20, Nitro-
foska�, Compo Argentina) (2 g L�1) was added in the trays every
15 days.
For each treatment there were seven replicates (15 pots per
replicate) in a completely randomized design, where each pot was
the sampling unit. Herbicide applications were carried out on
plants with two to three tillers. Each treatment consisted of
spraying glyphosate using a laboratory belt sprayer calibrated to
deliver 200 L ha�1 at the following doses: 0 g ae ha�1, 360 g ae ha�1,
720 g ae ha�1, 1440 g ae ha�1 and 2880 g ae ha�1.

Chlorophyll content was recorded with a portable chlorophyll
meter (SPAD 502, Minolta�, KonicaMinolta Sensing, Inc.). The value
of chlorophyll per plant was the average of three measurements
taken on the middle third of the penultimate expanded leaf (the
3rd leaf) with 30 replicates per treatment.

Plant survival was evaluated by recording the number of
controlled plants on every replicate at 15 and 30 days post-
application (DPA). Plants with severe visual injury (wilting, chlo-
rosis of newly emerged leaves and general brownish) were recor-
ded, and referred to as ‘controlled plants’ following a similar
methodology used by Zelaya et al. (2004) to determine the
percentage of mortality.
2.4. Shikimic acid accumulation in tissues

Plants at one tiller stage, treated with 1440 g ae ha�1 of glyph-
osate were used for shikimic acid extraction, following Singh and
Shaner (1998) with the modifications of Perez-Jones et al. (2007).
Three replicates of leaf lamina and sheaths were harvested at 24, 48
and 72 h post-application. Shikimic acid was quantified with
a double-beam spectrophotometer (Shimadzu UV-160A, Shimadzu
Corporation) at 382 hm. The determination of the concentration of
shikimic acid was based on a shikimate (3a,4a,5b eTrihydroxy-1-
cyclohexene-1-carboxylic acid, 99%. Sigma Aldrich, Inc.) standard
curve.
2.5. Statistical analysis

Germination and survival data were used to build dose-
response curves with a non-linear log-logistic regression model
as described by Streibig et al. (1993):

y ¼ C þ ðD� CÞ=
�
1þ ðX=I50Þb

�
(1)

In this equation y represents the percentage of response at the
herbicide concentration or rate x; C is the lower asymptote or
response at indefinitely large herbicide concentration or rate; D is
the upper asymptote or mean response when the herbicide
concentration or rate is zero; b is the slope of the line at I50: the
herbicide concentration required to get 50% of the maximum
response. This parameter was named LD50 (50% lethal dose) for
testing glyphosate effects on germination percentage, for the
plumule length test the herbicide dose required for 50% reduction
in growth was called GR50 and ED50 (50% effective dose) in plant
survival bioassays. To assess the accuracy of the model, F-test for
model significance, residual variance analysis and coefficient of
determination (R2) were calculated. In every case, a resistance
index (RI) was calculated as the ratio of the LD50, GR50 or ED50 of
the resistant plants compared to the susceptible ones. An ANOVA
was performed to evaluate the differences between populations,
treatments and time after application. The differences between the
mean values of chlorophyll and shikimic acid contents were
compared with Tukey test (p < 0.05). Confidence intervals (CI)
were calculated for chlorophyll contents and assessment of re-
growth. For this analysis we used two statistical softwares
(Statistica� v7.1. Stat Soft, Inc.; GraphPad Prism� v5.00. Graphpad
Software, Inc.).



Fig. 1. Germination percentage of a glyphosate-susceptible and a glyphosate-resistant
population subjected to different glyphosate concentrations. Symbols represent mean
values. The predicted responses are shown by lines. The vertical bars represent �1
standard error of the mean.

Fig. 2. Plumule growth of a glyphosate-susceptible and a glyphosate-resistant pop-
ulation subjected to different glyphosate concentrations. Symbols represent mean
values. The predicted responses are shown by lines. The vertical bars represent �1
standard error of the mean.
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3. Results

3.1. Dose-response bioassay of germination

The putatively resistant population showed a much lower
sensitivity to glyphosate than the susceptible population in the
germination test (Fig. 1). RI indicates that it is necessary to increase
the dose of glyphosate 3.2-fold in the resistant plants to obtain the
same inhibition of germination as in the susceptible ones (Table 1).

Plumule growth of both populations was significantly inhibited
by all doses of glyphosate compared to their respective untreated
controls (Fig. 2). The RI assessed by means of plumule growth
pointed out that the resistant plants required 4.4-fold the glyph-
osate dose used on the susceptible population to cause an equiva-
lent effect (Table 2).

3.2. Dose-response bioassay of plant growth and survival

3.2.1. Chlorophyll content
Neither population showed differences in the content of chlo-

rophyll in sprayed plants, compared to controls without glyphosate
at 2 and 3 days after herbicide application (data not shown). In the
susceptible population, chlorophyll content decreased significantly
(p < 0.05) regardless of the dose at 7 and 10 days after glyphosate
application (Fig. 3 and Fig. 4). In contrast, plants of the resistant
population treated with glyphosate showed no alterations in the
chlorophyll content after 10 DPA, compared to their controls
(p > 0.05). In this regards, non-destructive evaluation of chloro-
phyll content could be a simple and rapid method to assess the
behavior of plants treated with glyphosate.

3.2.2. Plant survival
At 15 DPA, the survival percentage at every glyphosate dose

was significantly different between susceptible and resistant
Table 1
Nonlinear regression parameters for germination bioassay, p-value for model
accurancy and resistance index (RI) calculated in a dose-response trial.

Population D (%) C (%) b LD50 (g ae L�1) p-value

Susceptible 85.0 1.0 1.4 42.0 <0.001
Resistant 86.6 10.0 0.89 138.0 <0.001
RIa ¼ 3.2

The model fitted corresponded to: Germination (%) ¼ C þ (D � C)/(1 þ (x/LD50)b).
a Resistance index.
populations (Fig. 5). At the recommended doses glyphosate
controlled at least 35e40% of plants from the resistant pop-
ulation; therefore this population contained some susceptible
plants.

The RI showed that a 10.8-fold higher dose of glyphosate is
required in the resistant population to achieve a similar control as
in the susceptible one, 15 DPA (Table 3).

The herbicide effects on the susceptible population increased at
30 DPA. None of the susceptible plants showed re-growth at 30
days post-application. In contrast, 40% (�12% CI) of the plants
initially controlled in the resistant population re-grew, regardless
of the glyphosate dose, at 30 DPA (Table 4). Re-growth occurred
from the axial meristematic tissue. Since new tillers grew from the
axial meristems, apical dominance was broken in the resistant
plants. Although a greater number of controlled plants was found at
higher doses, the percentage of re-growing plants remained
constant at the different doses.

3.3. Shikimic acid accumulation in tissues

Shikimic acid levels detected in leaf blades and sheaths after
glyphosate treatment were significantly different between
susceptible and resistant plants (Fig. 6). At 24 h post-application,
the accumulation of shikimic acid in leaf lamina of susceptible
plants was significantly higher (p < 0.05) than that recorded in
their sheaths. Afterward, at 48 h, the concentration of shikimic
acid increased in the sheaths and did not differ statistically from
the shikimate concentration of the leaf blades. Finally, at 72 h,
shikimic acid levels in leaf lamina of susceptible plants were
significantly different (p < 0.05) from the resistant ones. The
resistant plants did not show an increase in shikimic acid
concentration in none of the leaf parts evaluated throughout the
post-application period.
Table 2
Nonlinear regression parameters for the plumule growth bioassay, p-value for model
accurancy and resistance index calculated in a dose-response trial.

Population D (mm) C (mm) b GR50 (g ae L�1) p-value

Susceptible 36.2 2.5 1.9 9.3 0.039
Resistant 37.3 0.1 0.9 41.5 <0.001
RIa ¼ 4.4

The model fitted corresponded to: Length of plumule (mm) ¼ C þ (D � C)/(1 þ (x/
GR50)b).

a Resistance index.



Fig. 3. Effects of glyphosate doses on relative percentage of chlorophyll in a glyph-
osate-susceptible and a glyphosate-resistant population, at 7 DPA. Symbols represent
mean values. The predicted responses are shown by lines. The vertical bars represent
�1 standard error of the mean.

Fig. 5. Effects of glyphosate doses on survival of a glyphosate-susceptible and
a glyphosate-resistant population at 15 DPA. Symbols represent mean values. The
predicted responses are shown by lines. The vertical bars represent �1 standard error
of the mean.
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4. Discussion

Based on results of germination at different glyphosate rates, the
contrasting behavior of susceptible and resistant plants could not
be explained by herbicide differential transport. Since imbibition of
the embryo with glyphosate solutions ensures that all tissues are
exposed to the herbicide, differential transport between organs or
tissues may be ruled out as a resistance mechanism, at least at this
ontogenetic stage. In this regard, a cellular exclusion mechanism
might not be discarded in order to explain the differences between
both populations. Shaner (2009) proposed different types of
cellular exclusion or cellular compartmentalization as mechanisms
of glyphosate resistance. The existence of transporters that pump
glyphosate into the vacuole could prevent cellular damage as
a cellular exclusion mechanism, or the herbicide could be pumped
from cells into the apoplast, or glyphosate active uptake could be
inhibited by a modification of the active phosphate transporter
(Shaner, 2009).

The current results of plant survival are in agreement with those
reported by Powles et al. (1998) and Owen and Powles (2010) when
comparing the amount of glyphosate required for 50% mortality of
susceptible and resistant populations of L. rigidum. They reported
an RI of 7e11 for resistant rigid ryegrass populations compared to
the susceptible one.

As shown above, the percentage of re-growth was independent
of herbicide dose and it might be explained by genetic variation in
the resistant population. Leaf injury might affect herbicide
Fig. 4. Effects of glyphosate doses on relative percentage of chlorophyll of a glyph-
osate-susceptible and a glyphosate-resistant population at 10 DPA. Symbols repre-
sent mean values. The predicted responses are shown by lines. The vertical bars
represent �1 standard error of the mean.
translocation to below-ground organs, and this may be reflected in
a subsequent vigorous re-growth. Supporting this, glyphosate has
been called a ‘‘self-limiting’’ herbicide, because the toxicity
provoked in the plant decreases the translocation efficiency of the
compound (Lorraine-Colwill et al., 2003), thus, increasing glyph-
osate doses may still allow the same number of plants to re-grow.
Glyphosate reduces carbon fixation and its export from the
source leaves, therefore it promotes a decrease of herbicide
movement to the meristematic sinks (Shaner, 2009). Reduced
glyphosate-translocation could partly explain regrowth of some of
the resistant plants.

In the current results of doses-response bioassay, the RI
increased as the plant life cycle progressed. These results are
consistent with those found by Christoffoleti et al. (2005) working
with L. multiflorum, the later the plant growth stage at glyphosate
application, the lower the control of resistant ryegrass.

Considering the shikimate accumulation, the differences
between populations are consistent with those reported for other
glyphosate-resistant Lolium species where the levels of shikimic
acid post-application are lower than in susceptible biotypes (Perez-
Jones et al., 2007; Ribeiro et al., 2008; Yu et al., 2009).

Glyphosate resistance was reported in Australian L. rigidum
populations after 15 years of successful herbicide use and in L.
multiflorum from Chile after 10 years of glyphosate use (Perez and
Kogan, 2003). In the current research a case of resistance in
perennial ryegrass is reported in a similar period, i.e., after 12 years
of selection pressure with the herbicide.

We believe this is the first report of glyphosate resistance in L.
perenne. Around 8000 ha are infested with this weed in the south of
Buenos Aires province, actually the management is based on the
control with haloxyfop-R-methyl at doses recommended by the
manufacturers. The mechanisms of resistance and their genetic
basis have not been studied these are major challenges to solve in
future studies.
Table 3
Nonlinear regression parameters for survival bioassay, p-value for model accurancy
and resistance index calculated at 15 DPA of glyphosate treatment.

Population D (%) C (%) b ED50 (g ae ha�1) p-value

Susceptible 100.0 0.01 0.88 138.1 <0.001
Resistant 100.0 0.11 1.3 1495.0 <0.001
RIa ¼ 10.8

The model fitted corresponded to: Survival (%) ¼ C þ (D � C)/(1 þ (x/ED50)b).
a Resistance index.



Table 4
Percentage of plants of the resistant population initially controled at 15 DPA that re-
grew at 30 DPA expressed as a percentage of the whole population (Plant re-
growth), or as a percentage of the plants initially controlled (Re-growth
percentage of the controlled plants). The values shown are means (�confidence
interval, p < 0.05). Values followed by the same letter are not significantly different
(p < 0.05).

Treatment Plant re-growth
(%)

Re-growth
percentage of
the controlled
plants (%)

0 g ae ha�1 0 (�0) e

360 g ae ha�1 6 (�3) 37 A
720 g ae ha�1 17 (�2) 48 A
1440 g ae ha�1 23 (�2) 43 A
2880 g ae ha�1 25 (�4) 33 A

Fig. 6. Shikimic acid accumulation in leaf blades and sheaths of a glyphosate-resistant
(R) and a glyphosate-susceptible (S) population after glyphosate treatment (1440 g ae
ha�1). Vertical bars represent �1 standard error of the mean.
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